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ABSTRACT

Mechanisms of enhanced healthspan of Caenorhabditis elegans by 

Lysinibacillus sphaericus, a soil microbe

Junhyeok Go

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Sang Sun Yoon)

Caenorhabditis elegans, originally isolated from soil, is a nematode used in 

host-microbe interaction research. While bacterial pathogens responsible for 

human infections have been actively studied in C. elegans, very few bacterial 

species that provide beneficial effects on C. elegans have been reported. Here, 

we tested several bacterial soil isolates and further characterized the effects of 

Lysinibacillus sphaericus on C. elegans growth-related phenotypes. Worms fed 

with L. sphaericus lived significantly longer than those growing with typical E. 

coli OP50. Early larval stage growth was also highly stimulated by L. 
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sphaericus. In addition, significantly elevated fertilization was observed in 

worms fed with L. sphaericus. Furthermore, growth with L. sphaericus resulted 

in the production of larger numbers of progeny than the control growth with 

OP50. Worms grown with L. sphaericus were highly resistant to oxidative, 

osmotic and infection stresses. Together, our results reveal a novel mode of 

growth that involves healthy aging of nematodes. And we further investigate 

molecular basis of such abnormal growth-associated phenotypes induced by 

feeding L. sphaericus. Microarray analysis demonstrates that transcription of 

fat-7 gene encoding a fatty acid desaturase was remarkably increased in L. 

sphaericus- vs. OP50-fed worms, thereby suggesting that fatty acid metabolism 

is likely altered by feeding on L. sphaericus. A fat-7 mutant of N2 strain still 

exhibited a L. sphaericus-induced lifespan extension. Of note, however, lifespan 

extension was not observed in an N2 mutant defective in both fat-7 and fat-6

genes, suggesting that these two genes play an essential and redundant role in L. 

sphaericus-induced robust growth phenotypes. C. elegans fatty acid content 

analysis indicated that (i) total fatty acid level was ~35% increased in L. 

sphaericus- vs. OP50-fed worms and (ii) poly-unsaturated fatty acids (PUFAs)

were particularly increased in L. sphaericus-fed worms. Fatty acid content 

analysis using two different bacterial preys shows that L. sphaericus cells do not 

contain fatty acids in worm’s PUFA synthesis chain, while lioleic acid is present 

in OP50 cells. Linoleic acid is synthesized by FAT-2 from oleic acid, which is 
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product of FAT-6 and FAT-7. The growth of the fat-6(tm331);fat-7(wa36) 

double mutant worm was arrested at L1 stage when fed with oleic acid-lacking 

L. sphaericus. In contrast, the same growth arrest was released when oleic acid

or linoleic acid is supplemented in the media, demonstrating that the supply of 

oleic acid or linoleic acid, either as an extraneous food source or by enzymatic 

conversion is essential for worm’s growth. Together, our results suggest that L. 

sphaericus-induced robust growth is mediated by changes in fatty acid 

metabolism and oleic acid and linoleic acid are key determinants for extended 

lifespan and accelerated development in C. elegans.

----------------------------------------------------------------------------------------------------------

Key words : Caenorhabditis elegans, Healthspan, Host-microbe interaction, Fatty acid
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Mechanisms of enhanced healthspan of Caenorhabditis elegans by 

Lysinibacillus sphaericus, a soil microbe

Junhyeok Go

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Sang Sun Yoon)

Chapter I. INTRODUCTION

1. Caenorhabditis elegans as a model host of host-microbe interaction

Caenorhabditis elegans is a soil nematode and they have been used as a fine 

model organism in the various bioscience research., such as developmental 

biology, neurobiology, immunology and gerontology. Since C. elegans was 

cultivated in laboratory condition,1 several characteristics make worm a useful 

tool to study various science fields. C. elegans is a 1 mm long, free-living soil 

nematode with a short life cycle (2.5 days at 22 °C). C. elegans is able to 

self-fertilize, adult hermaphrodites lay about 300 eggs by oneself. And 

interestingly, there are exact 959 somatic cells in all adult hermaphrodite worms. 

But most of all, the following properties are considered advantages of using C. 

elegans as a model host. First, It is easy to culture under laboratory conditions 
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and store in long-term frozen collections.2 It is an indispensable condition for 

model organisms for bioscience study. Second, it is one of the simplest

multi-cellular eukaryotic organisms with a complete nervous system.3 Worms 

have been widely used in neuroscience study.4 Third, it is ideal for imaging 

studies to examine cellular differentiation and developmental processes with its 

transparent body and a small number of cells.5 Fourth, it has completely 

sequenced genome,6 so its genetic manipulations can readily be achieved by 

introducing targeted mutations and through RNA interference.7,8

C. elegans has been used as a model host to study host-microbe interaction 

lately.9,10 It is a proper model to study the interaction between animal hosts and 

symbiotic or pathogenic microbes because of (i) its innate immunity also 

conserved in vertebrates11 and (ii) its intestine directly contacted with ingested 

microbial cells.

2. Host-pathogen interaction between C. elegans and microbial pathogens

The host-microbe interaction studies with worm are heavily weighted towards 

pathogens. In soil, C. elegans has various microbial pathogens including 

bacteria and fungi. Some of pathogens are lethal to worms and others are 

infected without deadly symptoms. And, as mentioned before, a part of these 

pathogens are also pathogenic to human. Lethal pathogens kill worm by 

colonizing worm’s intestine or external cuticle and providing exotoxins.12

Firstly, the colonization of bacterial cell is highly virulent to worm. Salmonella 
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enterica serovars, including Typhimurium, Enteritidis and Dublin, colonizes in 

the intestine and kills worms via intracellular invasion and it is controlled by

their DNA adenine methyltransferase.13,14 Microbacterium nematophilum can

colonize intestine and cause localized swelling and growth arrest.15 Listeria

monocytogenes, Shigella flexneri and Cronobacter sakazakii, food-born human 

pathogens, kill worm by excessive bacterial cell accumulation in the

intestine.16, 17,18 Most bacterial species in soil has defense mechanism to their

predator, C. elegans. One of the defense mechanism is producing bacterial

toxins. And toxins are justly virulence factor to C. elegans. The extracellular

secondary metabolites of Pseudomonas fluorescens are clear exemple.19

Yersinia enterocolitica strains can kill C. elegans with their insecticidal toxin,

TcaA.20 Burkholderia pseudomallei also kill C. elegans by producing toxins.21

Vibrio cholerae hemolysin is a major virulence factor, which induces various

immune response of C. elegans.22 Pore-forming toxins are universal bacterial 

virulence factors of many Gram-positive and Gram-negative bacteria. The 

toxins make pores in the plasma membrane of cells. Crystal (Cry) proteins of

Bacillus thuringiensis is well-known pore-forming toxin.23 Vibrio cholerae

shows significant lethality of worm due to the action of hemolysin, a 

pore-forming toxin causing hemolysis.22 Moreover, Candida albicans and 

Cryptococcus neoformans, human fungal pathogens, are also able to infect 

worms.24,25 Viruses, which can infect C. elegans, were discovered recently. The 
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Orsay virus, one of them, cause abnormal morphologies of C. elegans intestinal 

cells but the mechanism of infection is unclear yet.26

C. elegans does not suffer unilaterally from pathogens. There are several ways 

to stand against pathogens. C. elegans can avoid some of pathogens like 

Serratia marcescens and it is related with specific bacterial metabolite, 

serrawettin W2 and worm’s G protein signaling pathways.27 The pathogen 

recognition through Toll-like receptors is essential for proper immune response 

of worm. tol-1 mutant worms are more susceptive to Salmonella enterica

infection.28 C. elegans can also avoid Staphylococcus aureus and its supernatant. 

Worm recognizes bacterial secretory molecules, such as staphylococcal 

enterotoxin C and toxic shock syndrome toxin 1 by Toll/interleukin-1 

receptor.29 C. elegans memorizes the odors of pathogenic bacteria which has 

been met before and avoids them using olfactory system. The olfactory system, 

meanwhile, is used to find and head for worm’s prey, nonpathogenic bacterial 

species.30 p38 MAPK pathway is also essential for pathogen resistance of worm. 

The transcription factor SKN-1 regulates the oxidative stress response and is 

needed to be resistant against both Gram-positive Enterococcus faecalis and 

Gram-negative Pseudomonas aeruginosa.31 The pathogen resistance boosting of 

worm which grows with pathogenic bacteria is related with DBL-1 

transforming growth factor beta-like, DAF-2/DAF-16 insulin-like, and p38 

MAP kinase pathways.32 And c-Jun N-terminal kinase MAPK pathway is a key 
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regulator of pore-forming toxin-induced transcriptional and functional 

responses.33 Worm has a mechanism to detoxify via chemical modifications. C. 

elegans can modify microbial small-molecule toxins via O-/N-glucosylation as 

well as unusual 3'-O-phosphorylation of the resulting glucosides. The resulting

molecules have significantly reduced toxicity to C. elegans.34 The antimicrobial 

peptides are also essential to protect the worm against infection. Caenopore 

family, which is major group of C. elegans antimicrobial peptides, kills bacteria 

by permeabilizing their cytoplasmic membrane and displays pore-forming 

activity. Without them, even Escherichia coli is excessively accumulated in the 

worm’s intestine and worm’s growth are below par.35 N‐glycans are also 

involved in the response of C. elegans to bacterial pathogens and they are 

necessary compositions of the worm's innate immune system.36 Lysozymes are 

antimicrobial enzymes that play a critical role in infection resistance in most 

eukaryotes. Deletion of nematode lysozyme LYS-7 make worms susceptible to 

infection by the fungal pathogen Microbacterium nematophilum.37 C. elegans

produces reactive oxygen species in response to pathogens. Transcriptional 

regulator DAF-16 regulates the oxidative stress response genes and protect 

tissues after exposure to pathogenic bacteria.38 Epigenetic regulation by linker 

histone (H1) and heterochromatin protein 1 has functional link with the innate 

immune system in C. elegans.39 C. elegans has RNA interference system to 

provides protection against virus.26,40
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As listed before, C. elegans has various interactions with pathogens and 

corresponding defense mechanisms. The host-pathogen interaction between C. 

elegans and microbial pathogen has been actively studied up to recently, but the

mechanism research still has a long way to go.

