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Real knowledge is to know the extent of one’s ignorance. 
	  
知之为知之，不知为不知，是知也。 
 
                                                           —— Confucius                                                                                                            
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Abstract  
 
Obesity is a medical condition in which excess body fat has been accumulated. It is 
most commonly caused by imbalance between energy intake and energy expenditure 
(lack of physical activity and lower metabolic rate, etc.). The control of energy 
metabolism involves multiple tissues and signalling pathways and there is a great 
need for further understanding of these different interactions.  
In this study, I use Caenorhabditis elegans to study these complex pathways at the 
level of a whole organism. The downstream target of mTOR, p70 S6 kinase (S6K), 
has been implicated in the phosphorylation of multiple substrates and the regulation 
of growth and metabolism. In this study the worm homolog of S6K, rsks-1, found to 
be important for fat metabolism. Previous work in our lab found that RSKS-1::GFP 
is expressed at high levels in a set of sensory neurons and upregulated in ASJ, ASE 
and BAG sensory neurons in starved worms or mutants with low insulin activity. In 
this study, I found that the upregulation of rsks-1 expression was affected by 
serotonin, but not by the other neurotransmitters. Combined with the result that rsks-
1 is required for the expression of TGFβ and insulin in ASI, rsks-1 may control 
dietary sensing by affecting insulin and TGFβ signalling within nervous system. 
Quantification of fat accumulation by TLC/GC revealed that in comparison to wild 
type worms, rsks-1 mutants have more than two-fold higher levels of triglycerides. 
This was confirmed by FT-IR microspectroscopy analysis. rsks-1 mutants also 
contain disproportionately high levels of C16:1n9 and C18:1n9 lipids compared with 
wild type worms. Genetic analysis has shown that rsks-1 acts either downstream of, 
or in parallel to the insulin and TGFβ pathways to affect fat levels. My studies 
showed that rsks-1 affects fat metabolism by influencing mRNA levels of genes 
encoding proteins in the β-oxidation pathway. Combined with defects in dietary 
sensing, fatty acid absorption, fertility and mitochondria function, the loss of rsks-1 
activity induced much more energy storage than wild type by making a profound 
metabolic shift. These results are consistent with the metabolomics data analysis. 
Tissue specific RNAi showed that rsks-1 was required in many different tissues to 
regulate fat metabolism. Taken together, it can be concluded that RSKS-1 activity is 
needed for co-ordination of metabolic states in C. elegans. In order to understand 
more about the physiology behind fat accumulation, I analysed a mutant, aex-5, that 
has significantly lowered lipid levels. I found that this defect is associated with a 
significant reduction in the rate at which dietary fatty acids are taken up from the 
intestinal lumen. The aex-5 gene, which encodes a Kex2/subtilisin-family, Ca2+-
sensitive proprotein convertase, is required for a discrete step in an ultraradian 
rhythmic phenomenon called the defecation motor program (DMP). Combined with 
other results, we conclude that aex-5 and other defecation genes may affect fat 
uptake by promoting the correct distribution of acidity within the intestinal lumen.  
This dissertation also described how to use Fourier transform infrared (FT-IR) 
microspectroscopy to detect lipids, proteins and carbohydrates directly in single 
worm. In conclusion, in this thesis I have uncovered several components that play 
roles in dietary sensing, fatty acid synthesis, adiposity regulation and fatty acid 
absorption in C. elegans.     
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AIMS 
 

The ability to regulate energy supplies and keep the energy balance is 
crucial for all living organisms to survive. The mechanism of how 
human body controls appetite, energy partitioning and integration of 
metabolic processes has been proven to be highly complex and 
redundant. In this study, the nematode Caenorhabditis elegans was 
used as a model system to explore some aspects of this complex 
process. The general aim was to study the genetic basis of fatty acid 
synthesis and utilization, as well as, the molecules influencing energy 
homeostasis in this system. 
The specific aims of the thesis were: 
 

I. To set up a new method to measure the change of lipid 
accumulation in signal worm. 
 

II. To find out how a rhythmic behavior affects adiposity 
regulation. 

 
 

III. To understand the role of p70 S6 kinase in nutrient-
dependent growth control in C. elegans. 

 
 

IV. To explore the function of p70 S6 kinase in regulating 
lipid homeostasis and metabolic balance in C. elegans. 
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INTRODUCTION AND RESULTS 
 
Lipids are essential for the human body for building and renewing 
membranes, for energy storage, and for the synthesis of lipid-derived 
hormones. Most of the lipids in cells are molecules that contain fatty 
acids and their derivatives. The metabolism of fatty acids in humans 
includes fatty acid absorption, transport, synthesis and oxidation 
(Figure 1).  
 

 

Lipogenesis is the process of synthesis of fatty acids from acetyl-
CoA and the esterification of fatty acids in the production of 
triglycerides (TAG), an efficient and important way to store energy. 
Cell membranes are largely composed of fatty acids and their 
derivatives. Oxidation of fatty acids is a major mean of metabolic 
energy production in which fatty acids are broken down in the 
mitochondria and/or in peroxisomes to generate acetyl-CoA. Body 
weight and composition, and the storage of energy as triglyceride in 
adipose tissue, are determined by the interaction between genetic, 

Figure 1: Overview of fat and sugar synthesis and breakdown pathway.  
Acetyl-CoA is generated by breakdown of glycogen, glucose, triglycerides 
and phospholipids to enter the TCA cycle and subsequent ATP generation.  
The figure is reprinted from (Kaveh Ashrafi, 2007) with permission from 
Wormbook. 
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environmental, and psychosocial factors. These influences ultimately 
act by changing the energy balance equation, that is, the long-term 
balance between energy intake, energy storage and energy 
expenditure. Imbalances and deficiencies in these processes can have 
serious pathological consequences.  
 
Understanding the genetic factors that influence energy imbalance 
and developing methods for measuring lipid levels accurately to 
estimate the extent of the imbalance are both important aims of 
research in this field. In this thesis I present the study of two genes 
that affect the imbalance in different ways; by absorption and 
metabolism. In addition I describe a method for the evaluation of 
lipid levels in whole animals.  
 
1. Obesity is one of the disease states of energy balance 
 
Obesity is one of the disease states of energy balance in which excess 
body fat has accumulated to the extent that  it may lead to increased 
health problems. It has become one of the most serious public health 
problems of the 21st century with increasing prevalence in adults and 
children (1, 2). The World Health Organization (WHO) describes 
obesity as “one of the most blatantly visible, yet most neglected, 
public-health problems that threatens to overwhelm both more 
developed and less developed countries (3)”. Obesity has an adverse 
effect on health, leading to increased risks of diabetes, hypertension, 
and dyslipidaemia (4), thereby reducing life expectancy and greatly 
increasing the health and societal economic burden(5). Although our 
understanding of the biology of the interplay between lipid uptake, 
storage and expenditure has been increased in the last twenty years, 
critical details remain to be discovered and comprehensive 
mechanisms remain to be described.  
 
2. C. elegans as a system for studying fat metabolism and 
adiposity regulation 
 
Caenorhabditis elegans is a free-living nematode (roundworm), 
about 1 mm in length, which lives in temperate soil environments. 
Research into the molecular and developmental biology of C. elegans 
was begun in the 1960's  by Sydney Brenner and it has since been 
used extensively as a model organism (6). It has several experimental 
advantages, including a fast reproductive cycle, a transparent body, 
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known cell lineage and a sequenced genome (7). C. elegans has two 
sexes: hermaphrodites and males. In wild populations, most 
individuals are hermaphrodites, of which the basic anatomy includes 
a mouth, pharynx, intestine, nervous system, gonad, collagenous 
cuticle, two ovotestis, oviducts, spermatheca, and a single uterus. 
Since the hermaphrodite is able to self fertilize it is possible to raise a 
large number of isogenic animals in a short time.  
The full developmental cycle of C. elegans from eggs to fertile adults 
takes about 3 days at 20 °C (Figure 2). The powerful combination of 
mutational and reverse genetic analysis, genomics, lipid analysis, and 
cell-specific expression studies in Caenorhabditis elegans enables us 
to understand the control of energy balance at the level of a whole 
organism.  
 

 

C. elegans contains wide range of saturated and non-saturated fatty 
acids similar to mammals. Triglycerides make up approximately 40–
55% of total lipids depending on diet and growth stage (8). 

Figure 2: Life cycle of C. elegans at 22oC. 
C.elegans adults produce eggs that hatch externally and go through four 
larval moults to become adults in approximately 3 ½ days at 20oC. When food 
limitation, crowding or temperature prevents compeletion of the life cycle, the 
worms can enter a stress resistant larval stage called Dauer. 
The figure is reprinted with permission from WormAtlas. 
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Phospholipid pools are composed of approximately 55% 
ethanolamine glycerophospholipid, 32% choline glycerophospholipid, 
8% sphingomyelin. Cardiolipin, inositol glycerophospholipids and 
lyso-cholineglycero- phospholipids account for the remaining 5% (9-
11). 
 
There are 237 C. elegans genes encoding proteins implicated in lipid 
metabolism that are conserved in Homo sapiens, Mus musculus, 
Rattus rattus and Drosphila melanogaster. They encompass a wide 
range of components of the mammalian fat regulatory cascade, 
including hormonal regulators, differentiation factors, and 
biosynthetic enzymes. More specifically, 71 of these conserved genes 
are implicated in human metabolic diseases (12). This conservation 
of biochemistry and function makes studies in C. elegans very 
relevant to the understanding of human health and diseases.  
 
2.1 C. elegans fatty acids synthesis 
 
Storage of fatty acids involves the step-wise conversion of fatty acyl-
CoAs derived from exogenous or endogenous sources to 
phosphotidic acid, diacylglycerol and ultimately triglyceride.  
 
C. elegans can synthesize fatty acids de novo from acetyl CoA. A 
crucial control point regulating lipid synthesis and breakdown is the 
production of monounsaturated fatty acids (MUFAs) that have one 
double bond in the fatty acid chain with all of the remainder carbon 
atoms being single-bonded. The Δ9 desaturases catalyze the 
insertion of the first double bond into a saturated fatty acid at the C9 
position. The MUFAs produced by Δ9 desaturases are abundant 
components of TAGs and phospholipids or can be modified by fatty 
acid elongases and desaturases to form a variety of long-chain 
polyunsaturated fatty acids (PUFAs) (13) (Figure 3). The studies of 
C. elegans de novo synthesis described that seven fatty acid 
desaturases (FAT-1 through FAT-7), one 3-ketoacyl-CoA 
reductase(LET-767) (14) and several fatty acid elongases (ELO-1 
and ELO-2) are necessary for PUFA biosynthesis (13, 15).  Fatty 
acids not only serve as building blocks for higher lipids but also have 
other important biological roles. 
 
In C. elegans, defects in fatty acid synthesis results in various 
phenotypes including developmental defects, small body size, 
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reproductive defects, changes in rhythmic behavior and reduced fat 
stores (16, 14). For example, the fat-5; fat-6; fat-7 triple-mutant 
strain, which lacks three Δ9 desaturases for the synthesis of MUFAs, 
is not viable indicating that endogenous production of MUFAs is 
essential for survival (15, 17). The fat-5; fat-6 double mutants are 
unable to carry out normal PUFA synthesis because they cannot 
synthesize the oleic acid precursor that is the substrate for the 
remaining PUFAs (18).  
 

  

Double mutants of fat-1; fat-4 are deficient in chemotaxis to AWA-
sensed odorants and mildly defective OSM-9/OCR-2-dependent 
nociception by ASH neurons which indicates PUFAs synthesized by 
the fat genes are required for TRPV-dependent AWA olfactory 
signalling and for TRPV-dependent ASH avoidance of nose touch, 
high osmolarity, heavy metals, and volatile repellents (19). 

Figure 3: Fatty acid synthesis pathways in C. elegans. 
(a)Acetyl-CoA is the substrate for the synthesis of polyunsaturated fatty 
acids (PUFAs). Palmitic acid (16:0) can also be used as a substrate to 
make PUFAs by the action of desaturases and elongases. (b) Branched 
chain primers are used as substrates for the synthesis of monomethyl 
branched-chain fatty acids. C15:iso and C17:iso; both of which are 
important for development are examples. 
The figure is adapted and reprinted from (Jennifer L. Watts, 2009) with 
permission from Elsevier. 
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Pharmacological, ultrastructural and electrophysiological analyses 
demonstrate that fat-3 mutant animals are depleted of synaptic 
vesicles and release abnormally low levels of neurotransmitter at 
cholinergic and serotonergic neuromuscular junctions indicating that 
PUFAs are essential for efficient neurotransmission. Genetic analysis 
shows that FAT-3 is also required in the intestine for basal innate 
immunity in vivo by regulating the expression of infection- and 
stress-response genes, which are specifically required for immune 
function and oxidative stress response (20). Similarly, the Δ9 
desaturase deficient mice have low fat stores, increased metabolic 
rate and increased expression of fatty acid oxidation genes (21). 
 
Additionally, C. elegans synthesizes monomethyl branched-chain 
fatty acids (mmBCFAs) de novo from a branched-chain CoA primer 
and utilizes the long-chain fatty acid elongation enzymes ELO-5 and 
ELO-6 as well as 3-ketoacyl-CoA reductase let-767 to produce two 
mmBCFAs, C15ISO and C17ISO (Figure 3). The vital function of 
mmBCFAs might be due to their role as structural components of 
sphingolipids which contain a single branched-chain C17 sphingoid 
base (14, 22). These membrane components have important roles in 
signal transduction and cell recognition. C17:0iso and ACS-1 are 
known to be needed for inositol triphosphate (IP3) signaling for early 
embryonic development (23). It has also been demonstrated that the 
elo-5 mutation leads to disruption of a novel sphingolipid-TORC1 
pathway which causes L1 arrest (24). Further, C17ISO acts in 
parallel with the food-sensing DAF-2 (insulin receptor)/DAF-16 
(FOXO) signaling pathway to promote post-embryonic development 
in response to the metabolic state of the organism (25).  
 

2.1 C. elegans fatty acid oxidation 
 
Fatty acids are taken up by the cell and used for energy production 
primarily in mitochondria. First, fatty acids have to be converted to 
fatty acyl-CoA by acyl-CoA synthetase (ACS) in the endoplasmic 
reticulum or the outer mitochondrial membrane. After fatty acyl CoA 
is formed outside mitochondria, carnitine works like a shuttle to carry 
acyl groups across the mitochondrial membrane by carnitine 
palmitoyltransferase I (CPT-1). Acyl carnitine is then exchanged 
across the inner mitochondrial membrane with free carnitine by 
means of a carnitine-acylcarnitine antiporter translocase. Finally, the 
fatty acyl group is transferred back to CoA by carnitine 
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palmitoyltransferase II (CPT-2) located on the matrix side of the 
inner membrane. Once the fatty acyl groups have been transferred 
back to CoA at the inner surface of the inner mitochondrial 
membrane, they will enter the four reactions of β-oxidation (Figure 
4) which will generate acetyl-coA and NADH and FADH2  from 
straight-chain fatty acids as the major energy-producing process. 
Acetyl-coA enters the citric acid cycle to generate energy. NADH 
and FADH2 are used by the electron transport chain to generate ATP 
via oxidative phosphorylation and ATP synthesis.  
 
Fatty acids are oxidized by most of the tissues in the body. It is 
assumed that control of β-oxidation is exerted by availability of 
substrates and cofactors and by the rate of processing of acetyl CoA 
by the TCA cycle. Regulation of the carnitine shuttle mechanism is 
important for the activity of β-oxidation. Genetic abnormalities in 
the system lead to serious pathology.  Knock out of cpt-1 or cpt-2 in 
C. elegans causes embryonic lethality. There are several homologs of 
acyl-CoA synthetase (ACS) in C. elegans. Suppressing the function 
of these genes causes embryonic lethal or increased fat content (26, 
27, 28).  
 

 

Fatty acid oxidation also occurs in peroxisomes, when the fatty acid 
chains are too long to be handled by the mitochondria. It is believed 

Figure 4. Fatty acid oxidation and elongation in C.elegans 
Genes involved in various steps of saturated fatty acid production and 
elongation.  The figure also shows fatty acids that are obtained from the diet.  
The figure is adapted and reprinted from (Witting M et al., 2015) with 
permission from Elsevier. 
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that very long chain (greater than C-22) fatty acids undergo initial 
oxidation in peroxisomes and following that undergo mitochondrial 
oxidation. One significant difference is that oxidation in peroxisomes 
is not coupled to ATP synthesis and electrons from FADH2 are 
passed directly to O2 to make H2O2. 
 
2.3 Tools for measuring of lipids and lipid deposits in C. elegans 
 
Visualization of fat droplets by staining 
 
While mammals have dedicated adipocytes, in C. elegans, the 
intestine, an endodermal derivative, is the major site of energy stores  
(Figure 5). The intestine contains several types of gut granules; some 
contain protein and carbohydrate, while others are lipid-laden “fat 
granules”. During fasting, mammals mobilize fat stores to fulfil their 
energy requirements. It has been shown that by six hours of 
starvation, both larval and adult worms were pale and lacked the dark 
gut granules present in well-fed animals. 
 

  
Figure 5:The intestine of the worm is an adipose tissue.  
(A) Schematic diagram of the C.elegans anatomy showing the relative 
positions of the digestive and reproductive system and some muscles. The 
nervous system is not shown. The figure emphasizes the close proximity of 
the intestine and the ovo-testes. 
(B,C) Nomarski micrograph and fluorescence micrograph of a C.elegans 
worm showing the location of the intestine and reproductive tract. 
Birefringent gut granules accumulate in the intestine. 
The figure is adapted and reprinted with permission from WormAtlas. 
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A classic method to assess fat levels is to stain fixed animals with the 
fat-soluble dye Sudan Black B (29), which produces a blue-black 
stain visible under a standard dissection microscope. While well-fed 
worms have prominent Sudan black staining, starved worms display 
reduced Sudan black staining (30) (Figure 6), which suggests that 
worms, like mammals, mobilize fat stores upon physiologic demand. 
The lipid droplets are visible in intestinal and hypodermal tissues.  
 
Multiple studies have used Nile red (26) or BODIPY-labeled fatty 
acids (31) mixed with C. elegans food, E. coli bacteria, to assess fat 
levels in living worms. More than 45 papers have used Nile red 
staining to show fat accumulation in C. elegans, ascribing a fat 
regulatory role to more than 400 genes with an altered Nile red 
phenotype. However, it was reported that in living worms, Nile Red 
and BODIPY do not stain lipid droplets but instead the lysosome-
related organelles, which are not the C. elegans major fat storage 
organelles (32, 33). Instead, the major fat stores are contained in a 
distinct cellular compartment that is not stained by Nile red (34). 
This indicates that Nile Red or BODIPY staining in live worms 
cannot be used to visualize fat stored outside of gut. Lipid droplets 
can, however, be visualize in fixed individual worms using Nile Red 
staining or BODIPY staining (35). A classic lipid stain, Oil-Red-O 
can also be used to stain fixed worms (36). The limitation of staining 
methods, however, is that fixation can be variable and difficult to 
quantify. Fixing and staining both mutant and wild-type strains in the 
same tube may reduce the variability (34). 
 