3. Host-microbiota commensalism study in C. elegans

In soil, worm’s natural habitat, C. elegans has not only interaction with 

pathogens but various interactions with non-pathogenic bacteria. Worm usually 

build interactions with non-pathogenic bacteria actively. Proper food choice is 

important to the survival of C. elegans. C. elegans can recognize their bacterial 

prey both physically (based on size) and chemically (based on taste and 

olfaction).41,42 And C. elegans can move to choice better diet which is easy to 

eat and assist worm in growth.43

Several bacterial species which provide positive effects to worm were already 

reported. Lifespan of worms fed with two soil bacterial strains, Bacillus 

mycoides and Bacillus soli, were extended by autophagy activation and, 

interestingly, C. elegans prefer these strains to E. coli OP50.44 A strain of 

Lactobacillus rhamnosus can also extend worm’s lifespan by induced

DAF-16/insulin-like pathway and it is related with anti-inflammatory effect of L. 

rhamnosus.45 Nitric oxide is a signaling molecule in multicellular organisms 

and Bacilli which is worm’s bacterial prey in natural environment has nitric 

oxide synthease. Bacilli can supply nitric oxide to worm, while C. elegans is 
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lack of nitric oxide synthase and unable to produce nitric oxide. And bacterial 

nitric oxide extends worm’s lifespan and increase stress resistance. It is a 

similar mechanism with mammalian host-gut microbiota commensalism.46 Even 

bacterial noncoding RNAs can affect gene expression and physiology of C. 

elegans.47 Bacterial diet also affects fat storage and metabolism of C. elegans. It 

is supposed that specific peptides or amino acids provide nutritional signals.48

Host-microbe interaction of C. elegans in natural habitat has been rarely 

studied till recent years. Through natural-like enriched soil, germfree larval C. 

elegans uptake various bacterial species. Protection from bacterial pathogens is 

firstly discovered effect and more host-microbiota interaction studies of these 

bacterial isolates are under way.49

To summarize, most studies of host-microbe interaction in C. elegans focused 

on microbial pathogens, while a few studies about bacterial species that 

provides beneficial effects on C. elegans have been conducted. Mammalian 

host-gut microbiota interaction has been well studied while worm-microbiota 

interaction studies are just early stage.10 C. elegans is an organism originally 

isolated from soil.50 In soil, worms contact with microbes consistently and it 

provide a basis for the possibility that some bacterial species interact with 

worms in a symbiotic relationship.51 And recent studies discover and suggest 

worm’s commensals and probiotics.10,52
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Chapter II. Extended longevity and robust early-stage development of 

Caenorhabditis elegans by a soil microbe, Lysinibacillus sphaericus

1. INTRODUCTION

Caenorhabditis elegans is a nematode that has been used as a model organism 

in various fields of life science, such as developmental biology, neurobiology, 

immunology and gerontology. The following properties are considered 

advantages of using C. elegans as a model host. First, it can be cultured under 

laboratory conditions and stored in long-term frozen collections.2 Second, it is 

one of the simplest multi-cellular eukaryotic organisms with a nervous system.3

Third, it has a transparent body, which is ideal for studies that involve image 

analysis, such as those examining cellular differentiation and developmental 

processes.5 Fourth, with its completely sequenced genome,6 genetic 

manipulations can readily be achieved by introducing targeted mutations and 

through RNA interference.7,8

Recently, C. elegans has begun to be used as a model host to study 

host-microbe interaction,9,10 because (i) it shares a common innate immune 

pathway with vertebrates11 and (ii) the C. elegans intestine is presumed to be in 

direct contact with ingested microbial cells. Most microbial species that have 

been explored to date are human pathogens. For example, Pseudomonas 

aeruginosa and Staphylococcus aureus were reported to colonize the worm’s 
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intestine through distinct mechanisms and were shown to exert severe 

cytotoxicity to worms. Worms fed with Vibrio cholerae, an etiological agent of 

the diarrheal disease cholera, exhibited significant lethality due to the action of 

hemolysin, a pore-forming toxin.22 Salmonella enterica serovars, including 

Typhimurium, Enteritidis and Dublin, colonized the intestine and killed worms 

via intracellular invasion.13 A human food-born pathogen, Cronobacter 

sakazakii also proved to be highly pathogenic to C. elegans.16 Likewise, worms 

were also found to be susceptible to infections by human fungal pathogens, 

Candida albicans and Cryptococcus neoformans.24,25 In addition, studies using 

nematode-specific pathogens revealed a unique mode of host-pathogen 

interaction. Nematocida parisii is a nematocidal intracellular pathogen, and the 

molecular mechanism by which this pathogen can co-opt host biological 

processes for its own survival was explored using C. elegans as an infection 

host.53 Furthermore, an aberrant morphological change was induced in worms 

infected with Microbacterium nematophilum, resulting in retarded worm 

growth.54

While all of the aforementioned studies focused on the cytotoxic effects of 

microbial pathogens on C. elegans, not many studies have been conducted to 

identify a microbial species that can provide a benefit to worms. In soil, the 

worm’s natural habitat, worms are in constant contact with microbial cells, and 

it has been postulated that there are bacterial species that can interact with 
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worms in a symbiotic relationship.51 Furthermore, a recent review article 

introduced an attempt to isolate commensal microbiota by growing germ-free 

worms under conditions that mimic natural environments of soil and rotting 

fruit. The ensuing analysis showed that the microbiota community was 

composed of 18 different bacterial species.10 Together, these results suggest that 

bacterial cells, aside from the role as a simple food source, may play a more 

important role in the C. elegans biology.

In this study, we identified a microbial species of soil origin that can exert 

considerably favorable effects on C. elegans growth. C. elegans strains fed with 

the bacterial species, identified to be Lysinibacillus sphaericus, lived 

significantly longer and showed rapid development during the larval and 

juvenile stages compared to worms fed with the conventional diet. We also 

investigated the effects of feeding L. sphaericus on worms’ stress resistance,

reproductive capability and gene expression pattern at the genome-wide level. 

This work reveals a previously undescribed mode of C. elegans growth with a 

new kind of bacterial prey.
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2. MATERIALS AND METHODS

A. Strains and maintenance

C. elegans strains, including Bristol N2, glp-4(bn2) mutant were received from 

the Caenorhabditis Genetic Center (CGC, MN, USA). Worms were maintained 

on nematode growth medium (NGM) agar plates at 20 ˚C, as described 

elsewhere.2 E. coli OP50 was used to maintain worm strains in the laboratory.

Bacterial strains, such as E. coli OP50, B. subtilis, and P. aeruginosa PAO155

were from lab stocks, while Lysinibacillus spp. were purchased either from 

Korean Agricultural Culture Collection (KACC) or from Korean Collection for 

Type Culture (KCTC). Purchased strains include L. sphaericus (KACC, 10554), 

L. fusiformis (KCTC 3454), L. boronitolerans (KACC 15323), L. macroides

(KACC 16627), L. massiliensis (KACC 14317), L. parviboronicapiens (KCTC 

13154), L. sinduriensis (KCTC 13296), and L. xylanilyticus (KCTC 13423). 

Bacterial strains were grown at 37 ˚C in Luria-Bertani medium (LB, 10 g 

tryptone, 5 g yeast extract, and 10 g NaCl per liter) with shaking. 

B. Isolation of soil bacteria

Soil samples were collected from four different locations on the Yonsei 

University campus, Seoul, Korea. One gram of soil (3 cm deep into the ground) 

was blended with 10 mL LB and incubated for 1 hr at 37 ˚C. Next, 100 μl of the 

each culture was spread onto LB agar plates. After the 16 hr incubation, 

bacterial species that formed colonies were grown in LB broth and identified by 
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16S ribosomal RNA gene sequencing. 

C. Survival assay

Survival assays were performed following procedures described previously.56

In brief, overnight culture of each bacterial strain was diluted 100-fold into 

fresh LB medium and cultured until OD600 values reached ~1.0. Ten μl of each 

bacterial culture was spotted on NGM agar plates. After 2 hr incubation at room 

temperature, each plate was seeded with ten L4-stage hermaphrodite worms 

(three replicates per trial). Plates were incubated at 20 ˚C or 25 ˚C, when 

necessary. Live worms were transferred to a new NGM plate and scored for 

mortality every 24 hr. E. coli OP50 was used as a baseline control. 

D. Examination of early stage growth

After hatching, N2 worms were transferred to fresh NGM plates, in which 10 

μl of bacterial cultures (at OD600 of ~1.0) had been inoculated and grown for 2

hr. Every day, live worms were transferred to new NGM plates. Again, 2 hr 

before each transfer, NGM plates were inoculated with 10 μl aliquot of each 

bacterial culture. At 8 hr, 28 hr, 48 hr, 204 hr and 228 hr after hatching, digital 

images of N2 worms were taken through the ocular lens of a stereomicroscope 

(Model: SL-204-10C, YS Teck Science Inc., Seoul, Korea).

E. Fertility assay

Worms in the young adult stage (~46 hr after hatching) were counted every 2
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hr to enumerate worms that carried fertilized eggs. Next, worms determined to 

harbor eggs were transferred into new plates (five worms per plate) and 

continued to be fed with OP50 or L. sphaericus. Every 24 hr, plates were 

examined to count the number of progeny (hatched eggs). 

F. Examination of larval stage development via germline development

N2 worms were separated into two different groups, each of which was fed 

with OP50 or L. sphaericus. M9 buffer was used to collect worms at 17 hr, 26

hr, 40 hr and 52 hr after hatching. Then, worms were washed with M9 buffer 

containing 10 mM levamisole (MP biomedicals, LLC., CA, USA). Ten ul of 

each suspension was mounted on the microscope glass slide with cover slip. 

The images were captured at 200× and 400× magnification. Fluorescence stereo 

microscope (Leica microsystems, Germany) was used for image analysis.

G. Stress sensitivity assays

The oxidative stress response was measured as previously described.57 In brief, 

ten young adult worms that had been fed with OP50 or L. sphaericus were 

transferred to M9 buffer containing 0, 0.5, 1 or 2 mM H2O2, and survival rate 

was monitored at 2 hr, 4 hr and 6 hr time points. The osmotic stress response 

was tested using NGM agar plates that contained high concentrations of NaCl 

(400, 450 or 500 mM). N2 worms that had been fed with OP50 or L. sphaericus

in normal NGM plates (with 50 mM NaCl) were transferred to the test NGM 
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plates, and the number of worms that survived the treatment was counted every 

6 hr. The results represent the average of three independent experiments with 

ten worms per experiment.

H. Co-feeding assay

The effect of L. sphaericus co-feeding on worm’s resistance to P. aeruginosa

infection was measured by monitoring worm’s viability. Bacterial strains were 

grown to OD600 values of ~1.0 and mixed at a ratio of 7:3. Then, the survival 

assay was performed using N2 worms as described earlier. 

I. Bacterial colonization assay

Three groups of N2 worms (n=10 in each group) were prepared for the 

bacterial colonization assay. The first and second groups of worms were fed 

with E. coli OP50 or L. sphaericus, respectively. In the last group, worms were 

fed with OP50 and treated with PAO1 in a new NGM plate for one day just 

prior to the assay. Worms in each group were collected with M9 buffer and 

washed with M9 buffer containing 10 mM levamisole. Then, they were treated 

with an antibiotic cocktail solution containing 100 μg/mL of ampicillin, 

carbenicillin, chloramphenicol, colistin, gentamicin, kanamycin, streptomycin, 

tobramycin and vancomycin. After 1 hr incubation, the worms were rigorously 

washed with M9 buffer. Then, the worms were suspended in LB broth and 

homogenized. The number of bacterial cells recovered from worms in each 
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group was enumerated by plating serially-diluted homogenates. The diameter of 

worm intestinal lumen was calculated using digitized images created from 

confocal microscopic analysis, which was performed as described elsewhere.58

J. Statistical analysis

Survival plot was obtained using the SPSS statistics ver. 20 program. Log-rank 

analysis was performed to assess the statistical significance of survival between 

groups.59 An unpaired Student’s t test was used to analyze the data, as shown in 

Figures. A p value of <0.05 was considered statistically significant. All 

experiments were repeated for reproducibility.
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3. RESULTS

A. Identification of a soil microbe that extends the lifespan of C. elegans

C. elegans is an organism originally isolated from soil.50 Although C. elegans

is routinely grown under laboratory conditions using an Escherichia coli strain 

as a food source, it may exhibit differential growth-related phenotypes when fed 

with naturally-occurring soil microbes. To address this issue, we recovered five 

different bacterial species of soil origin and identified those at the species level 

via 16S rRNA gene sequencing. Identified microbes included two species from 

each genus of Lysinibacillus60 and Enterobacter61 and Citrobacter freundii, a 

facultative Gram-negative bacillus (Fig. 1.1).62 Since lifespan is one important 

barometer of C. elegans growth-associated property, we first measured the 

lifespan of C. elegans fed with each of these strains. For a rapid and efficient 

screening, we used a glp-4(bn2) mutant strain of C. elegans that does not 

produce progeny at 25 ˚C. When compared with the survival rate achieved with 

E. coli OP50, the glp-4 mutant lived longer when fed with each of the two 

Lysinibacillus species (Fig. 1.1). It is of particular interest that ~90 % of worms 

fed with L. sphaericus survived for as long as 15 days, after which a sharp 

decrease in the viability was observed. Average lifespan of worms fed with L. 

sphaericus was determined to be 16.2 days, while that of OP50-fed worms was 

11.8 days. Increase in C. elegans survival was also observed by feeding L. 

fusiformis (green line, Fig. 1.1), although the lifespan extension was not as 
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robust as with L. sphaericus (average lifespan of 13.5 ± 0.8). Worms fed with E. 

hormaechei, E. aerogenes or C. freundii lived for significantly shorter times 

than those fed with OP50 (Fig. 1.1). At day 6, ~50 % of worms were alive, and 

almost all of the worms perished at around day 10, suggesting that these 

bacterial strains exert toxic effects on C. elegans growth under laboratory 

conditions.