 
 
 

Figure 6: Worms are fixed and 
stained with Sudan black. 
Visualization of fat accumulation by 
Sudan Black staining showing 
different levels of fat in the intestine 
and hypodermis of (A) wild-type (B) 
daf-2 (e1370) mutants and (C) daf-
7(e1372) mutants. All the animals are 
raised at 25°C	  which is the non-
permissive	  temperature	  for	  the	  
mutant	  animals.	  daf-‐2	  animals	  in	  (B)	  
have	  the	  most	  accumulated	  fat. 
The figure is adapted and reprinted 
from (Kimura KD et al., 1997) with 
permission from Elsevier. 
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Lipid extraction and quantification 
 
Biochemical analysis is used to determine the composition of C. 
elegans fat content by extraction of total lipids from whole animals 
followed by column and thin-layer chromatography as well as gas-
chromatography/mass spectrometry (GC/TLC) (10, 13, 37). C. 
elegans lipids are extracted using a chloroform:methanol mixture and 
then separated using thin-layer chromatography (38) or solid-phase-
exchange chromatography (39). The separated lipid fractions can be 
quantified by sulfuric acid charring and densitometric scanning of 
thin-layer chromatography plates (40) or by converting the lipid 
fractions to fatty acid methyl esters and analyzing them with gas-
liquid chromatography (38). The advantage of these methods is that 
they are readily quantifiable, and the fatty acid composition of 
various lipid fractions can be determined and quantified.  
 
The main limitation of these methods is that a large number of 
nematodes are required for lipid extraction so that precise staging of 
the worms becomes difficult. It is also difficult to collect enough 
larval arrested worms for analysis. For studies to determine the 
metabolic state of a particular cell type within a tissue, biochemical 
techniques may not be sufficient. Either because it is difficult to 
isolate the desired cell type from surrounding tissue or because 
insufficient material can be extracted for the relevant biochemical 
analysis. 
 
Vibrational microspectroscopic technique 
 
Several different vibrational microspectroscopic techniques have 
been developed that can be used to detect and analyse variations in 
the chemical compositions of different groups of cells within tissue 
sections (41). Such techniques include coherent anti-Stokes Raman 
scattering (CARS) (42, 43), stimulated Raman scattering (SRS) (44) 
and Fourier transform-infrared (FT-IR) (45). These techniques can 
help with the analysis of interesting metabolic mutants that are not 
viable or fertile as homozygotes or that cannot be grown in 
sufficiently large amounts for biochemical analysis. Another 
advantage of these methods is that labelling is not required.  
 
Both CARS and SRS can be performed on living worms to generate 
3-dimensional images of the distribution of the class of molecule 
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under study based on light scattering rather than absorption. CARS 
microscopy offers higher sensitivity than SRS (46, 42). However, a 
CARS spectrum is different from its corresponding SRS due to a 
non-resonant background, which complicates spectral assignment, 
causes difficulties in image interpretation, and limits detection 
sensitivity (44). Compared with Raman signals, FT-IR spectroscopy 
signals are much stronger and so FT-IR is more sensitive. FT-IR 
microspectroscopy setups allow for thousands of spectra to be 
recorded simultaneously and quickly through powerful focal plane 
array (FPA) detectors. And the signals are more easily quantified. 
The quantity measured by FT-IR spectroscopy (the amount of light 
absorbed) is directly related to the amount of material in the optical 
path by the Beer-Lambert law (47). For CARS and SRS, which both 
rely on light scattering, the relationship between the signal measured 
and the amount of material is far more complex. But FTIR 
microspectroscopy has two notable limitations: wet samples are 
difficult to handle due to the high infrared activity of water, and 
spatial (lateral) resolution is diffraction limited (48). 
 
The limitation of these microspectroscopic techniques is that they 
generally cannot identify individual metabolites (e.g. differentiate 
between glucose and galactose in a complex chemical mixture) and 
they can’t be used to detect different classes of fatty acids to provide 
information about how the relative proportions of these classes vary 
within and among sample sets (49). 
 
Paper I: FT-IR microspectroscopy with focal plane array (FPA) 
detection is a useful and efficient method to measure the change 
of energy balance in singal worms 
 
To use FTIR microspectroscopic imaging for C.elegans, we first 
tested wild type and fat enriched daf-2 mutants. Initially, we tried 
with whole worms but found that they are too thick and absorbed too 
much infrared light, resulting in saturated signals and worsening 
signal to noise ratio. By using young larvae or isolated tissue 
(intestine) only, saturation problems were eliminated. For sample 
preparation, we washed worms with M9 medium to remove excess E. 
coli bacteria and then dried them on CaF2 slides, which are 
transparent to IR radiation. Bands (peaks) in FT-IR spectra appear as 
a result of absorption of infrared light at those particular wavelengths. 
All the individual spectra for different pixels need to be normalized 
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with respect to total absorption over the entire spectral range at that 
pixel to be able to compare different samples. Consistent with the 
biochemical analysis, the heat maps show that the intensities of the 
lipid-associated bands in the 2800-3000 cm-1 region are generally 
greater for the daf-2 mutant compared to wild type. We got the same 
results with dissected intestinal tissues from daf-2 mutants and wild-
type adult worms.  
 
For the metabolic mutants that are not viable or fertile as 
homozygotes, the levels of polysaccharides or of total carbohydrates 
in the mutants haven’t been reported. Using FT-IR, we compared 
carbohydrate levels between wild type and daf-2 mutants and showed 
that, insulin signaling in C. elegans, as in mammals, alters either the 
rate at which polysaccharides are synthesized from sugars or the rate 
at which polysaccharides are broken down (or both). But there was 
no significant difference between daf-2 mutants and wild type in the 
case of total carbohydrates. We also tested the relative intensity of 
the total carbohydrate band (1020–1130 cm-1) in starved and well-
fed L1 larvae and the intensity was generally lower in the starved 
worms than in their non-starved siblings. We further showed that FT-
IR also can be used to detect differences between the relative protein 
levels in worms. 
 
While simple heat maps are very informative, easy to create and 
interpret, they only allow the monitoring of just a single band (or a 
single ratio of bands) at a time. FT-IR microspectroscopic data 
contain much more information than that required for the 
construction of simple heat maps. Multivariate curve resolution – 
alternating least squares (MCR–ALS) (50) can help the biologists 
without extensive experience of microspectroscopy or chemometrics 
to analyze FT-IR microspectroscopic data sets. Applying multivariate 
curve resolution – alternating least squares (MCR-ALS) followed by 
k-means clustering, worms can be differentiated using all spectral 
bands at the same time. Taken together, FT-IR microspectroscop is 
powerful, sensitive and fast technique to analyze broad changes in 
chemical composition of C. elegans. 
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3. Intestinal lipid transport plays a central role in fat homeostais 
 
3.1 Intestinal Lipid Absorption and Lipoprotein Formation in 
mammals 
 
An adult man ingests about 60-150 g of lipids per day. The intake of 
dietary fat above energy needs has contributed to the growing rates of 
obesity. Many experiments have shown that the efficiency in 
coordinating dietary, biliary lipid absorption and processing 
influence lipid homeostasis throughout the body. Triacylglycerols 
(TAG) constitute more than 90% of the dietary fat. However, they  
cannot cross membrane bilayers but must first be hydrolysed to free 
fatty acids and monoacylglycerol.  
 
In the mammalian intestine, following the secretion of lipases and 
bile, triglycerides are split into monoacylglycerol and free fatty acids 
in a process called lipolysis, which are subsequently moved to 
absorptive enterocytes, cells lining the intestines. The triglycerides 
are rebuilt in the enterocytes and can be 1) repackaged into 
chylomicron (CM) lipoprotein particles for distribution to the body 
tissues, 2) stored within the enterocyte in a lipid droplet or TG 
storage pool, 3) partitioned into other lipids including cholesteryl 
ester (CE) or phospholipid (PL), or 4) oxidized (51, 52). However, 
exactly how the free fatty acids released following hydrolysis cross 
the plasma membrane of cells lining the lumen, and how this 
transport is regulated are still unclear. 
 
3.2 C. elegans fatty acids absorption 
 
Although animals are able to synthesize fatty acids de novo, they 
usually take a significant proportion from their diet. In addition, 
some animals (including all mammals) are unable to synthesize 
certain essential fatty acids, which must be taken up from diet.  
In the laboratory, worms are usually grown using E. coli strain OP50 
as a food source (6) which contains a broad variety of fatty acids. (9, 
13, 37, 39). A 13C isotope labeling approach showed that two fatty 
acids C17Δ and C19Δ are exclusively taken up from bacterial diet 
and C16:1n7 and C18:1n7 are synthesized de novo in minor amounts 
of about 5%. Stearate (C18:0), oleate (C18:1n9), linoleate (C18:2n6), 
and several 20 carbon polyunsaturated fats (PUFAs) must be 
obtained by elongation and desaturation of C16:0 (13) and 
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mmBCFAs are exclusively synthesized de novo (39). Unlike 
mammals, C. elegans is unable to synthesize sterols, so sterols have 
to be fed the worms.  
 
Although the worm genome contains several genes coding for 
proteins with homology to intestinal lipases, fatty acid transporter 
proteins (FATP) or fatty acid binding proteins (FABP), the molecular 
mechanisms by how and to what extent triglycerides are degraded in 
the gut lumen and how free fatty acids are taken up into the intestinal 
epithelial cells are unclear yet (53) (54). Convincing evidence 
showed that the intestinal peptide transporter contributes to lipid 
storage and metabolism in C. elegans. The in vivo experiments 
indicate that the functional correlation of the pHin of the intestinal 
epithelial cells via the peptide transporter PEPT-1 (55) and the 
Na+/H+ exchanger NHX-2 which controls peptide-dependent pHin 
homeostasis (56) are essential regulators for the uptake of free fatty 
acids from the diet (57). Functional knockdown of the transporter by 
RNAi not only leads to a significant increase in life span, but also 
causes a significant decrease in body size and fat content (58). 
 
Paper II: A rhythmic behavior promotes the dietary uptake of 
fatty acids in C. elegans 
 
Identification of a new gene that regulates fatty acid uptake in C. 
elegans 
 
Genetic screens were carried for mutants with lightened coloured 
intestines to identify genes affecting fat accumulation in C. elegans. 
Two of the mutations isolated, sv75 and sv76 appeared to affect the 
same gene: aex-5, an ortholog of calcium-dependent serine 
endoproteinases that affects defecation cycle and anterior body 
contractions. Complementation tests revealed that sv75 and sv76 
were allelic with respect to the light intestine phenotype. sv75 and 
sv76 mutants had more autofluorescent lysosome-related organelles 
but the number of storage granules/lipid droplets were dramatically 
reduced. Sudan Black, Nile Red and Oil Red O staining in the 
mutants were much less than that of wild type (Figure 7). 
Quantification of lipids extracted from the mutants by gas-liquid 
chromatography also revealed a marked reduction in the ratio of 
triglycerides to phospholipids. 
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Although AEX-5 is predicted to be a pro-protein convertase, likely 
involved in the maturation of neuropeptides(59, 60), RNAi against 
many of the neuropeptide encoding genes did not phenocopy the aex-
5 fat phenotype. Therefore, a defect in the maturation of a single 
neuropeptide cannot be the only cause of the reduced fat phenotype 
of aex-5 mutants. 
 

 

 
aex-5 mutants ingest food normally and are able to synthesize fatty 
acids 
 
Originally the aex-genes were identified in genetic screens looking 
for animals with defects in the intestinal defecation program.  The C. 
elegans defecation motor program (DMP) occurs every 50 seconds. 
First, the posterior body muscles contract in a posterior-to-anterior 
wave (pBoc); 3 seconds later the anterior body muscles contract 
(aBoc), followed by contraction of the enteric muscles, which expels 
the contents of the intestine (Exp). Earlier observations made on aex 
mutants, including those in aex-5, indicated that they do not have a 
reduced ability to ingest food. Instead, they continue to ingest food 
normally until the intestine becomes filled with bacteria, after which 

Figure 7: sv75 and sv76 cause decreased fat accumulation: Investigation 
with three differerent lipophilic dyes. 
(A-F) DIC microscopy of living animals. (G-I): Sudan Black staining of fixed 
animals. (J-L) Oil Red O staining of fixed animals. (M-O): Nile red staining 
of the fixed animals. 
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time defecation occurs apparently by a passive mechanism, often 
independently of the DMP. We found that the sv75 and sv76 mutants 
are not defective in the ingestion of food into the intestine.  
 
Dauer larvaes accumulate more fat than non-dauer worms. To test 
whether aex-5 mutants are inherently defective in their ability to 
make or store fatty acids, we generated aex-5 double mutants with 
mutants in daf-7 or daf-2 that cause a constitutive dauer phenotype 
(Daf-c). aex-5; daf-7 and aex-5; daf-2 double mutant dauer larvae 
had a normal distribution of fat granules in their intestines indicating 
that aex-5 is not required per se for the synthesis or storage of fatty 
acids. 
 
Other defecation mutants also show the reduced fat accumulation 
phenotype 
 
To find out whether the low fat phenotype of aex-5 mutants was due 
to its role in the defecation motor program, or whether it was due to 
an additional role for the gene that was unrelated to defecation, we 
studied other DMP mutants, which have no role in peptide 
maturation. PBO-4 sodium/proton exchanger is activated by Ca+ 
spike to open the PBO-5/6 proton-gated cation channel in the body 
muscles, resulting in the onset of pBoc (61). AEX-2 is a G-protein-
coupled receptor in DVB motor neurons and can bind by NPL-40 
polypeptides to start Exp (62). AEX-4(SNARE), AEX-1(SNARE 
regulators) and AEX-6(Rabs), AEX-3(Rabs regulators) control the 
release of AEX-5-containing vesicles from the intestine and NLP-40  
which actives AVL and DVB neurons (63). Among the neurons, 
AVLs and DVBs release GABA, which activates the muscles for the 
expulsion of gut contents (64). 
 
Using the Sudan Black or Nile Red staining assay, we found that like 
those in aex-5, mutations in aex-1, aex-2, aex-3, aex-4 and aex-6 that 
affect the aBoc and Exp parts of the cycle all caused a reduction in 
the amount of fat accumulating within all parts of the intestine 
(Figure. 8). Mutations in pbo-1, pbo-4, pbo-5, and egl-8, which 
disrupt the pBoc but not the aBoc or Exp, also affected fat 
accumulation but did so in ways that were both different from the aex 
mutations and from one another. Specifically, the pbo-1 and pbo-4 
mutants had normal levels of fat in the anterior part of the intestine 
but very little in the posterior part (Figure. 8). Conversely, the pbo-5 
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mutant had very little in the anterior part but had higher than wild-
type levels in the posterior part (Figure. 8). Therefore it is possible to 
conclude that other genes regulating different part of the DMP also 
affect fat accumulation in the intestine and that the effect of AEX-5 
is likely due to its role in controlling defecation. 
 

 

 
 

Figure. 8 Other defecation mutants also have reduced steady state levels of 
fat in the intestine. 
Photo micrographs of the anterior and posterior intestines of wild-type and 
defecation mutants of indicated genotypes stained with Sudan Black B to 
assess fat levels. 
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The lipid storage phenotype of aex-5 mutants is likely due to defects 
in nutrient absorption 
 
The uptake of fatty acids from the diet in the mutants was assayed by 
feeding the worms two labeled lipids fluorescently labeled 
phosphoserine derivative, 1-oleoyl-2-{6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphoserine 
(NDB-PS) (65) and,C1-BODIPY 500/510 C12. Uptake of the labelled 
lipids by the intestinal cells was measured by confocal microscopy of 
living worms. For both NDB-PS and BODIPY, the uptake was much 
lower in the intestines of aex-5 mutant animals than in wild-type 
worms, which indicated decreased intestinal absorption. The lumen is 
expanded due to the accumulation of bacteria and there is very little 
stained fatty acid inside the intestinal cells in aex-5 mutants 
compared with wild type. This phenotype can also be found in other 
aex mutants. Because the mutants are constipated and full of 
unexpelled digested food, it was possible that the defect in lipid 
uptake was due to physical blockage of the intestine and not due to a 
physiological defect. To ask if this were true, newly hatched 1st larval 
stage worms that have never ingested food were also fed with 
BODIPY. In this case the aex-5(-) worms showed defects in uptake 
of the lipid molecule as well as several other defecation mutants. So 
the reduction of intestinal fat in the aex-5 mutants and other 
defecation mutants might be induced by defects in nutrient 
absorption.  
 
4. Homeostatic regulation of fatty acids metabolism  
 
4.1 The balance of fatty acid synthesis and break down  
 
In mammals, the balance of fatty acid synthesis and breakdown is 
controlled by a network that includes the feeding regulatory centres 
in the central nervous system (CNS) (particularly in the 
hypothalamus) and fat stores in white adipose tissue (66-68). The 
CNS influences energy balance and body weight through three 
mechanism: (1) effects on behavior, including feeding and physical 
activity; (2) effects on autonomic nervous system activity, which 
regulates energy expenditure and other aspects of metabolism; (3) 
effects on the neuroendocrine system. On the other hand, signals 
from short-term meal-related and long-term adiposity related sites 
combined with environmental inputs are sent to the CNS. There are 
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also several long-term adiposity signals that are crucial for fatty acids 
metabolism (Figure 9). 
 

 
 
Leptin and insulin signals 
 
Leptin and insulin have been termed “adiposity signals,” because 
they convey the signal from peripheral energy storage to the brain 
where energy balance is maintained (69-71).  
 
As a key element for the physiological system, leptin is secreted from 
white adipose tissue in proportion to fat mass to activate the 
hypothalamic leptin receptors. This regulates food intake and body 
weight by negatively regulating hypothalamic endocannabinoid 
levels (72-74). A decrease in body fat leads to a decreased level of 
leptin, which in turn stimulates food intake. Increased body fat is 
associated with increased levels of leptin, which acts to reduce food 
intake. By such a mechanism, body weight can be maintained in a 
relatively narrow range. Another important physiological function of 
leptin is to regulate the intracellular homeostasis of fatty acids and 
triglycerides in nonadipocytes so as to maintain a sufficient supply of 
FA for essential cell functions while avoiding triglyceride (TAG) 
overload (75). Leptin confines the storage of triglycerides to the 
adipocytes, while limiting TG storage in nonadipocytes, thus 

Figure 9: CNS regulation 
of energy homeostasis. 
Signals from leptins, 
ingested nutrients and 
satiety signals are 
integrated by the central 
nervous system to regulate 
food intake and energy 
usage in order to maintain 
a stable body fat level over 
time. 
The figure is reprinted from 
(Gregory J. Morton et al., 
2014) with permission from 
Elsevier. 
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protecting them from lipotoxicity. A total deficiency in or resistance 
to the protein leptin causes severe obesity (76). 
  
Insulin is another key afferent signal to the CNS that controls fat 
metabolism. Although insulin is secreted from pancreatic beta cells 
rather than adipocytes, its circulating concentrations are influenced 
by adiposity (77-79). Insulin is secreted in response to high blood 
glucose as a major endocrine regulator of uptake, transport, and 
metabolism (80). Insulin enters the CNS by a receptor-mediated, 
saturable transport process across brain capillary endothelial cells (81, 
82). The insulin receptors are concentrated in the brain area which 
controls food intake and autonomic function in a dose-dependent 
manner (83) and are located in the same key hypothalamic areas as 
leptin receptors (84). Insulin is also a prominent positive regulator of 
leptin expression in the fat cell, and neuron-specific deletion of the 
insulin receptor or insulin receptor substrate IRS-2 induces mild 
obesity in mice (85).  
 
Candidate CNS targets of Leptin and insulin include those that 
stimulate food intake and promote weight gain (anabolic pathways), 
such as the hypothalamic neuropeptide Y (NPY) axis, and those that 
reduce food intake and promote weight loss (catabolic pathways), 
such as the hypothalamic melanocortin system (86). Moreover, there 
is a set of neurotransmitters (e.g. serotonin, dopamine and 
noradrenaline) that function in the hypothalamous to affect energy 
intake and expenditure pathways.  
 