Our results in Fig. 1.1 suggest that two different Lysinibacillus species 

extended the lifespan of the glp-4 mutant. To examine whether or not the 

lifespan-extending capability is a unique feature of the Lysinibacillus species, 

we monitored the survival rate of worms raised on seven other Lysinibacillus

species. We also tested the effect of a Bacillus species (Bacillus subtilis), 

because the genus name Lysinibacillus has been changed from Bacillus.63 When 

the C. elegans N2 strain was grown at 20 ˚C with L. sphaericus, the strain that 

we isolated from soil, lifespan extension was consistently observed (Fig. 1.2A). 

Likewise, the ATCC strain of L. sphaericus invariably increased the survival 

rate of N2 worms (Fig. 1.2B). Worms fed with B. subtilis survived slightly 

longer than those fed with E. coli OP50 at the later stage. The relative degree of 

lifespan increase, however, was significantly greater in worms fed with L. 

sphaericus vs. B. subtilis (Fig. 1.2A and B). These observations, together with 

results in Fig. 1.1, clearly demonstrate that L. sphaericus is capable of 

extending the lifespan of C. elegans at two different temperature conditions. 
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Unlike the results in the glp-4 mutant, lifespan extension of the C. elegans N2

strain was not observed when fed with L. fusiformis (Fig. 1.2C and D) at 20 ˚C. 

When fed with L. massiliensis, L. parviboronicapiens, L. sinduriensis, or L. 

xylanilyticus, survival rates of the C. elegans N2 strain were lower than that of 

N2 worms fed with OP50 (Fig. 1.2E-H). Worms fed with L. boronitolerans or L. 

macroides exhibited similar longevity to those fed with E. coli OP50 (Fig. 1.2I 

and J). These results suggest that, among many Lysinibacillus species, L. 

sphaericus specifically exerts beneficial effects on C. elegans, resulting in a 

statistically significant lifespan increase.
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Figure 1.1. The effect of feeding soil microbes on the lifespan of C. elegans. 

C. elegans glp-4(bn2) worms, synchronized at the L4 stage, were grown with 

each of five different soil microbes at 25 ˚C. Each day for up to 17 days, live 

worms were scored, and the percent survival in each group was plotted. Percent 

survival was calculated based on 30 worms after three independent experiments, 

each with ten worms. The E. coli OP50 strain was used as a control. Statistical 

significance was determined by log-rank analysis (*p<0.001 vs. survival curve 

with E. coli OP50, **p<0.05 vs. with E. coli OP50) and values of average 

lifespan in days (means ± SD) are displayed in the rightmost column of the 

table.
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Figure 1.2. The effect of feeding various Lysinibacillus spp. on the lifespan 

of C. elegans. C. elegans N2 worms, synchronized at the L4 stage, were grown 

at 20 ˚C with (A) Lysinibacillus sphaericus (our original soil isolate), (B) L. 

sphaericus (KACC 10554), (C) L. fusiformis (our original soil isolate), (D) L. 

fusiformis (KCTC 3454), (E) L. massiliensis (KACC 14317), (F) L. 

parviboronicapiens (KCTC 13154), (G) L. sinduriensis (KCTC 13296), (H) L. 

xylanilyticus (KCTC 13423), (I) L. boronitolerans (KACC 15323) or (J) L. 

macroides (KACC 16627). Experimental procedures were identical to those 

described in Fig. 1.1. In each panel, survival curves of N2 worms grown on E. 

coli OP50 (blue line) or Bacillus subtilis (green line) are shown for comparison. 
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Statistical significance was determined by log-rank analysis (*p<0.001 vs. 

survival curve with either E. coli OP50 or B. subtilis). Values of average 

lifespan in each experimental group (means ± SD) are displayed in the table.
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B. Heat-inactivated L. sphaericus failed to extend the lifespan of C. elegans

N2 strain

Next, we examined whether or not the L. sphaericus-induced lifespan 

extension occurred in association with the bacterial viability. To address this 

issue, we repeated the lifespan experiment using heat-killed L. sphaericus. As 

shown in Fig. 1.3, lifespan of worms fed with heat-killed L. sphaericus was 

considerably shorter than that of worms fed with live bacteria. Average lifespan 

was 16.1 days vs. 8.2 days (Fig. 1.3). This result suggests that the robust 

phenotype induced by L. sphaericus is dependent on bacterial viability.
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Figure 1.3. The effect of feeding heat-inactivated L. sphaericus on the 

lifespan of C. elegans. C. elegans N2 worms, synchronized at the L4 stage, 

were grown with live or heat-killed L. sphaericus at 20 ˚C. For the lifespan 

experiment with heat-inactivated L. sphaericus, 10-fold more concentrated 

bacterial cell mass was used to grow worms. Percent survival was calculated 

based on 30 worms after three independent experiments, each with ten worms. 

Statistical significance was determined by log-rank analysis (*p<0.001 vs. 

survival curve with live bacteria). Values of average lifespan in days (means ± 

SD) are displayed in the table.
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C. Worms fed with L. sphaericus exhibit a faster rate of early-stage 

development

It is generally believed that worms that grow slowly due to reduced metabolic 

activity or worms with affected reproductive systems are long-lived.64-66

Therefore, we examined the growth rate of C. elegans fed with E. coli OP50 vs. 

L. sphaericus. To address this issue, we analyzed the growth rate by a 

microscopic examination. Based on our image analysis, a dramatic difference in 

the growth rate was clearly observed in the N2 strain of C. elegans, especially 

during the early developmental stage. Worms in both groups were similar in 

size at ~8 hr after hatching (Fig. 1.4, panels A and F). At 28 hr post-hatching, 

however, N2 worms fed with L. sphaericus were significantly larger than those 

fed with OP50 (Fig. 1.4, panels B and G), and the extent of difference between 

the two groups was even greater after 48 hr (Fig. 1.4, panels C and H). This 

result suggests that early-stage growth was highly stimulated by L. sphaericus. 

At the later stage of growth, the body size of the worms in each group was 

comparable (Fig. 1.4, panels D, E and I, J). Similarly, enhanced early-stage 

growth by L. sphaericus was also observed in the glp-4 mutant worms. Ten hr 

after hatching, the size of the mutant worms raised on the lawn of L. sphaericus

was almost twice the size of worms eating E. coli OP50 (Fig. 1.5, panels A and 

D). The germline-deficient mutant worms fed with L. sphaericus remained 

larger than those fed with OP50 until they entered the young adult stage (Fig. 
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1.5). This finding also suggests that the rapid early-stage growth of C. elegans

by L. sphaericus occurs via a mechanism independent of the reproductive 

system. We then asked whether the worms that grow by feeding on L. 

sphaericus were simply bigger during the early stage growth or they developed 

faster than the control group. To answer this question, we monitored the rate of 

reproductive system development in worms fed either with L. sphaericus or 

with OP50 using a confocal microscope. The size of gonad detected at 17 hr 

post-hatching was significantly bigger in worms fed with L. sphaericus vs. 

OP50 (Fig. 1.6A and E). Formation of distal gonad (DG) and vulva, L4 

stage-specific features, was clearly observed in L. sphaericus-fed worms at 26

hr post-hatching, but not in OP50-fed worms (Fig. 1.6B and F). Likewise, 

fertilized eggs were detected in L. sphaericus-fed worms after 40 hr 

development, while OP50-fed worms produced fertilized eggs at 52 hr 

post-hatching (Fig. 1.6G and D). Together these results clearly demonstrated

that worms fed with L. sphaericus moved through the developmental stages at a 

faster rate than those grown with the control diet.  
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Figure 1.4. Early stage growth of C. elegans fed with E. coli OP50 or L. 

sphaericus. Microscopic images of C. elegans N2 worms grown on NGM 

plates with either OP50 (A-E) or L. sphaericus (F-J) were taken at 8 hr (A, F), 

28 hr (B, G), 48 hr (C, H), 204 hr (D, I) and 228 hr (E, J) after hatching. All 

images were acquired as described in the Experimental Procedures section at 

the same magnification, and a scale bar of 1 mm is indicated at the bottom of 

image J. 
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Figure 1.5. Early stage growth of glp-4(bn2) mutant worms fed with E. coli

OP50 or L. sphaericus. Microscopic Images of C. elegans glp-4 mutant worms 

grown on NGM plate with either OP50 (A~C) or L. sphaericus (D~F) were 

taken at 10 hr (A, D), 20 hr (B, E) and 30 hr (C, F) after hatching. All images 

were acquired at the same magnification and a scale bar of 1 mm is indicated at 

the bottom of the image F. 
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Figure 1.6. Larval stage development of C. elegans fed with E. coli OP50 or 

L. sphaericus. Microscopic images of C. elegans N2 worms grown on NGM 

plates with either OP50 (A-D) or L. sphaericus (E-H) were taken at 17 hr (A, 

E), 26 hr (B, F), 40 hr (C, G) and 52 hr (D, H) after hatching. Formation of 

gonad and vulva were indicated with black and dotted arrows, respectively. PG, 

proximal gonad; DG, distal gonad. Larval stages were assigned (indicated at the 

top of each image) based on the shape of gonad and the presence of fertilized 

eggs. The images were captured at 400×magnification.
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D. Worms fed with L. sphaericus exhibited faster rate of juvenile 

development and laid a larger numbers of eggs, with earlier oocyte 

maturation

Our microscopic observation indicated that worms fed with L. sphaericus grew 

faster than those fed with E. coli. To present this finding in a more quantitative 

manner, N2 worms synchronized at the L1 stage were divided into two groups 

and grown on NGM plates on either L. sphaericus (n=204) or OP50 (n=210). 

Then, we monitored the time required for worms to produce fertilized eggs. 