TOR pathway in metabolic homeostasis  
 
Leptin and mTOR are partners in lipid metabolism. Leptin induces 
phosphorylation of p70 S6K and 4EBP1, key downstream signaling 
intermediates of the mammalian target of rapamycin (mTOR) 
pathway. This is a rapamycin-sensitive mechanism to form adipocyte 
differentiation related protein (ADRP)-enriched lipid droplets and to 
enhance eicosanoid production (87). 
 
mTOR is an atypical serine/threonine protein kinase that belongs to 
the phosphoinositide 3-kinase (PI3K)-related kinase family and 
interacts with several proteins to form two distinct complexes named 
mTOR complex1 (mTORC1) and 2 (mTORC2). mTOR complex1 
regulates translation factors including ribosomal protein S6 kinase 
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(S6K), eIF-4E binding protein (4E-BP), TFEB1 and Ulk1 but also 
regulates autophagy, stress responses, and growth  control (88-91). 
mTOR1 can also be regulated by changes in the cellular levels of 
amino acids through Ras-related GTPase (Rag), which promotes the 
localization of mTORC1 to the lysosome. At the lysosome, 
mTORC1 is activated by guanosine triphosphate (GTP)-bound Ras 
homolog enriched in brain (Rheb), which is itself regulated by the 
tuberous sclerosis complex (TSC1/2) in response to AMP-activated 
protein kinase (AMPK), oxygen, and growth factor signalling (88, 
92). mTOR complex 2 (mTORC2) is resistant to acute rapamycin 
treatment but can be disrupted by chronic rapamycin treatment in 
tissue culture as well as in vivo. mTORC2 is sensitive to growth 
factor signaling and regulates targets downstream of the 
insulin/insulin-like growth factor 1 (IGF-1) receptor via substrates 
that include Akt, serum/glucocorticoid-regulated kinase (SGK), and 
protein kinase Cα (PKCα) (93) (Figure 10).  
 

 

 
In the yeast Saccharomyces cerevisiae, TOR is important for sensing 
the amount of amino acids, glucose and nitrogen. Deletion of the 

Figure 10: mTOR is a central effector of growth factor and amino acid 
signals. 
Diagram showing the interaction between the insulin signalling pathway and the 
amino acid sensing pathway that converges on mTOR and the S6 kinases to 
regulate various indicated subcellular events.  
The figure is reprinted from (Ruvinsky I et al., 2006) with permission from 
Elsevier. 
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TOR protein results in a phenotype very similar to nutrient starvation 
with production of small cells and starvation-like metabolic 
responses (94-97). In Drosophila melanogaster, dTOR is required for 
cellular growth through modulating the activity of dS6K: loss of 
dTOR results in cellular phenotypes characteristic of amino acid 
deprivation (98, 99).  Systemic inhibition of the TOR pathway 
(TORC1) protects against HFD-induced obesity, perhaps similar to 
blocking selective insulin resistance (100-102) and dramatically 
influences the functional aging characteristics of the D. melanogaster 
heart and skeletal muscle, including non-autonomously by acting in 
the IPCs (insulin-like peptide producing cells) to reduce DILP 
(Drosophila insulin-like peptide) production (103, 104). So dTOR 
regulates growth during animal development by coupling growth 
factor signalling to nutrient availability. 
 
In mammals, mTORC1 is active in the hypothalamus and 
administration of leucine or leptin to rats promotes mTORC1 activity 
and reduces food intake in a rapamycin sensitive fashion (105). TOR 
can act both autonomously to receive nutrient signals and non-
autonomously to relay the nutrient status systemically through the 
transmission of endocrine signals like insulin (106, 107). Mice with 
adipose-specific loss of the mTORC1 are lean and resistant to high 
fat diet-induced obesity (108) and have smaller and fewer adipocytes. 
On the other hand, mice with adipose-specific loss of mTORC2 have 
normal fat mass (109). Muscle-specific loss of mTORC1 in mice 
reduces muscle mass and oxidative function and leads to early death 
(110) and have lower expression level of the mitochondrial 
transcriptional regulator PGC-1αresulting in a decrease in 
mitochondrial gene expression and oxygen consumption (111). 
Liver-specific deletion of mTORC1 significantly impairs the sterol 
regulatory element binding protein 1 (SREBP1) transcription factors 
that control the expression of numerous genes involved in fatty acid 
and cholesterol synthesis and makes mice resistant to the hepatic 
steatosis and hypercholesterolemia induced by a western diet (112). 
Although a lot of evidence shows that mTOR pathway components 
control metabolism in various tissue, the precise nature of the 
nutrient signal that elicits TOR activity remains elusive by the fact 
that whole-body inactivation in mice of key components of the 
pathway causes embryonic lethality (113-117). The mechanism of 
how TOR signaling regulates metabolic homeostasis still requires 
further study. 
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Control of metabolism by the Ribosomal Protein S6 kinase 
  
The 70 kDa ribosomal protein S6 kinases, S6K1 and S6K2 are two 
highly homologous serine/threonine kinases. Mice singly null for 
S6K1 or S6K2 are born at normal mendelian ratios, whereas mice 
null for both S6K1 and S6K2 die around the time of birth (118, 119). 
As an important substrate of the TORC1 (TOR complex1), the S6 
kinases have been linked to several cellular activities, including 
protein synthesis, mRNA processing, glucose homeostasis, cell 
growth and survival. Moreover, defects in these genes contribute to 
various pathological states, including diabetes, obesity, cancer, organ 
hypertrophy and aging-related pathology (120, 121) (Figure 10). In 
mammals, S6 Kinase is widely expressed in the central nervous 
system (122), muscle (123), liver (124) and the digestive system 
component etc.  
 
S6K1 is known to regulate the commitment of embryonic stem cell to 
adipogenic progenitors by affecting the transcription factors 
expression (125). S6K1−/− mice possess fewer adipocytes owing to 
decreased differentiation of stem cells into adipogenic precursors 
(126). Additionally, the mice store less fat than wild-type mice, 
because of increased triacylglycerol (triglyceride) lipolysis, enhanced 
mitochondrial biogenesis and fatty acid β-oxidation, due to elevated 
AMPK activity, increased insulin sensitivity and enhanced metabolic 
rate, as indicated by increased O2 consumption (123, 127, 128).  
 
Interestingly, the leaner phenotype produced by whole-body S6K1 
knockout in mice is opposite to that produced by decreased S6K1 
signaling in mediobasal hypothalamus of rats. Inhibition of S6K1 
function in mediobasal hypothalamus increases food intake and body 
weight, conversely, increasing S6K1 activity produces an opposite 
phenotype (129). Even within the central nervous system, since many 
different types of neurons, each with specialized functions, compose 
the hypothalamus, the regulation and function of S6K1 signalling is 
probably different within each type of neuron (130). Depletion of 
hepatic S6K1 in obese db/db mice resulted in down-regulation of 
SREBP1c gene expression in the liver, which is a crucial lipid 
homeostasis regulator, as well as a reduced hepatic triglyceride 
content and serum triglyceride concentration (131). S6K1 also 
mediates inhibition of insulin signaling in adipose tissue of obese 
animals (123).  
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Although S6Ks have been demonstrated to play roles in many 
processes, it is still not clear how S6K regulate lipid metabolism in 
the whole organism. Further, while S6K2 appears to be the primary 
rpS6 kinase in many cell types, the mutants do not have clear 
phenotypes so much less is known about this protein.  
 
4.2 Regulation of fatty acid metabolism in C.elegans 
 

 

 
 

Figure 11: Insulin and TGFβ  signalling in C. elegans 
DAF-28/insulin and DAF-7/TGFβbind to their respective receptors DAF-
2 and DAF1/DAF-4 to activate two parallel pathways when conditions 
favour growth. The two pathways synergistically promote reproductive 
growth and suppress dauer development via the nuclear hormone receptor 
DAF-12. Adapted from (Von Stetina et al., 2007). 
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The basic processes of lipid synthesis and degradation, as well as the 
pathways involved in regulation of lipid homeostasis are conserved 
from mammals to C. elegans.  So C. elegans provides an excellent 
model to understand the metabolic and neuro-endocrine regulation of 
fat metabolism and energy homeostasis in a whole organism. The 
genes and pathways influencing fat storage and utilization in C. 
elegans include a variety of transcription factors, insulin/insulin 
growth factor-1 (IIS) signaling pathway, the transforming growth 
factor β (TGFβ) pathway (Figure 11), the target of rapamycin 
(TOR) pathway, the AMP-activated protein kinase pathway (AMPK) 
and neurotransmitters.  
 
4.2.1 Neuroendocrine regulators of fat metabolism 
 
Insulin and TGF-β  in dauer and fat regulation 
 

  
 
 
 
 
 
 

C. elegans uses its chemosensory system to sense the change of 
environment. This system includes two amphids, one on either side 
of the head each of which contains 12 sensory neurons with ciliated 
sensing the enviroment (132). In response to harsh environmental 
conditions, C. elegans larvae undergo dauer arrest instead of 
proceeding along the reproductive developmental pathway (Figure 2). 
Dauer worms have drastically changed morphology and metabolism: 
they are non-feeding, stress tolerant, long and thin worms that can 
survive for up to three months. Three environmental signals are 
known to influence the decision to enter the dauer stage, food levels, 
pheromone (reflecting the population density) and temperature (133). 

Figure. 12: Insulin factor and TGF-β  factor are expressed in the 
sensory neurons. 
(A) GFP reporter for daf-28 showing expression in head neurons ASI and 
ASJ. (B). GFP reporter for DAF-7 indicating the site of gene expression in 
ASI neurons. 
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At least four of the 12 sensory neurons within each amphid are 
important for both entry and exit out of dauer, namely ASI, ADF, 
ASG and ASJ. Insulin and transforming growth factor (TGF-β) are 
expressed in some of these neurons and control C. elegans larval 
growth to adults or fat-storing dauers (Figure 12). 
 
Mutant strains with reduced insulin signaling, such as the daf-2 
insulin-receptor mutant, often display temperature-sensitive 
constitutive dauer formation, even under non-dauer-inducing 
conditions. When daf-2 mutants are grown at permissive temperature, 
they bypass the dauer stage and adults display increased fat stores 
(29), which depends on the downstream FOXO transcription factor, 
DAF-16 (26,	  134)	  (Figure	  11). Studies	  indicate	  that	  the	  increased	  
fat stores in daf-2 mutants might be due	  to the misexpression of 
genes that encode for proteins engaged in fat synthesis (fat-6 and fat-
7), fat oxidation, storage carbohydrate metabolism, glycolysis and 
gluconeogenesis (135-‐138). It has been shown that PUFAs	  act as a 
mediator of daf-2/insulin signaling and that daf-16 might be involved 
in fatty acid homeostasis under the control of PUFAs (139). 13 C 
isotope assays confirm that daf-2 mutant adults with higher fat stores 
contain higher levels of de novo synthesized fats in TAGs and 
phospholipids (39). Similar to mammals, insulin signaling in 
different C. elegans tissues contributes differentially to fat content. 
For instance, reconstitution of the insulin receptor in neurons but not 
in muscle partially rescues the increased fat content of insulin 
receptor knockout animals (140).	  
 
Dauer-constitutive mutants belonging to the transforming growth 
factor-β (TGF-β) family also show increased fat accumulation in 
adults compared to wild type. DAF-7, a TGF-β ligand, functions 
together with TGFβ receptors DAF-1 and DAF-4 and the Smad 
transcription factor, DAF-8, DAF-14 and DAF-3 (141) (Figure 11). 
DAF-7 is expressed in one pair of ciliated sensory neurons (ASI) and 
its transcription is modulated by daumone, a collection of 
pheromones regulating dauer. The expression of DAF-7 in ASI 
sensory neurons is required to regulate feeding and fat storage 
through signalling via RIC and RIM interneurons (34) and the 
expression level is upregulated during refeeding after fasting (137). 
Down regulation of daf-7, which reflects lack of nutrients, causes 
more fat accumulation despite reduced feeding rate.  
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TUBBY protein and fat regulation 
 
Tubby is one of the few single-gene mutations in mammals that 
causes obesity and is broadly expressed in the central nervous system 
including the hypothalamus (142). Tubby proteins have been 
suggested to act as transcription factors (143) or as potential 
signalling factors coupled to G-protein activity (142). Mutations in 
tubby proteins are known to affect life span and fat storage in C. 
elegans (144) as well as carbohydrate metabolism, ciliated neuron 
function and obesity in mice (145, 146). The extended lifespan 
depends on the FOXO transcription factor DAF-16 (144). The 
increased Nile Red phenotype of tub-1 depends on the Rab GTPase-
activating protein RGB-3, its substrate GTPase RAB-7, and genes 
that regulate Rab membrane localization and nucleotide recycling, 
indicating a role for endocytic recycling in the process (144, 147). 
TUB-1::GFP fusion localizes to all sensory neurons in C. elegans.  
 
Neurotransmitters and fat regulation 
 
Classic neurotransmitters have dramatic affects on fat regulation. 
Serotonin (5-hydroxytryptamine, 5-HT) is an ancient and conserved 
neuromodulator of energy balance. In C. elegans, exogenous addition 
of serotonin reduces fat stores (40). 5-HT is synthesized by the 
conserved rate-limiting enzyme tryptophan hydroxylase (TPH-1), 
which is expressed in only a few neurons in the worms (148, 149). 
The effects of 5-HT signalling on body fat are independent of its 
other physiological effects, including food intake, locomotion, 
reproduction, and stress response. Indeed, 5-HT-mediated fat loss 
depends on a neuronal serotonin channel (MOD-1) and a G-protein-
coupled receptor (SER-6) that ultimately signal increased fat 
oxidation in peripheral tissues (40). It also requires octopamine (Oct, 
the invertebrate analog of adrenaline) via the biosynthetic enzyme 
tyramine beta-hydroxylase (TBH-1) and Oct signalling modulates the 
expression of tph-1. 5-HT and Oct function together in a positive 
regulatory loop to sustain a neural signal for body fat loss (150) 
(Figure 13). 
 
Studies with specific dopaminergic and glutamergic receptors show 
that these mutants affecting the receptors alter fat deposits without 
affecting growth rate or viability (26). Instead, dopamine modulates 
C. elegans fat levels by changing flux of fatty acids through 
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oxidative pathways by a mechanism that partially depends on the 
GPCR family of dopamine receptors (151). 
 

 

4.2.2 The effect of the germline of fat accumulation in C. elegans 
 
In C. elegans, ablation of germline stem cells (GSCs) increases fat 
accumulation and alters lipid metabolism independent of DAF-16 
(36). A previous study showed that glp-1 mutants with reduced germ 
cell proliferation, have increased fat because they accumulate 
excessive quantities of yolk, which transports nutrients from the 
intestine to the egg cells in the germline tissue (152) (Figure 14).  
 

 
 

Figure 13: Schematic depiction of the serotonergic neuroendocrine 
pathway that controls body fat. 
5-HT produced in ADF neurons activates the URX neurons via the receptor 
MOD-1. This in turn generates an endocrine signal that drives gene 
expression in the intestine to cause fat loss. 
The figure is adapted and reprinted from (Tallie Noble et al., 2013) with 
permission from Elsevier. 

Figure 14.  
C.elegans gonard and fat 
metabolism. 
In animals without germline 
stem cells, excessive lipid 
levels lead to production of 
oleic acid-dependent and 
lysosomal triglyceride 
lipase-dependent fatty acids 
that active transcription 
factor SKN-1. 
The figure is adapted and 
reprinted from (Michael J 
Steinbaugh	  et al., 2015) 
with permission from eLife. 
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rsks-1 is required germline-autonomously for proper establishment of 
the germline progenitor pool and the mutants show delayed 
development and reduced fertility (153-157).  
 
4.2.3 Transcriptional regulation of genes affecting fatty acid 
metabolism 
 
Fatty acid synthesis and utilization processes need a variety of 
enzymes and are regulated at multiple levels. These enzymes are 
regulated by both transcriptional and post-transcriptional 
mechanisms and a number of transcription factors have been shown 
to regulate the expression of these proteins. Among these are the 
peroxisome proliferator-activated receptors (PPARs) and the 
transcription factor coactivator PGC-1α (158).  
 
In C. elegans, the NHR-49/MDT-15 system serves a parallel function 
to mammalian PPARα and its co-activator, PGC-1(159). Nuclear 
hormone receptors (NHRs) are transcription factors that reside 
outside of the nucleus. Upon binding their specific ligands, which are 
often small hydrophobic molecules, NHRs dimerize and enter the 
nucleus to bind specific sequences of promoters containing hormone 
response elements. Two NHRs, NHR-49 and NHR-80, are important 
for expression of Δ9 desaturase genes, fat-5 and fat-7. In an nhr-49 
deletion mutant, the expression levels of fat-5 and fat-7 are greatly 
decreased and the ratio of 18:0 to 18:1(n-9) increases more than two 
fold (160). Similar changes in fatty acid composition, as well as in 
fat-5 and fat-7 expression levels, are observed in nhr-80 mutants (15). 
In fact, NHR-80 is required for the fat-7 upregulation needed to 
compensate for fat-6-deletion mutants (15). Analysis of genes in fat 
metabolic pathways by quantitative RT-PCR revealed that nhr-49 
causes down-regulation of three genes encoding mitochondrial β-
oxidation enzymes and concomitant upregulation of three genes that 
encode peroxisomal β-oxidation enzymes. Down-regulation of acs-
2 and ech-1, two of the three affected mitochondrial β-oxidation 
genes, causes fat accumulation, and over-expression of acs-2 
suppresses the high fat phenotype of nhr-49 (160). This observation 
suggests that down-regulation of mitochondrial β-oxidation 
underlies the excess fat levels seen on nhr-49 inactivation. 
 
Sterol response element binding protein (SREBP) is another key 
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transcriptional regulator of fat and sterol synthesis pathways in 
mammals (161, 162). C. elegans possesses one SREBP homolog, 
sbp-1, and RNAi against it or mutants in this gene cause a panel of 
phenotypes like low fat stores, high saturated fatty acid content, 
impaired growth, and reduced expression of lipogenic genes 
including fat-5 and fat-7 (30, 163). These studies indicate that 
SREBP is a crucial regulator of fatty acid synthesis and lipid 
homeostasis in C. elegans.  
 
After binding to target sequences in specific promoters, SREBP and 
NHRs recruit multi-protein co-regulator complexes containing 
transcriptional cofactors that link the transcriptional activator to the 
transcription initiation machinery (164). The transcriptional co-factor, 
MDT-15, interacts directly and specifically with the activation 
domain of SREBP (163), and the C. elegans MDT-15 also binds 
specifically to NHR-49 (159). mdt-15/arc105, sbp-1, nhr-49, and 
nhr-80 control expression of Δ-9 fatty acid desaturase genes (fat-5, 
fat-6, and fat-7) illustrating the complex regulatory mechanisms of 
fat metabolic pathways (15, 159, 160). 
 
A recent study shows that MDT-28 protein might be an important 
regulator of lipid droplet metabolism in reproductive tissues. But it 
may play similar structural roles to conserved perilipins by a 
conserved Perilipin domain in the N terminus to regulate the balance 
between lipid storage and lipid hydrolysis instead of acting as a 
transcription factor (165). 
 