After 46 hr, 26 worms grown on L. sphaericus were determined to harbor eggs 

in their bodies (Fig. 1.7A, first gray bar), while only three of the OP50-fed 

worms had produced eggs (Fig. 1.7A, first black bar). After 48 hr, 51 L. 

sphaericus-fed worms were determined to carry eggs (Fig. 1.7A). The largest 

portion of E. coli-fed worms (n=58) produced eggs after 56 hr. On average, a 

significantly shorter time (8 hr difference between the two groups) was required 

for C. elegans to produce fertilized eggs when fed with L. sphaericus vs. E. coli 

(Fig. 1.7A). Next, we measured how fast those fertilized eggs were laid. As 

shown in Fig. 1.4B, most eggs fertilized in worms fed with L. sphaericus were 

laid within the first two days. In contrast, the largest portions of eggs in 

OP50-fed worms were laid between the second and third days after fertilization 

(Fig. 1.7B). It is also of interest that a larger numbers of progenies were hatched 

per single worm when fed with L. sphaericus. Approximately 44 and 42 
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progenies were hatched per worm for the first and second days after fertilization, 

respectively, while 28 worms, at the most, were hatched per OP50-fed worm 

(Fig. 1.7B). Together, our results demonstrate that C. elegans grown on the 

lawn of L. sphaericus grew at a faster rate than those with E. coli OP50 and at 

the same time, exhibited elevated fertility behaviors, featured with significantly 

faster oocyte maturation and production of a larger brood size. 
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Figure 1.7. The effect of feeding L. sphaericus on the reproductive 

phenotypes of C. elegans. (A) C. elegans N2 worms were grown to the young 

adult stage (46 hr after hatching) at 20 ˚C with L. sphaericus (n=204, gray bars) 

or E. coli OP50 (n=210, black bars) and monitored every 2 hr to determine 

whether or not fertilized eggs were produced. The number of worms possessing 

fertilized eggs in their body is displayed as a function of hours after hatching. 

(B) When worms were determined to have fertilized eggs, they were transferred 

to a new plate (five worms per plate) and continued to be grown either L. 

sphaericus (gray bars) or OP50 (black bars). Every day, worms were transferred 

to new NGM plates with freshly prepared bacterial cells. The number of 

progenies hatched in old plates was counted and plotted as a function of days 

after fertilization.
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E. L. sphaericus-fed worms are resistant to oxidative, osmotic and infection 

stresses

Long-lived C. elegans commonly exhibits strong resistance to various 

stresses.67 C. elegans N2 worms grown with L. sphaericus or E. coli OP50 were 

synchronized at the beginning of the young adult stage. Then, each group of 

worms was treated with increasing concentrations of H2O2 for 2 hr. Eighty 

percent of worms fed with L. sphaericus survived treatment with up to 1 mM 

H2O2. In contrast, only ~40 % of OP50-fed worms survived after the same 

treatment (Fig. 1.8A). Worms in both groups showed similar survival rates 

when treated with 2 mM H2O2 (Fig. 1.8A, last set of bars). A more significant 

difference was observed when treatment time was extended. The number of 

OP50-fed worms that survived treatment with 0.5 mM H2O2 gradually 

decreased as the treatment time increased (Fig. 1.9A). In contrast, the majority 

of N2 worms grown with L. sphaericus remained alive at 6 hr post-treatment 

(Fig. 1.9A). We then examined whether L. sphaericus-fed worms would also be 

resistant to osmotic stress in comparison with counterparts grown with E. coli

cells. As shown in Fig. 1.8B, a sharp decrease in viability was observed in 

response to the incubation with high concentrations of NaCl. Around 40 % of 

OP50-fed worms survived after a 12 hr treatment with 500 mM NaCl, while 

~80 % of L. sphaericus-fed worms remained alive (Fig. 1.8B). When worms 

were treated with 450 mM NaCl for an extended time period, higher numbers of 
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L. sphaericus-fed worms than OP50-fed worms were consistently detected 

throughout the course of the experiment (Fig. 1.9B). These results, together 

with the accelerated early-stage growth and enhanced fertility (Fig. 1.6 and 1.7), 

clearly demonstrate that the young adult worms that have been grown with L. 

sphaericus acquired a novel characteristic that also results in hyper-resistance to 

oxidative and osmotic stress. Next, we sought to evaluate whether L. sphaericus

feeding can exert a protective effect against pathogenic infection. N2 worms 

synchronized at young adult stage were divided into two groups and grown 

either with OP50 + PAO1 or with L. sphaericus + PAO1. Bacterial strains were 

mixed at a ratio of 7:3 (OP50 or L. sphaericus : PAO1). We hypothesized that 

co-feeding with L. sphaericus would alleviate toxic effects of P. aeruginosa 

resulting in lifespan extension of worms. Our data, as shown in Fig. 1.8C, 

demonstrate that worms fed with L. sphaericus + PAO1 lived slightly longer 

than those fed with OP50 + PAO1 (average lifespan of 9.2 days vs. 7.2 days). 

The difference between these two groups was statistically significant and 

p-value was calculated to be 0.031. Beneficial effect of L. sphaericus co-feeding 

appeared to be greater at the later stage of the experiment suggesting that effects 

exerted by L. sphaericus may accumulate in worms. These results suggest that 

growth with L. sphaericus provides a protective effect against P. aeruginosa

intoxication.
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Figure 1.8. The effect of feeding L. sphaericus on the resistance to H2O2 or 

high salt stress. (A) Dose-dependent death of N2 worms in response to 

treatment with H2O2. Worms grown to the young-adult stage fed either with L. 

sphaericus (gray bars) or with E. coli OP50 (black bars) were treated in M9 

buffer containing varying concentrations of H2O2 (0 mM, 0.5 mM, 1 mM or 2 

mM) for 2 hr. Three independent experiments were performed using ten worms 
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per experiment, and values of mean ± SD are displayed in each bar. *p<0.05 vs. 

percent survival of OP50-grown worms. (B) Dose-dependent death of N2 

worms in response to the treatment with high salt. Worms grown to the 

young-adult stage with either L. sphaericus (gray bars) or E. coli OP50 (black 

bars) were treated on NGM plates containing varying concentrations of NaCl 

(400 mM, 450 mM or 500 mM) for 12 hr. NGM plates containing 50 mM NaCl 

were used as a control treatment. Three independent experiments were 

performed using ten worms per experiment, and values of mean ± SD are 

displayed in each bar. *p<0.05 vs. percent survival of OP50-grown worms. (C) 

The effect of L. sphaericus co-feeding on worm’s resistance to P. aeruginosa

infection. C. elegans N2 worms, synchronized at the L4 stage, were grown with 

bacterial mixture at 20 ˚C. Bacterial strains grown to OD600 of 1.0 were mixed 

at a ratio of 7:3 and spotted onto NGM plates. Percent survival was calculated 

based on 30 worms after three independent experiments, each with ten worms. 

Statistical significance was determined by log-rank analysis (*p = 0.031 vs. 

survival curve with OP50 co-feeding). Values of average lifespan in days 

(means ± SD) are displayed in the table.
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Figure 1.9. (A) Time-dependent death of N2 worms in response to the 

treatment with 0.5 mM H2O2. Experimental procedures were identical to those 

described in Fig. 1.5A. *p<0.05 vs. percent survival of OP50-grown worms. (B) 

Time-dependent death of N2 worms in response to the treatment with 450 

mM NaCl. Worms grown to the young-adult stage with either L. sphaericus

(gray bars) or E. coli OP50 (black bars) were treated for up to 30 hr. 

Experimental procedures were identical to those described in Fig. 1.5C. 

*p<0.05 vs. percent survival of OP50-grown worms.
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F. Facilitated growth and extended lifespan of C. elegans are not mediated 

by intestinal colonization of L. sphaericus

Microbial colonization inside the intestine is generally considered to be 

harmful to C. elegans.68 However, many mammals establish mutually beneficial 

commensalism with gut microbiota in their intestinal tracks.69 Therefore, we 

examined whether or not such abnormally robust and healthy living achieved by 

ingestion of L. sphaericus was associated with its colonization in worm’s 

intestine. After 52 hr feeding, only few bacterial colonies were recovered from 

worms fed with E. coli OP50 or L. sphaericus (Fig. 1.10A). These results 

suggest that, similar to E. coli OP50, L. sphaericus cells are ingested by worms 

and consumed completely for nutrients. In contrast, considerably higher 

numbers of P. aeruginosa PAO1 cells, toxic to C. elegans,70 were accumulated 

inside the worm’s intestine (Fig. 1.10A). Consistent with this finding, the 

proximal intestine was observed to be narrow in worms fed with OP50 or L. 

sphaericus, while the intestinal lumen was highly distended in worms feeding 

on P. aeruginosa (Fig. 1.10, panels B, C and D).
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Figure 1.10. Bacterial colonization in the intestines of worms. (A) The 

number of bacterial cells recovered from the intestines of the worms treated 

with P. aeruginosa PAO1 for one day, grown with E. coli OP50, and grown with 

L. sphaericus. Ten worms were used in each group, and the values of mean ± 

SD are displayed in each bar. *p<0.001 vs. CFU in OP50- or L. 

sphaericus-grown worms. DIC images of the pharyngeal-intestinal valve of 

worms treated with P. aeruginosa PAO1 (B), grown with OP50 (C) or L. 

sphaericus (D) are shown with the proximal intestine regions layered with the 

“pseudo-color” option. 
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4. DISCUSSION

E. coli OP50 has been widely used to grow C. elegans in laboratory conditions. 

However, because C. elegans is originally isolated from soil, where it is 

surrounded by limited organic matter, it is unlikely that C. elegans fed with 

abundantly grown OP50 exhibits similar physiological properties to worms in 

their natural environment. Consistent with this notion, it was reported that C. 

elegans strains, including the long-lived daf-2 mutant, survive for significantly 

shorter times in soil.50 This result suggested that factors that influence C. 

elegans lifespan in the natural environment may be different from those in the 

laboratory. Therefore, experimental findings from laboratory conditions should 

be interpreted cautiously when predicting worm’s life characteristics in nature. 

In nature, worms are in close contact with a variety of soil microbes; therefore, 

it is likely that such worm-microbe interaction may have influenced the 

evolutionary process resulting in the current biological state. In this regard, we 

hypothesized that investigating the mode of interaction between C. elegans and 

soil microbes might reveal novel characteristics of C. elegans associated with 

its growth, fertilization and longevity. In this study, only a few bacterial species 

were isolated from our soil samples by a method that involved culturing soil 

microbes in LB media at 37 ˚C with shaking (Fig. 1.1). This result is in marked 

contrast to the generally perceived notion of microbial biodiversity in soil.71,72

Among those, L. sphaericus was found to positively affect growth-related 
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phenotypes of C. elegans. More ecological studies are necessary to precisely 

determine the relative abundance of L. sphaericus in soil. 

L. sphaericus, a rod-shaped Gram-positive bacterium is mesophilic and it is 

capable of producing insecticidal toxin that can inhibit mosquito growth.73

Sequenced genome of L. sphaericus C3-41 harbors genes that encode a multiple 

different types of toxins including mosquitocidal toxin, insecticidal toxin and 

larvicidal toxin.74,75 Interestingly, a 35.8 kDa mosquitocidal toxin (Mtx2) 

contains a domain homologous to a region of C. elegans protein LIN-24.76

Although gene function of lin-24 is not precisely defined, C. elegans strains 

with mutations in the lin-24 gene were determined to be vulvaless77 suggesting 

that Lin-24 is involved in the formation of worm’s reproduction system. Given 

that the gene encoding for Mtx2 is specifically present in L. sphaericus, but not 

in other Lysinibacillus spp, it is tempting to further explore whether the healthy 

phenotype of C. elegans growing with L. sphaericus is induced by the action of 

Mtx2 toxin. Additional experiments with the use of L. sphaericus mutants 

defective in Mtx2 will address this question.

Because the intestine, the largest organ of the worm, forms a tube with a 

central lumen, and the bacterial food source is directly ingested into the 

intestine, as in human, C. elegans has been suggested as an attractive model 

host to study host-microbiota interactions.9,51 In line with this idea, bacterial cell 

accumulation in the C. elegans intestine has been observed.20,78-81 Induction of 
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such a robust vital phenotype by L. sphaericus led us to postulate that L. 

sphaericus may maintain its viability inside the worm’s intestine, exerting 

profitable effects on C. elegans. However, in contrast to our expectation, no 

viable cells were recovered from the worms (Fig. 1.10). Furthermore, the 

proximal part of the intestinal tract was not dilated at all in L. sphaericus-fed 

worms, while the level of dilation was greater in worms growing with E. coli

OP50 and the greatest in PAO1 fed worms (Fig. 1.10). Based on previous

reports, higher levels of bacterial cell colonization and subsequent bacterial 

proliferation were observed when the tested bacterial strains exhibited virulence 

to worms.20,80,81 Together, these results suggest that (i) ingested L. sphaericus

cells are almost completely disrupted by the action of the pharyngeal grinder of 

the worm, (ii) L. sphaericus does not exert any cytotoxic effect on worms and 

(iii) most importantly, L. sphaericus-mediated beneficial effects are likely due 

to the presence of critical nutrient sources. We believe that the data provided in 

this study will stimulate further molecular study to precisely identify such 

nutrient determinants. 

It was reported that Bacillus subtilis can extend the longevity of C. elegans

strains.82,83 In these two studies, however, B. subtilis induced neither accelerated 

early stage growth nor enhanced reproductive capability. This is in marked 

contrast to the fact that L. sphaericus can exert a wide range of beneficial 

effects on C. elegans growth from rapid early stage development and increased 
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longevity. Further investigation to elucidate the differential effect of B. subtilis

and L. sphaericus will address whether rapid early-stage growth and lifespan 

extension are regulated by a shared mechanism or by distinct mechanisms. 

C. elegans feeding on E. coli can avoid lethal bacteria more readily and 

thereby survive longer than aseptically grown worms.84 Likewise, worms fed 

with Pseudomonas mendocina, a non-pathogenic bacterium, were found to be 

more resistant to P. aeruginosa, due to the activation of induced immunity.49

Based on our results, however, N2 worms grown either with OP50 or L. 

sphaericus during their early developmental stages exhibited almost identical 

susceptibility to subsequent treatment with PAO1 (Fig. 1.11). This result 

suggested that C. elegans immunity was not activated by pre-exposure to L. 

sphaericus. On the other hand, our co-feeding experiment showed a protective 

effect of L. sphaericus against P. aeruginosa toxicity (Fig. 1.8). More 

experiments are necessary to mechanistically determine what mediates the

protective effect. 

This study demonstrates an unusually robust growth phenotype of C. elegans. 

Our findings, however, are contrary to previously reported results for two 

reasons. First, worms fed with L. sphaericus developed rapidly, laid larger 

numbers of eggs and at the same time lived significantly longer than worms fed 

with E. coli OP50. Evidence suggests that rapidly growing worms die faster 

than slow growing counterparts, because longevity is inversely correlated with 
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the rate of energy metabolism and development.85-88 Second, during the lifespan 

experiments, C. elegans strains were grown with bacterial cells at 20 ˚C, at 

which temperature L. sphaericus grew faster than E. coli. This may indicate that 

worms were fed with larger amounts of bacterial cells when grown with L. 

sphaericus vs. E. coli. Based on a well-established dietary restriction theory, 

reduced food intake exerts a positive effect on C. elegans lifespan.89,90 Future 

work should be directed to address the following questions. (i) What is the key 

molecular determinant of L. sphaericus that is responsible for such a robust 

growth phenotype of C. elegans? (ii) Is the signaling pathway leading to the 

accelerated early-stage growth also related to the extended lifespan of C. 

elegans? (iii) What is the mechanism by which C. elegans exhibit both elevated 

fertility and increased lifespan? 

Identification of L. sphaericus genetic elements responsible for the robust C. 

elegans growth phenotype will surely facilitate further studies in terms of 

functional C. elegans-microbe interactions. Difficulties were encountered, 

however, when we sought to genetically manipulate the L. sphaericus strain. 

Transposon random insertion and targeted mutagenesis were not achieved, 

possibly due to the wild (i.e., non-competent) nature of the soil isolate. 

Biochemical experiments, in which bacterial components are fractionated and 

tested for the C. elegans phenotype, can be an alternative approach to unveil a 

mechanism by which L. sphaericus affects C. elegans lifecycle. 
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Figure 1.11. The effect of L. sphaericus pre-exposure on worm’s resistance 

to P. aeruginosa infection. C. elegans N2 worms, synchronized at the L1 stage, 

were grown to adult with OP50 or L. sphaericus at 20 ˚C. Adult worms were 

transferred to Pseudomonas aeruginosa PAO1 spotted NGM plates. Live worms 

were scored every 24h, and the percent survival in each group was plotted. 

Percent survival was calculated based on 30 worms after three independent 

experiments, each with ten worms. Statistical significance was determined by 

log-rank analysis (p=0.712 vs. survival curve of OP50 pre-exposure worm). 

Values of average lifespan in days (means ± SD) are displayed in the table.
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Chapter III. Altered fatty acid metabolism accounts for lifespan 

extension and faster development of Caenorhabditis elegans by

Lysinibacillus sphaericus

1. INTRODUCTION

Caenorhabditis elegans is a soil nematode that has been used as a multifaceted 

model organism in bioscience. In laboratory conditions, worms grow on agar 

plate with bacterial lawn of E. coli OP50 supplying sufficient nutrients.48 C. 

elegans is able to synthesize various fatty acids,91 whereas human and other 

animals, possessing a limited repertoire of fatty acid synthesizing enzymes, 

cannot produce some essential fatty acids.92 To this end, C. elegans produces a 

wide range of enzymes involved in fatty acid elongation and carbon-carbon 

double bond formation (i.e., desaturation).93,94 C. elegans fatty acid biosynthesis 

pathway and enzymes mediating sequential steps are depicted in Fig. 2.1. C. 

elegans produces 7 fatty acid desaturases, fat-1 to fat-7. The fat-1 gene encodes 

an omega-3 desaturase, while fat-2, fat-3 and fat-4 genes encode delta-12, 

delta-6 and delta-5 desaturases respectively. The fat-5, fat-6 and fat-7 genes 

encode delta-9 desaturase.95 C. elegans strains harboring mutations in genes 

encoding fatty acid metabolizing proteins have been tested to explore the 

function of specific polyunsaturated fatty acids (PUFAs).96,97 Especially, delta-9 

desaturase, a product of fat-6 or fat-7 gene mediates the crucial step that 
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converts stearic acid (C18:0) to oleic acid (C18:1n9), which acts as a substrate 

for the synthesis of subsequent PUFAs (Fig. 2.1).98

PUFAs generally provide strong resistance to oxidative stress.99,100 When fat-6

or fat-7 gene was downregulated by RNAi knockdown, worm’s susceptibility to 

oxidative stress was increased.101 A C. elegans mutant of fat-3 gene failed to 

produce γ-linolenic acid (C18:3n6) and octadecatetraenoic acid (C18:4n3), two 

heavily unsaturated fatty acids (Fig. 2.1) and the mutant exhibited abnormal 

locomotive and ontogenic behaviors.102 The same mutant also showed impaired 

synaptic vesicle endocytosis and therefore defective phenotypes in 

neurotransmission.103 γ-linolenic acid is also required for basal immunity to 

bacterial pathogens.104 Omega-6 PUFAs, such as dihomo-gamma-linolenic acid 

(C20:3n6) and arachidonic acid (C20:4n6) were reported to extend lifespan via 

autophagy activation.105 Together, these results suggest that PUFAs, fatty acids 

with more than one carbon-carbon double bonds, play important roles in 

worm’s development and growth. It remains elusive, however, whether fatty 

acid composition could be altered by feeding different nutrients or in response 

to environmental adjustments.

We formerly reported that Lysinibacillus sphaericus, a bacterial species 

isolated from soil provides beneficial effects on C. elegans growth.106 Worms 

fed with L. sphaericus exhibited extended lifespan when compared to those 

growing with the common prey, E. coli OP50. The early-stage growth was also 
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highly facilitated by feeding L. sphaericus. In this study, we sought to 

understand molecular basis of robust growth phenotypes elicited by feeding L. 

sphaericus. Expression profiling analysis provided an initial insight into the role 

of fatty acid metabolism in L. sphaericus-induced phenotypes. L. 

sphaericus-fed worms contain larger amounts of PUFAs compared with 

OP50-fed counterparts. This report reveals organismal-level changes in fatty 

acid composition can be induced in C. elegans by feeding a different bacterial 

prey and such changes are responsible for physiological processes that 

determine growth phenotypes.
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Figure 2.1. Fatty acid biosynthesis of C. elegans. (A) Biosynthesis pathway of 

fatty acids in C. elegans. (B) The metabolites in the fatty acid biosynthesis 

pathway of worm. Nomenclature of fatty acid: CX:YnZ, fatty acid of X carbon 

atoms and Y double bonds; Z indicates the position of the terminal double bond. 

Enzymes: FAT-1, omega-3 desaturase; FAT-2, delta-12 desaturase; FAT-3, 

delta-6 desaturase; FAT-4, delta-5 desaturase; FAT-5, delta-9 desaturase; 

FAT-6, delta-9 desaturase; FAT-7, delta-9 desaturase; ELO, fatty acid elongase.
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2. MATERIALS AND METHODS

A. Strains and maintenance

Caenorhabditis elegans strains, including Bristol N2, fat-1(wa9), fat-2(wa17), 

fat-3(wa22), fat-4(wa14), fat-5(tm420), fat-6(tm331), fat-7(wa36) and 

fat-6(tm331);fat-7(wa36) double mutant were received from the Caenorhabditis

Genetic Center (CGC). Worms were maintained on nematode growth medium 

(NGM) agar plates at 20 ˚C, as described elsewhere.2 E. coli OP50 from lab 

stocks was used to maintain worm strains in the laboratory. Lysinibacillus 

sphaericus was isolated previously.106 Bacterial strains were grown at 37 ˚C in 

Luria-Bertani medium (LB, 10 g tryptone, 5 g yeast extract, and 10 g NaCl per 

liter) with shaking.

B. Microarray analysis

Microarray-based gene expression analysis of C. elegans was performed using 

a C. elegans (V2) Gene Expression Microarray (Agilent, CA, USA). C. elegans

N2 strain was grown to the young adult stage on an NGM plate with either E. 

coli OP50 or L. sphaericus. Total RNA from young adult worms was extracted 

from each of three independent cultures using TRIzol reagent (Invitrogen, CA, 

USA). Purified RNA samples were pooled together and submitted to EBIOGEN 

Inc. (Seoul, Korea), in which the rest of the microarray experimental procedures 

were performed. The data were analyzed using Agilent’s Feature Extraction 

Software, which can process raw microarray image files. Quantitative analysis 
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of gene expression profiles was performed by GeneSpring GX Software 

(Agilent, CA, USA), and genes that showed significantly up- or downregulated 

expression levels upon growth with differential bacterial food sources were 

identified and are displayed in Fig. 2.2. The entire microarray results are 

available in NCBI’s GEO database under accession number GSE54682.