5.  S6 Kinase is a crucial regulator of lipid homeostasis and 
metabolic balance in C. elegans. 
 
C. elegans contains a single p70 S6 kinase homologue, RSKS-1. The 
predicted protein sequence shows extensive similarity to Drosophila 
dS6K and human p70 S6 kinase (Figure 15A). Within the kinase 
domain, the degree of identity between the C. elegans and human 
proteins is 76%. rsks-1 mutants have a significant decrease in the rate 
of protein synthesis and protein translation (155). Depletion of S6 
Kinase significantly extends lifespan in multiple species (155, 157, 
166-170). rsks-1 inactivation in C.elegans leads to lifespan extension 
when inactivated in C. elegans through several downstream factors 
including pha-4/FoxA via let-363/TOR pathway (171), transcription 
factor HIF-1 in specific neurons and muscles via the IRE-1 ER stress 
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pathway (172), and HSF-4 which is also a downstream target of 
insulin pathway (173). Furthermore, inhibition of rsks-1 in the 
germline nonautonomously activates DAF-16 in the intestine 
resulting in a significantly extended lifespan (153). rsks-1 is also 
required for normal growth and development during the early part of 
life in C. elegans (155) and axon regrowth after injury in multiple 
neuron types (174). Further, rsks-1 is required germline-
autonomously for proper establishment of the germline progenitor 
pool in parallel with the glp-1 (Notch) and daf-2 (insulin-IGF 
receptor) pathways, but does not share the same genetic 
dependencies with its role in lifespan control (175). A recent study 
shows an increased TAG content and formation of large lipid 
droplets in rsks-1 mutants (our study and (176)), which depends on 
stearoyl-CoA desaturase (SCD) FAT-6 and FAT-7 activity. Taken 
together, S6 Kinase plays an important role in growth and 
metabolism in different organisms.  
 
To investigate the function of rsks-1 in C. elegans our lab isolated a 
deletion allele, sv31. The deletion removes 2674 bp starting midway 
through intron 3 and extending to the beginning of exon 5 (Figure 
15B). We received a second allele, ok1255, from the C. elegans 
knockout consortium, and determined that ok1255 removes 1812 bp 
of sequence starting in the middle of exon 3 and extending to the 
middle of exon 4 (Figure 15B). sv31 and ok1255 are predicted to 
encode severely truncated proteins lacking almost the entire kinase 
domain. Therefore, they are likely to reduce strongly or eliminate 
gene activity. 
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Figure 15: The C. elegans orthologue of p70 S6 kinase is RSKS-1. 
(A) rsks-1 is compared to homologs in fruit flies and humans. The most 
conserved amino acids are shown in yellow, the least conserved in grey and 
those in the middle range are indicated in blue, calculated from conservation by 
average similarity by BLOSUM 62. The catalytic domain is boxed in black and 
the phosphorylation sites are indicated with asterisk. One difference between the 
three species is the size and number of phosphorylation sites in the auto 
inhibitory loop, boxed in red.  (B) C.elegans rsks-1 deletion mutants. The boxes 
represent exons. The regions deleted in the sv31 and ok1255 alleles are 
indicated at top. 
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Paper III: rsks-1 and nutrient sensing  
 
rsks-1 mutations cause a high temperature induced dauer (Hid) 
phenotype 
 
The Hid phenotype describes the mutants that enter into dauer at 27 
°C, but not at temperatures between 15 and 25 °C (177) (Figure 16).  
We found that a significant proportion of rsks-1 mutant larvae only 
entered dauer at 27 °C. The daf-16 mutation, which can suppress the 
dauer formation defects caused by daf-2(e1370) and other genes in 
the pathway, suppressed the Hid phenotype of sv31 at 27 °C.  We 
also found that DAF-16::GFP (178) was present in the nuclei of well 
fed rsks-1 mutant hermaphrodites grown at 27 °C , which means that 
insulin signalling is compromised in the rsks-1 mutant. 
 

 

 
rsks-1 mutations modulate Daf-c phenotypes caused by defects in 
TGFβ  or IIS at lower temperatures. 
 
Null mutations in many genes regulate entry into dauer at 25oC (179) 
but not at 15oC. Mutations in genes in the different branches of the 
dauer pathway frequently show synergistic effects such that double 
mutants enter dauer under conditions in which single mutants 
progress through the reproductive life cycle (i.e. the mutations have a 
Syn-Daf-c phenotype) (180). We found that rsks-1 mutations 
strongly enhanced the Daf-c phenotype caused by mutations in two 

Figure 16. Genetic pathways that regulate dauer formation at 27°C. 
The figure is adapted and reprinted from (Ailion	  M.	  et al., 2013) with 
permission from Genetics. 
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genes in the TGFβ  pathway, daf-7 and daf-8 both at 15 and 20 °C. 
The interactions with genes in the insulin pathway, however, were 
more complex. At 20 °C rsks-1(lf) partially suppressed the dauer-like 
phenotype of daf-2(m41) and daf-2(e1370) mutants. However, rsks-
1(lf) did not suppress the completely penetrant Daf-c phenotype 
caused by daf-2(lf) at 25 °C. rsks-1(lf) enhanced the phenotype 
caused by mutations in unc-31 or unc-64 at 25 oC.   
 
rsks-1::gfp reporters are expressed at high levels in a restricted set 
of amphid neurons that are required for insulin signalling 
  
To understand in more detail how rsks-1 affected entry into dauer we 
generated RSKS-1::GFP transgenic worms. In well fed worms, we 
can see strong expression of the reporter in ASI and ADF neurons. 
There is also expression of GFP in neurons ASK, ADL and ASG 
(Figure 17A). DAF-28 insulin is secreted from ASI and ASJ neurons 
into the pseudocoelomic space and taken up up by scavenger cells 
called the coelomocytes (181). DAF-7/TGFβ is induced in both ASI 
and ASJ in response to the environment. Since rsks-1 is also 
expressed in ASI neurons and regulates dauer formation via the 
insulin pathway, first we examined the expression level of DAF-
28::GFP in rsks-1 mutants. No significant reduction was seen in the 
expression of a DAF-28::GFP reporter in the neurons of rsks-1 
mutants at any temperature. Accumulation of the DAF-28::GFP 
protein in the coelomocytes is used to measure the extent of secretion. 
DAF-28::GFP accumulation in the coelomocytes was significantly 
reduced in rsks-1 mutants (Figure 17C) showing that rsks-1 is 
required for insulin secretion but not synthesis in C. elegans. We also 
found that expression of daf-7::gfp is reduced in an rsks-1 mutant 
background at 27 °C. So rsks-1 appears to be required for both 
insulin and TGFβ secretion in C.elegans. 
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rsks-1 expression is strongly upregulated in ASJ, ASE and BAG 
neurons upon starvation or reduction of TGFβ or IIS activity. 
 
Since the activity of both IIS and TGFβ signaling is reduced when 
nutrients are limiting, we investigated the effect of starvation on rsks-
1 expression. When L1 or L2 worms were placed on plates without 
food, rsks-1 expression was strongly upregulated in ASE, BAG and 
ASJ. Strong upregulation of RSKS-1::GFP was also seen in ASE, 
BAG and ASJ in dauer larvae (Figure 17B). Starvation of larvae 
greatly reduces the expression of the TGFβ ligand daf-7and the IIS 
ligand daf-28 (182, 183). Upregulation of RSKS-1::GFP was found 
in daf-2 mutant dauer larvae and the ASE, BAG and ASJ neurons of 
mutants lacking activity of either DAF-28, insulin receptor DAF-2 or 
DAF-7.  We also found RSKS-1:GFP upregulation  in unc-64 
syntaxin mutants which are defective in insulin secretion, showing 
that secreted DAF-28 was required for the modulation of RSKS-1 
expression and thus supporting the notion that communication 
between neurons via DAF-28 was important for this event. The 
insulin and TGFβ pathways appear to function in parallel to regulate 
the upregulation of RSKS-1 expression since a mutation in daf-16 
FOXO that completely suppresses the upregulation caused by daf-28 
or daf-2 loss-of-function but did not suppress the upregulation seen 
in daf-7 mutants. Since DAF-28 and DAF-7 are expressed in ASI 
sensory neurons, our results imply that signaling from ASI can 
regulate RSKS-1 expression in ASE, ASJ and BAG via insulin and 
TGFβ pathways. 

Figure 17: rsks-1::GFP is expressed in amphid neurons that are required 
for insulin signalling. (A) RSKS-1::GFP in well-fed worms (B) RSKS-
1::GFP in starved worms (C) DAF-28::GFP (svIs69) accumulation in the 
coelomocytes was significantly reduced in rsks-1 mutants. 
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The upregulation of RSKS-1 expression is not directly mediated by 
neurotransmitters 
 
rsks-1 mutants have no defects in the secretion of neurotransmitters 
and other neuropeptides (Figure 18) as shown by the aldicarb and 
levamisole sensitivity assays (184) and the secretion level of 
ANF::GFP in neurons. To investigate whether the signaling between 
ASI and ASE/ASJ/BAG is mediated by neurotransmitters, we 
examined whether the defects in the synthesis or signaling of GABA, 
glutamate, acetylcholine, dopamine or serotonin would induce the 
upregulation of RSKS-1::GFP. There was very weak upregulation in 
tph-1 mutants, which lack the enzyme that catalyzes the rate-limiting 
first step in serotonin biosynthesis, but not in the mutants affecting 
levels of other neurotransmitters. Although serotonin is expressed in 
a number of neurons, it is found in only one pair of sensory neurons, 
ADFL/R, which function as interneurons to mediate ASI inhibition 
of ASHs by releasing serotonin (5-HT) that binds with the SER-5 
receptor on ASHs (185). So the weak upregulation of rsks-1::gfp 
might be mediated indirectly by serotonin. The signal between ASI 
and ASE/ASJ/BAG may not directly be mediated by 
neurotransmitters. 
	  

	  
	  
	  
	  
	  

Figure 18: rsks-1 mutants 
have no defects in neuron 
function. 
(A) rsks-1 mutants are 
resistant to Aldicard 
induced paralysis which 
can be suppressed by over 
expression of rsks-
1(svIs64). (B) rsks-1 
mutants are resistant to 
levamiside induced 
paralysis. (C) rsks-1 
mutants have no defects in 
ANF::GFP secretion in 
neurons.   
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rsks-1(lf) delays exit from dauer. 
 
The ASJ amphid neurons function in dauer larvae to promote exit 
from dauer when larvae are moved to conditions that are conducive 
to reproductive growth (186). We found that rsks-1(sv31) takes 
longer time to recover from dauer stage. Knock down of rsks-1 
funcion in ASJ neurons has a similar phenotype (Figure 19).Thus not 
only do changes in rsks-1 activity affect entry into dauer but they 
also affect exit from dauer.  