C. qRT-PCR analysis

Transcript levels of fatty acid desaturase encoding genes (fat-1, fat-2, fat-3, 

fat-4, fat-5, fat-6 and fat-7) and acyl-CoA synthetase encoding gene (acs-2) 

were measured by quantitative real-time PCR (qRT-PCR). To verify our 

microarray results, qRT-PCR analysis was also performed on a subset of genes 

such as fat-7, whose expression levels were determined to be significantly 

upregulated, other fat- series genes and acs-2 known as acyl-CoA synthetase 

encoding gene repressed by fat-7. The detailed procedure used for the analysis 

has been described previously.58 Transcript levels of the gpd-1 gene were used 

to normalize the transcript levels of tested genes.

D. Fatty Acid Analysis

To determine fatty acid composition of C. elegans, N2 and fat-6:fat-7 double 

mutant worms fed with OP50 or L. sphaericus were harvested at L1 larval and 

adult stage. Then the fatty acid methyl ester (FAME) derivatives of harvested 

worms were analyzed via gas chromatography.107 Fatty acid analysis of 
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bacterial species were performed following procedures described previously.48

OP50 and L. sphaericus on LB agar plate were incubated overnight at 37 ˚C. 

Scraped bacterial cells passed through a series of treatment, then their FAME

derivatives were analyzed by GC as mentioned earlier.

E. Survival assay

Survival assays were performed following procedures described previously.56

In brief, overnight culture of each bacterial strain was diluted 100-fold into 

fresh LB medium and cultured until OD600 values reached ~1.0. Ten μl of each 

bacterial culture was spotted on NGM agar plates. In case of oleic acid addition 

survival assays, 300uM of oleic acid (Sigma-Aldrich, MO, USA) was 

supplemented to NGM agar plate. After 2 hr incubation at room temperature, 

each plate was seeded with ten adult hermaphrodite worms (three replicates per 

trial). Plates were incubated at 20 ˚C. Live worms were transferred to a new 

NGM plate and scored for mortality every 24 hr. OP50 was used as a baseline 

control.

F. Examination of larval stage development

After hatching, N2, fat-6:fat-7 and fat-2 worms were transferred to fresh NGM 

plates, in which 10 μl of OP50 or L. sphaericus bacterial culture (at OD600 of 

~1.0) had been inoculated and grown for 42 hr. Digital images of N2 worms 

were taken through the ocular lens of a stereomicroscope (Model: SL-204-10C, 
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YS Teck Science Inc., Seoul, Korea). Fatty acid NGM agar plates were 

supplemented with fatty acids (300 μM of pentadecanoic acid, stearic acid, oleic 

acid and linoleic acid, Sigma-Aldrich, MO, USA).

G. Examination of germline development

N2 and fat-6;fat-7 mutant worms were separated into two different groups, 

each of which was fed with OP50 or L. sphaericus. M9 buffer was used to 

collect worms at 14, 38, 102 hr after hatching. Then, worms were washed with 

M9 buffer containing 10 mM levamisole (MP biomedicals, LLC. Santa Ana, 

CA., USA). Ten ul of each suspension was mounted on the microscope glass 

slide with cover slip. The images were captured at 200× magnification. 

Fluorescence stereo microscope (Leica microsystems, Germany) was used for 

image analysis.

H. Statistical analysis

Survival plot was obtained using the SPSS statistics ver. 20 program. Log-rank 

analysis was performed to assess the statistical significance of survival between 

groups.59 An unpaired Student’s t test was used to analyze the data, as shown in 

Figures. A p value of <0.05 was considered statistically significant. All 

experiments were repeated for reproducibility.
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3. RESULTS

A. Genome-wide expression monitoring revealed significant changes in 

gene expression in worms grown with L. sphaericus vs. E. coli OP50

Our previous results demonstrated that worms fed with L. sphaericus exhibit 

substantially robust growth-associated phenotypes, such as extended longevity, 

rapid larval-stage growth, and enhanced reproduction capability.106 To provide a 

better insight into the phenotype changes induced by feeding L. sphaericus, we 

performed microarray analysis using worms that had grown to young adult 

stage. Fig. 2.2 shows a list of genes that were most upregulated and 

downregulated genes in worms grown with L. sphaericus vs. E. coli OP50. At 

first glance, the degree of expression changes between two groups was 

overwhelming and genes encoding protein components of well-characterized 

lifespan-regulating pathways, such as insulin/IGF signaling cascade,108 clock 

pathway,109 mitochondrial electron transport pathway110 were not identified. 

Instead, transcription of genes encoding proteins that constitute worm’s body 

structure was highly increased in worms fed with L. sphaericus vs. OP50 (Fig. 

2.2, top panel). Expression of col family genes (col-74, col-121 and col-165) 

involved in worm’s cuticle collagen formation111,112 was highly elevated. 

Similarly, cut-3 gene that plays an important role in the development of larval 

alae113 was highly expressed. Expression of two genes in dpy family, whose 

functions are required for the maintenance of regular morphology,114 was also 
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significantly enhanced. Among the most downregulated genes, are 15 genes for 

C-type lectins (Fig. 2.2, bottom panel). Expression of genes in thaumatin family 

(i.e., thn-1, thn-2 and thn-3) was substantially decreased. Product of thn-2 gene 

was found to be involved C. elegans defense against P. aeruginosa infection.115
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Figure 2.2. Highly upregulated or downregulated gene expression in 

microarray analysis of C. elegans fed with L. sphaericus vs. worms fed with 

OP50. The heat map shows the genes that had significantly altered expression 

levels between worms fed with L. sphaericus vs. OP50. The log2 ratios that 

were upregulated (green to yellow) or downregulated (red to pink) are shown in 

the heat map. *Expression levels of multiple genes in the same functional group 
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are shown as one indication unit. Expression of genes in each group (for 

example, three genes in the Thaumatin family, four genes in the Serpentine 

receptor class BC family, 15 genes in the C-type Lectin family, four genes in 

the insulin-related protein family, and two genes in the Serpentine receptor class 

G family) were invariably downregulated, and the average value of the Log2 

ratio is presented. # Genes encoding lysozyme and insulin-related proteins were 

found in both the upregulated and downregulated gene list.
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B. Gene expression of a fatty acid desaturase is highly upregulated in L. 

sphaericus-fed C. elegans

Prominent among these changes were two genes involved in fatty acid 

metabolism, fat-7 and acs-2 (Fig. 2.2, red arrow). Expression of the fat-7 gene 

encoding a delta-9 fatty acid desaturase was highly activated (~676-fold), while 

acs-2 gene was significantly less transcribed (~40-fold) in L. sphaericus- vs. 

OP50-fed worms. Fig. 2.3A shows microarray results of 8 selected genes 

involved in fatty acid metabolism. Transcription of other desaturase genes (fat-1, 

2, 3, 4, 5 and 6) was decreased in N2 worms feeding on L. sphaericus. These 

microarray results were further verified by our qRT-PCR assay, in which the 

transcript level of fat-7 gene was also highly increased (Fig. 2.3B). Likewise, in 

the same assay, acs-2 gene expression was also found to be substantially 

suppressed in L. sphaericus-fed worms. Our results are consistent with a 

previous finding demonstrating that acs-2 gene expression is negatively affected 

by the accumulation of oleic acid, the product of FAT-7 protein.116 Together, 

our results suggest that L. sphaericus feeding may have influenced worm’s lipid 

metabolism.
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Figure 2.3. Gene expression of a specific fatty acid desaturase increased in 

C. elegans fed with L. sphaericus. The synchronized L1 worms were grown 

with OP50 or L. sphaericus at 20 ˚C. After growth, the gene expression of adult 

C. elegans was shown. Each fat- series gene encodes different fatty acid 

desaturase, such as fat-1, omega-3 desaturase; fat-2, delta-12 desaturase; fat-3, 

delta-6 desaturase; fat-4, delta-5 desaturase; fat-5, delta-9 desaturase; fat-6, 

delta-9 desaturase; fat-7, delta-9 desaturase, and acs-2 encodes an acyl-CoA 

synthetase. (A) Microarray analysis demonstrate specific gene expression 

pattern of various fatty acid desaturase coding gene. (B) Quantitative RT-PCR 

data confirmed gene expression patterns of those genes in microarray. Three 

independent experiments were performed, and values of means±SDs are 

displayed in each bar. *, P<0.05 versus transcript levels in C. elegans cells fed 

with OP50.
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C. Total fatty acid contents and their composition are distinct between two 

groups of worms

FAT-7 is delta-9 fatty acid desaturase in the fatty acid biosynthetic pathway of 

C. elegans (Fig. 2.1). oleic acid, product of FAT-7, is an essential intermediate 

for subsequent PUFA synthesis. Thus, fatty acid composition was predicted to 

be altered with the highly expressed fat-7 gene in L. sphaericus-fed worms. To 

address this issue, N2 worms, synchronized at L1 stage, were grown to adults 

with OP50 or L. sphaericus and subjected to the FAME analysis as described in 

Experimental Procedures. The amount of total fatty acids in OP50-fed worms 

was ~70 μg per mg of worm dry weight (Fig. 2.4A). The amount of total fatty 

acids in L. sphaericus-fed worms was ~95 μg, a value that increased by ~35 % 

as compared with the control group (Fig. 2.4A). 

We then compared relative abundances of major fatty acids between two 

groups. The amount of each fatty acid in OP50-fed worms was normalized to 

1.0. Interestingly, many PUFAs including oleic acid (C18:1n9), 

gamma-linolenic acid (C18:3n6), dihomo-gamma-linolenic acid (C20:3n6), 

eicosatetraenoic acid (C20:4n3) and eicosapentaenoic acid (C20:5n3) were 

greatly increased in the L. sphaericus-fed worms (Fig. 2.4B). The relative 

amount of C18:3n6 is ~2.5 fold larger, while the amount of C20:3n6 and 

C20:3n3 were ~2 fold elevated. In contrast, the quantity of C16:1n7 

(palmitoleic acid), the product of FAT-5, was considerably smaller in L. 
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sphaericus-fed worms, suggesting that the desaturation reaction using palmitic 

acid (C16:0) as a substrate is not active in worms that feed on L. sphaericus. 
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Figure 2.4. Fatty acid composition of C. elegans fed with OP50 and L. 

sphaericus. C. elegans N2 worms, synchronized at the L1 stage, were grown at

20 ˚C with OP50 or L. sphaericus. (A) Total fatty acid amounts of C. elegans

fed with OP50 and L. sphaericus were analysed using FAME. The amounts 

were figured out of total fatty acid weight per 1 mg of worms’ dry weight. (B) 

The composition of each fatty acid within worm’s fatty acid biosynthesis 

pathway was shown. Three independent experiments were performed, and 

values of means±SDs are displayed in each bar. *, P<0.05 versus fatty acids in 

C. elegans cells fed with OP50.
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D. L. sphaericus-induced lifespan extension was not observed in fat-6;fat-7

double mutant worms and such effect was relieved by exogenously added 

oleic acid

Next, we examined whether or not L. sphaericus-mediated lifespan extension 

is still observed in fat-7(wa36) mutant worm. Since fat-6 gene also encodes the 

same delta-9 fatty acid desaturase, we also tested fat-6(tm331) single and 

fat-6(tm331);fat-7(wa36) double mutant worms. C. elegans N2 strain fed with L. 

sphaericus, as reported before,106 lived significantly longer than OP50 feeding 

worms (Fig. 2.5A). The average lifespan of C. elegans N2 fed with L. 

sphaericus was about 40 % longer than that of worms fed with OP50. It 

appeared that L. sphaericus feeding also extended the lifespan of fat-7 mutant, 

although the degree of lifespan extension was considerably smaller in the fat-7

mutant (Fig. 2.5B). Likewise, similar level of lifespan extension was observed 

in fat-6 single mutant worm (Fig. 2.5C). Importantly, L. sphaericus-induced 

lifespan extension was completely abrogated in the fat-6;fat-7 double mutant 

(Fig. 2.5D). The average lifespans of the mutant worms are 11.6(±0.6) and 

12.2(±0.7) days, when fed with L. sphaericus and OP50, respectively. These 

results suggest that fat-7 and fat-6 gene products play additive roles in L. 

sphaericus-mediated lifespan extension. 

As shown in Fig. 2.3, transcription levels of other fatty acid desaturase genes 

(fat-1, 2, 3, 4, and 5) were decreased in C. elegans N2 worms feeding on L. 
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sphaericus. To test the effect of disruption of each desaturase gene on C. 

elegans longevity, fat-1(wa9), fat-2(wa17), fat-3(wa22), fat-4(wa14), or 

fat-5(tm420) mutant worms were also grown with L. sphaericus (Fig. 2.6). 

When fed with L. sphaericus, all the tested strains exhibited extended lifespan, 

as compared with those fed with OP50 (Fig. 2.6). 

Oleic acid is synthesized from stearic acid by FAT-6 or FAT-7 delta-9 fatty 

acid desaturase so fat-6;fat-7 double mutant is presumed to be unable to 

produce oleic acid. Because oleic acid is an essential substrate for subsequent 

PUFA synthesis, we postulate that it is either enzymatically produced or 

exogenously supplied to support worm’s growth. As shown in Fig. 2.7A, 

extraneous oleic acid did not exert any additive effects on the growth of C. 

elegans N2 strain that expresses functional delta-9 fatty acid desaturase activity. 

In contrast, addition of oleic acid considerably extended the lifespan of L. 

sphaericus-fed fat-6;fat-7 double mutant (Fig. 2.7B). Approximately 20% 

increase in the average lifespan was achieved by oleic acid (dotted vs. solid 

green line, Fig. 2.7B). Of note, negligible effect of extraneous oleic acid was 

observed in the mutant feeding on OP50 (blue lines, Fig. 2.7B). These results 

suggest that L. sphaericus, although it is capable of extending the lifespan of C. 

elegans host, may not contain oleic acid in its lipid component. 
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Figure 2.5. Lifespan extension by L. sphaericus feeding in fat-6;fat-7 double 

mutant worms. C. elegans (A) N2, (B) fat-6(tm331), (C) fat-7(wa36) and (D)

fat-6(tm331);fat-7(wa36) mutant worms, synchronized at the L4 stage, were 

grown with OP50 or L. sphaericus at 20 ˚C. Live worms were scored each day, 

and the percent survival plotted. Percent survival was calculated based on 60 

worms. Statistical significance was determined by log-rank analysis.
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Figure 2.6. Lifespan extension by L. sphaericus feeding in fat-series mutant 

worms. C. elegans (A) fat-1(wa9), (B) fat-2(wa17), (C) fat-3(wa22), (D)

fat-4(wa14), (E) fat-5(tm420) and (F) nhr-49(nr2041) mutant worms, 

synchronized at the L4 stage, were grown with OP50 or L. sphaericus at 20 ˚C. 

Live worms were scored each day, and the percent survival plotted. Percent 

survival was calculated based on 60 worms. Statistical significance was 

determined by log-rank analysis.
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Figure 2.7. Recovery of lifespan extension by oleic acid addition in 

fat-6;fat-7 double mutant worms. C. elegans were grown to the L4 stage at 20

˚C with OP50, then the survival rate of worms fed with L. sphaericus or OP50 

was calculated on general NGM agar or 300uM of oleic acid added NGM agar 

plate. Live worms were scored every day. The lifespan of (A) N2 worms and 

(B) fat-6;fat-7 double mutant worms were shown. Percent survival was 

calculated based on 60 worms. Statistical significance was determined by 

log-rank analysis. *, P=0.015 versus average lifespan of C. elegans fed with 

OP50.
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E. Bacterial fatty acid content was different between E. coli OP50 and L. 

sphaericus

Our findings demonstrate that (i) varied synthesis of fatty acids is likely 

involved in L. sphaericus-induced longevity phenotype and (ii) C. elegans

strains with distinct genotypes respond differentially to bacterial preys and an 

exogenous nutrient. To better understand this notion, we analyzed bacterial fatty 

acid composition. Our results shown in Fig. 2.4A indicate that C. elegans N2 

worms fed with L. sphaericus contain larger amounts of fatty acids in their body, 

as compared with OP50-fed worms. In contrast, however, total fatty acid 

contents in L. sphaericus cells were smaller than those detected in OP50 cells 

(Fig. 2.8A). Pentadecanoic acid (C15:0) was detected in the largest quantity in L. 

sphaericus cells, while palmitic acid (C16:0) was the largest in OP50 cells (Fig. 

2.8B). Of importance, fatty acids in worm’s PUFA synthesis chain including 

oleic acid (C18:1n9) were not detected in L. sphaericus cells, while linoleic acid 

(C18:2n6) was present in OP50 cells (Fig. 2.8B). This result further supports 

our finding that supplementary oleic acid exerts its effect only in L. 

sphaericus-fed worms, but not in OP50-fed worms (Fig. 2.7B). linoleic acid is 

synthesized from oleic acid by FAT-2 in worm’s fatty acid metabolism (Fig. 

2.1). Moreover, long chain fatty acids with over 18 carbons were only 

detected in OP50 cells. These results suggests that larger amount of fatty acids 

in L. sphaericus-fed worms might be due not to the ingestion of larger 
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quantities of bacterial fatty acids, but to the robust induction of fatty acid 

biosynthetic pathway.
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Figure 2.8. Bacterial fatty acid composition of OP50 and L. sphaericus.

OP50 and L. sphaericus on LB agar plate were incubated overnight at 37 ˚C. 

Fatty acid composition of scraped bacterial cells were analysed using FAME. 

(A) The amounts of total fatty acids of OP50 and L. sphaericus and (B) the 

composition of each bacterial fatty acid was shown. The amounts were figured 

out of total fatty acid weight per 1mg of bacterial cell. Three independent 

experiments were performed, and values of means±SDs are displayed. *, 

P<0.05 versus fatty acids in E. coli OP50 bacterial cells. **, P<0.05 versus fatty 

acids in L. sphaericus bacterial cells.
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F. The fat-6;fat-7 double mutant fed with oleic acid-deficient L. sphaericus

was growth-arrested

Worms, when growing with L. sphaericus, exhibited faster (i) rate of early 

stage development and (ii) oocyte maturation.106 Because L. sphaericus-induced 

lifespan extension was not observed in the fat-6;fat-7 double mutant, we next 

examined how its early stage growth is affected by feeding L. sphaericus. 

L1-synchronized C. elegans N2 and the fat-6;fat-7 double mutant worms were 

grown with OP50 or L. sphaericus. At 38 hr post-hatching, fertilized eggs were 

detected in L. sphaericus-feeding, but not in OP50-feeding worms, further 

confirming L. sphaericus-induced faster larval stage development (Fig. 2.9E). 

The fat-6;fat-7 double mutant worms grew normally when they were fed with 

OP50 (Fig. 2.9G-I). Surprisingly, larval development was not observed in the 

fat-6;fat-7 double mutant, when growing with L. sphaericus (Fig. 2.9J-L). Even 

at 102 hr post-hatching, the double mutant worms still remain at the L1 stage, 

appearing to be growth-arrested (Fig. 2.9L). The arrested growth was featured 

not only with small body size, but also defective fertilization (Fig. 2.9C, F, I and 

L). 

We then sought to examine whether growth arrest of the mutant was 

associated with limited oleic acid supply. Figure 2.10 shows how C. elegans

strains grew in the presence of extraneous pentadecanoic acid (C15:0), stearic 

acid (C18:0), oleic acid (C18:1n9), or linoleic acid (C18:2n6). Consistent with 



74

the effect of oleic acid on the lifespan of the L. sphaericus-fed fat-6:fat-7

double mutant (Fig. 7B), the fat-6:fat-7 double mutant fed with L. sphaericus

responded to oleic acid (Fig. 2.9). Enhanced growth was not observed when 

pentadecanoic acid or stearic acid was supplied (Figs. 2.10Q and R). L. 

sphaericus-induced robust growth was not further elevated by additional supply 

of fatty acids in N2 (Figs. 2.10F-J). Likewise, escalated growth was not 

observed in N2 (Figs. 2.10A-E), in the fat-6;fat-7 mutant (Figs. 2.10K-O) or in 

the fat-2 mutant (Figs. 2.10U-Y) when fed with OP50, an E. coli strain that 

provides a sufficient amount of linoleic acid. Together, these results 

demonstrate that oleic acid and linoleic acid can successfully rescue the arrested 

growth of fat-6:fat-7 double mutant worms fed with L. sphaericus devoid of 

oleic acid. And linoleic acid also rescues the arrested growth of fat-2 mutant 

worms fed with L. sphaericus.
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Figure 2.9. Arrested growth of fat-6;fat-7 double mutant worm fed with L. 

sphaericus. Microscopic images of C. elegans N2 (A-F) and fat-6;fat-7 double 

mutant (G-L) worms grown on NGM plates with either OP50 (A-C, G-I) or L. 

sphaericus (D-F, J-L) were taken at 14 hr (A, D, G, J), 38 hr (B, E, H, K), and 

102 hr (C, F, I, L) after hatching. Formation of gonad and eggs were observed 

in worms as time passed. The images were captured at 200× magnification.
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Figure 2.10. Oleic acid-induced rescue of the arrested growth of fat-6:fat-7

double mutant worms fed with L. sphaericus. C. elegans N2 (A-J), fat-6:fat-7

double mutant (K-T) and fat-2 mutant (U-δ) worms were grown for 42 hr on 

NGM plates with OP50 (A-E, K-O, U-Y) or L. sphaericus (F-J, P-T, Z-δ). 

Media was supplemented with fatty acids such as C15:0 (B, G, L, Q, V, α), 

C18:0 (C, H, M, R, W, β), C18:1n9 (D, I, N, S, X, γ) and C18:2n6 (E, J, O, T, 

Y, δ). C15:0 was the most abundant fatty acid in L. sphaericus. C18:0 is the 

substrate of FAT-6 and FAT-7 fatty acid desaturases. C18:1n9 is the product of 

FAT-6 and FAT-7 and the substrate of FAT-2 fatty acid desaturases. C18:2n6 is 

the product of FAT-2 fatty acid desaturase. Images were captured at 20× 

magnification.
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4. DISCUSSION

L. sphaericus extended C. elegans lifespan and boosted its early stage 

development.106 L. sphaericus-fed worms developed more resistance to 

oxidative and osmotic stresses. Moreover, reproduction behavior was strikingly 

different in L. sphaericus-fed worms, compared with those grown by feeding on 

E. coli cells. However, molecular basis of these unexpected outcomes by 

feeding a soil microbe remained undetermined. 

In C. elegans, transcriptional changes or mutations in a certain group of genes 

do not always result in predicted phenotypes due to its genetic redundancy.117 In 

our microarray analysis, genes in similar functional categories were detected 

among both upregulated and downregulated genes (Fig. 2.2). For example, 

genes encoding lysozyme (lys-10 vs. lys-9), C-type lectins (clec-266 vs. 

clec-2,3,9,11,47,60,61,70,76,77,82,163,172,234,240) and insulin-related 

proteins (ins-31 vs. ins-16,20,25,32) were detected in both lists. Further 

investigations are necessary to precisely determine the consequences of these 

transcriptional changes. Of particular note are genes encoding for cuticle 

collagen, a multi-layered surface structure.118 These genes were highly 

transcribed in L. sphaericus-fed worms suggesting that L. sphaericus feeding 

may stimulate worms to produce an extracellular matrix with different physical 

property. It will be interesting to explore whether enhanced resistance of L. 

sphaericus-fed worms to osmotic and oxidative stresses106 is associated with 
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this potential alteration. 

The deficiency of oleic acid and linoleic acid in L. sphaericus may cause the 

upregulation of fat-7 gene expression. Oleic acid is the product of FAT-7 and 

FAT-6 delta-9 fatty acid desaturases and also the substrate of FAT-2 delta-12

fatty acid desaturase.119 And linoleic acid, which is the product of FAT-2, is the 

substrate of following PUFAs synthesis chain (Fig. 2.1). Thus, the supply of 

oleic acid is the essential part of worm’s fatty acid metabolism including 

PUFAs synthesis. Oleic acid deficiency is one of critical conditions to worm. 

Worms, therefore, should upregulate gene expression of fat-7 to increase oleic 

acid synthesis. Oleic acid is also deficient in OP50 but linoleic acid is 

consistently supplied by OP50 cells (Fig. 4B). Although the detection of linoleic 

acid in E. coli has been controversial,120,121 our FAME analysis clearly suggests 

its presence, albeit in a small quantity, in OP50 cells. In the fat-6;fat-7 mutant 

worms, therefore, PUFA deficiency was observed, when fed with L. sphaericus, 

but not with OP50.

It is not clear why expression of fat-7 was increased in L. sphaerius-fed 

worms. One thing is certain that the abrogation of L. sphaericus-induced 

lifespan phenotype was only observed, when both fat-6 and fat-7 genes were 

mutated. This result likely suggests that expression of fat-6 gene is more 

activated, when fat-7 gene is not functional; thereby further supporting the 

redundant genetic system in C. elegans. Interestingly, fat-1, fat-2, fat-3, fat-4, 
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and fat-6 genes are located in chromosome IV, while fat-5 and fat-7 genes are 

in chromosome V. This notion suggests that distinct mechanisms may act to 

transcribe the fat-6 and fat-7 genes. NHR-49, a nuclear hormone receptor, is a 

well-known regulator of C. elegans lipid metabolism.116 The nhr-49 mutant of C. 

elegans N2 strain exhibited lower transcription levels of fat-5, fat-6 and fat-7

genes.122 Based on our experiment, the lifespan of nhr-49 mutant worms was 

still extended, when fed with L. sphaericus (Fig. 2.6F), suggesting that L. 

sphaericus-induced lifespan extension occurs independent of the nhr-49 gene 

product. Understanding further transcriptional regulatory systems will help us 

better define L. sphaericus-induced changes in fatty acid synthesis. 

In the worm cells fed with L. sphaericus, the amount of PUFAs in the 

downstream under oleic acid and linoleic acid were increased, while the amount 

of oleic acid was similar to the worms fed with OP50. Even though the 

expression levels of fat-1 to fat-4 were downregulated in worms fed with L. 

sphaericus, it seems that increased oleic acid supply via FAT-7 made the 

synthesis of various PUFAs increased. According to the fatty acid biosynthesis 

pathway in C. elegans, oleic acid synthesis is the key step of consequent PUFA 

synthesis chains. Without oleic acid supply, FAT-1, 2, 3, and 4 desaturases were 

almost useless.  As formerly mentioned, The PUFAs are well-known for their 

necessity for worms’ normal development and metabolism, and positive effects 

to worms’ longevity.102,107,123 Like other reports concerning the effects of PUFAs, 
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the lifespan extension, increased stress resistance and fine egg laying 

productivity were observed also in N2 worms fed with L. sphaericus.106 So it is 

assured that the increased PUFAs, especially oleic acid, in L. sphaericus feeding 

worms were deeply related with the growth and lifespan phenotypes of worms 

fed with L. sphaericus. Even in fat-6;fat-7 double mutant worms, with oleic 

acid supplement, L. sphaericus extended the lifespan of worms. oleic acid was 

needed for lifespan extension by L. sphaericus but extra oleic acid had no effect 

to the others, such as double mutant worms fed with OP50 and N2 worms fed 

with OP50 and L. sphaericus. So, in other words, oleic acid is a necessary 

condition, not a sufficient condition of lifespan extension by L. sphaericus. 

Oleic acid and PUFAs are required for proper growth and fertility of worms.119

Whether synthesized from stearic acid by FAT-6 and FAT-7 or supplied 

externally, oleic acid is also a key metabolite of normal growth of worm.

Linoleic acid is synthesized from oleic acid and it is one of essential steps of 

PUFA synthesis. Additional linoleic acid rescues arrested growth of fat-2 mutant 

and also fat-6;fat-7 double mutant worm. Put together, oleic acid and linoleic 

acid are essential for L. sphaericus-induced lifespan extension and robust 

growth of worm.

Because L. sphaericus is a Gram-positive bacterium, it is not surprising to find 

that its fatty acid composition is different from that of OP50, a Gram-negative E. 

coli strain. It has been well known that lipid metabolism is quite different 
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between two groups of bacterial species.124 C15:0 (including iso- and 

anteiso-C15:0) are predominant fatty acids of Gram-positive cells, whereas 

C16:0 is abundant in Gram-negative bacteria.125 In our assay as well, C15:0 was 

found to be the most abundant fatty acid in L. sphaericus, while it is not 

detectable in OP50 (Fig. 2.8B) and these results lead us to postulate that C15:0 

might be the molecule responsible for the L. sphaericus-induced robust 

growth-associated phenotype. With following two results, however, we ruled 

out this possibility. First, when C15:0 was supplied as an extra nutrient to 

OP50-feeding worms, no elevated growth was observed (Fig. 2.10). Second, no 

remarkable lifespan extension was observed in worms feeding on Bacillus 

subtilis, another Gram-positive species that contains large amount of C15:0 (Fig. 

2.11). Furthermore, expression of acs-2 gene encoding a fatty acid CoA 

synthetase, involved in fatty acid transport for mitochondrial β-oxidation,126 was 

markedly decreased in L. sphaericus-fed worms (Fig. 2.3). This result likely 

suggests that L. sphaericus-feeding provides a nutritionally luxurious condition, 

which leads to elevated synthesis of PUFAs, instead of a condition that 

stimulates fatty acid catabolism.

Identification of L. sphaericus mutants that fail to induce these unusually 

robust C. elegans growth phenotypes will surely facilitate better understanding 

of this unique mode of host-microbe interaction. Difficulties have been 

encountered, however, when we sought to genetically manipulate the L. 
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sphaericus strain. Transposon random insertion and targeted mutagenesis were 

not accomplished possibly due to the wild (i.e., non-competent) nature of this 

soil isolate. Biochemical experiments, in which bacterial components are 

fractionated and tested for the C. elegans phenotype, can be an alternative 

approach to unveil a mechanism by which L. sphaericus affects C. elegans

lifecycle.
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Figure 2.11. Bacterial fatty acid composition of B. subtilis and L. sphaericus.

B. subtilis and L. sphaericus on LB agar plate were incubated overnight at 37 ˚C. 

Fatty acid composition of scraped bacterial cells were analysed using FAME. 

(A) The amounts of total fatty acids of B. subtilis and L. sphaericus and (B) the 

composition of each bacterial fatty acid was shown. The amounts were figured 

out of total fatty acid weight per 1 mg of bacterial cell. Three independent 

experiments were performed, and values of means±SDs are displayed in each 

bar.
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Chapter V. CONCLUSION

In conclusion, this work reports a hitherto undescribed growth-associated 

phenotype of C. elegans, which is induced by a bacterial species presumed to be 

present in large numbers in soil. L. sphaericus is the bacterial species and oleic 

acid is the key determinant for L. sphaericus-induced lifespan extension and 

robust early stage development (summarized in Fig. 3.1). In C. elegans N2 

worms fed with L. sphaericus, fat-7 gene is highly expressed stimulating the 

synthesis of oleic acid and downstream PUFAs. Unlike OP50, however, L. 

sphaericus does not contain lioleic acid in its fatty acid components, resulting in 

arrested growth of the fat-6;fat-7 mutant that is unable to enzymatically produce 

oleic acid (Fig. 3.1A). These two contrasting consequences in two C. elegans

strains with distinct genetic backgrounds strongly suggest a critical role of oleic 

acid and linoleic acid in worm’s growth and development. We hope that the 

data provided in the current study will stimulate further investigations to 

elucidate interkingdom interactions that influence C. elegans biology.
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Figure 3.1. Oleic acid and linoleic acid are key determinants for extended 

lifespan and accelerated development in C. elegans fed with L. sphaericus. 

(A) L. sphaericus accelerates fat-7 gene expression in C. elegans N2 and makes 

worms synthesize large amount of PUFAs. Highly increased PUFAs provides 

stress resistance and longevity for the worms. fat-6;fat-7 double mutant worms 

has no FAT-6 and FAT-7, thus lacked fatty acid synthesis and supply leads to 

abnormal growth arrest. (B) C. elegans N2 and the double mutant worms fed 

with OP50 have normal growth rate and ordinary lifespan. Though the double 

mutant worms have no FAT-6 and FAT-7, worms can metabolize linoleic acid

sufficiently supplied from OP50 bacterial cells.
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ABSTRACT(IN KOREAN)

양 미생 Lysinibacillus sphaericus 에 해 향상

쁜 마 건강수

<지도 수 상 >

연 학 학원 과학과

고

양에 리 쁜 마 숙주-미생 상 연 에

사 어 다. 간에게 감염 키는 병원균 연 에

특 많 사 어 에 운 균에 한 연 는 거

진행 지 않았다. 우리는 양에 직 리해낸 Lysinibacillus 

sphaericus 가 수 과 에 향 주는 것 하 다. L. 

sphaericus 본 균 OP50

보다 래 살고, 그 도 빨라지는 것 할 수

었다. 한, L. sphaericus 많 수
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낳 , 다양한 스트 스에 항 가진 것도 하 다. 어

러한 과들 찾고 microarray 실행하 고, 

지 산 포 암 하는 하 fat-7 L. 

sphaericus 에게 크게 가 어

견하여 지 산 사가 것 단하 다. FAT-7 

FAT-6 라는 동 한 역할 하는 가지고 고 fat-7 과 fat-6

동시에 능 돌연변 에 만 L. sphaericus 에 한

수 가 과가 없어지는 것 개 가 한

역할 하고 알 수 었다. L. sphaericus 체

지 산도 OP50 에 비해 35% 도 가하 고

다 포 지 산도 늘어 것 하 다. 그러 균 지 산

결과, L. sphaericus 체는 다 포 지 산 합 과

지 산 가지고 지 않 에 OP50 리 산 가지고

었다. 리 산 FAT-2 에 해 산 만들어지는

지 산 , 산 FAT-6 FAT-7 에 한 만들어지는 지 산 다. 

는 fat-6 fat-7 능 돌연변 L. sphaericus

L1 시 에 상 하지 않는 해 OP50 게

상 하는 것 해 다. 산과 리 산

지에 첨가하여도 OP50 것과 같 상 하
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는 직 합 하든 얻든 상 없 산과

리 산 상 에 매우 하다는 것 알 다.

----------------------------------------------------------------------------------------------------------

핵심 는 말 : 쁜 마 , 건강수 , 숙주-미생 상 ,

지 산
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