             

 

 
Paper IV: rsks-1 and fat metabolism 
 
rsks-1 mutants display a metabolic shift 
 
rsks-1(ok1255) have been shown to accumulate dramatically 
increased steady-state levels of triglycerides (176). We performed 
gas-liquid chromatographic analysis of hermaphrodites homozygous 
for a second rsks-1 allele, sv31, and found that they had triglyceride 
levels similar to those in rsks-1(ok1255) mutants. Taking into 
account their smaller body size, they have approximately 2.5 times 
more fat than wild type per unit volume (Figure 20B). When 
examined by high-power DIC microscopy, the mutants show a 
significantly greater proportion of larger granules than wild type 
(Figure 20A). There was a slight but reproducible increase in the 
average size of lysosomes in the rsks-1 mutants. The majority of the 
larger granules in the mutants, however, appeared to be fat granules 
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Figure 19: rsks-1 is required in neurons for dauer exit. 
The delayed dauer exit phenotype of rsks-1(sv31) deletion mutants is the same 
as for animals in which rsks-1 is only inactivated in neurons using a hair-pin 
RNAi transgene construct. 
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which are labelled by the lipopholic dye Sudan Black (Figure 20A). 
These results demonstrate that rsks-1 mutants have much more fat 
than wild type and increased size of fat granules in the intestinal 
tissue of the mutant animals. 
 

 

 
The ATP content is a measure of the energy levels of cells or tissues 
that are available. ATP can be measured most accurately by 
monitoring the amount of light emitted when luciferin reacts with 
oxygen in the presence of luciferase. This reaction is driven by ATP 
present in the sample (187). In the rsks-1 mutants, ATP/total protein 
ratio was more than three times higher than wild type (Figure 21) 
which is in keeping with a previous report showing a general 
elevation of amino acid pool sizes in other long-lived worms (188). 
This leads to the speculation that this may be due to redirected 
catabolic pathways that divert amino acids away from protein 
synthesis and to energy metabolism or other survival functions. 
Combined with the results that rsks-1 mutants have a decrease in 
mRNA translation (155, 189), it might be possible that the rsks-1 
mutants stored much more energy than wild type by keeping lower 
metabolic ratio.  
 

Figure 20: rsks-1 mutants have more fat accumulation than wild type 
worms. 
(A) DIC pictures and Sudan Black staining show rsks-1 mutants have more 
and larger granules in the intestine than wild type. (B) GC analysis shows 
that rsks-1(sv31) mutants have significantly more fat than wild type. 
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The focus of rsks-1 with respect to fat metabolism. 
 
rsks-1 mutants are reduced in size and have been shown to have 
reduced germline stem cell (GSC) proliferation. The rsks-1::GFP 
reporter is expressed in the intestine, muscle, hypodermis and 
neurons in C. elegans, but is absent from the germline. The reporter 
completely rescues the body size defect but does not rescue the GSC 
proliferation defect. Tissue specific depletion of rsks-1 by RNAi in 
muscle, the intestine, the germline and neuron were all shown to have 
more fat storage in the intestine than wild type as measured by 
staining with the lipophilic dye Sudan Black. However, GC analysis 
and staining with lipophilic dyes indicated that the rsks-1::gfp 
transgene did not rescue the increased amount of fat in the sv31 
mutant despite the fact that this transgene does completely rescue the 
rsks-1 body size defect. Staining with Sudan Black showed that 
specifically expressing rsks-1 in the germline but not in other tissues 
can partly rescue the fat accumulation phenotype of the rsks-1(sv31) 
mutant. These results suggest that rsks-1 is likely required in several 
tissues for proper regulation of fat metabolism but that the germline 
is a particularly important focus for rsks-1 with respect to the fat 
accumulation defect. 
 
rsks-1-mediated fat accumulation is independent of insulin/TGFβ  
signaling. 
 
Both insulin and TGFβ pathways are known to regulate metabolism 
in mammals and C. elegans (134, 190). The insulin/IGF receptor 
mutant, daf-2, has significantly increased fat in the intestine, which 
can be suppressed by mutations in the final downstream target, the 
forkhead transcription factor, DAF-16/FOXO (134). However, we 
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Figure 21: Increased levels 
of ATP/total protein ratio 
in rsks-1(sv31) mutants 
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found that, in contrast to the case with daf-2 mutations, daf-16 
mutants did not suppress the increased lipid accumulation caused by 
rsks-1(ok1255) or rsks-1(sv31). Moreover, daf-3(lf) did not suppress 
the Din (darkened intestine) defect or the increase in triglyceride 
content of rsks-1(sv31) although daf-3 loss-of-function mutations 
completely suppress the increased lipid accumulation caused by loss-
of-function mutations in daf-7. 
 
Genome-wide RNAi screens (26) have identified genes that regulate 
fat and that function downstream of the IIS pathway. We tested all 70 
genes that upon RNAi can suppress the Din phenotype of daf-2 or 
tph-1 mutants (26) for their ability to suppress the rsks-1 Din defect. 
While 3 of these genes (Table 1) did so, the rest of them did not.  
These observations suggest that rsks-1 mediates fat metabolism at 
least partly independently of the insulin and TGFβ pathway. 
 

 
Table 1: RNAi clones that reduce fat in wild type and rsks-1 mutants. 
 
rsks-1 affects fatty acids metabolism in parallel to nhr-49/sbp-1 
transcription factors. 
 
Recently study (191) showed that in glp-1 mutants, an unsaturated 
fatty acid called oleic acid, or a related metabolite, acts as a signal 
that leads to the activation of SKN-1 (Figure 14) as well as two other 
transcription factors called NHR-80 and NHR-49 (192). These 
transcription factors influence the expression of genes regulating 
stress resistance, protein homeostasis and lipid metabolism (191, 193, 
194). In order to further understand how rsks-1 regulates fat 
metabolism, a RT-PCR analysis of 80 genes involved in fatty acid 
synthesis, lipolysis, fatty acid β-oxidation, elongation/desaturation 
and binding/transport pathway was performed in wild type and rsks-1 
mutants.   This was done in order to identify genes  that are affected 
at the transcriptional level by the loss of rsks-1. The results 
demonstrated that there was lower transcription level of genes in  the
β-oxidation pathway and higher transcription levels of the genes in 
within the fatty acid elongation/desaturation pathway. The net result 

N2 rsks-1(sv31)
lighter lighter
lighter lighter
lighter lighter L4, not adults

Genes
F52B11.2
F08F8.2
C18E9.5
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of the changes in gene expression patterns would be to block fat 
breakdown and promote fat synthesis. 
 
We also performed a RNAi screen with 147 candidate genes 
regulating lipids and glucose metabolism in C.elegans in rsks-1 
mutants (27).  Similarly, RNAi against 9 genes that positively 
regulate fatty acid elongation and mitochondrial β-oxidation by 
RNAi reduced the darkened intestine defect of rsks-1 mutants (Table 
2). These results indicate that  rsks-1 might affect fatty acid β-
oxidation and elongation pathways. 
 

 
Table 2: RNAi clones that affect the darkness of the intestine in wild type and 
rsks-1 mutants. 
 
In mammals, the RSKS-1 homolog, S6K1 directly phosphorylates 
PGC-1α , a transcription factor coactivator of peroxisome 
proliferator-activated receptors (PPARs) (158), at two sites in 
hepatocytes to inhibit activation of gluconeogenic genes (195). In C. 
elegans, the NHR-49/MDT-15 complex serves a parallel function to 
mammalian PPARα and its co-activator, PGC-1(159). nhr-49 RNAi 
animals showed increased fat accumulation in worms and the qRT-
PCR screening shown that depletion of nhr-49 causes down-
regulation of mitochondrial β-oxidation via acs-2 and up-regulation 
of peroxisomal β-oxidation (27). However, we found that mdt-15 
RNAi did not cause any effect on intestinal darkness either in wild 
type or in rsks-1 mutants and that the target genes of rsks-1 and nhr-
49 in the fatty acid metabolism pathways do not overlap. I also found 
that knocking out nhr-49 in rsks-1 mutants induced dauer formation 
at 20% penetrance. Together these results suggest that rsks-1 acts, at 
least in part, independently of nhr-49 to affect the mRNA levels of 
genes encoding proteins affecting fatty acid metabolism.  
 
Sterol response element binding protein (SREBP) is another key 
transcriptional regulator of fat and sterol synthesis pathways in 
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mammals (161, 162). Reducing gene activity of the C. elegans 
homolog sbp-1 by RNAi causes reduced fat levels and high saturated 
fatty acid content phenotypes in C. elegans (196). However, neither 
the expression level of a sbp-1::GFP reporter, nor the transcription 
level of the sbp-1 gene as determined by RT-PCR was significantly 
different from wild type in the rsks-1 mutants. sbp-1 RNAi in an 
rsks-1 mutant background induced dauer formation. 
 
rsks-1 is required for function of mitochondria 
 
Based on the results that rsks-1 might regulate fat metabolism partly 
by affecting the expression of genes encoding proteins involved in 
fatty acid β-oxidation, it is possible that the excessive fat deposits 
and severe metabolic defects observed in rsks-1 mutants result from 
disorder of mitochondrial function, which causes accumulative 
perturbation of fatty acids metabolism. To investigate this possibility, 
rsks-1 mutants were stained with TMRE (Tetramethylrhodamine 
ethyl ester, a lipophilic cation whose mitochondrial uptake depends 
on the ΔΨ- potential) (197) and Mitotracker (a fl ̄uorescent dye that 
specifcally labels mitochondria) (198, 199). We found that there was 
a strong reduction of active mitochondria in the rsks-1 mutants 
although the total number of mitochondria was not reduced (Figure 
22A). However, the mtDNA number was not changed in rsks-1 
mutants either.  
 
An unbiased screen for genes whose loss of function activated 
mitochondrial chaperones in C. elegans showed that R12E2.12, the 
mitochondrial ribosomal protein S6 is required for mitochondrial 
electromotive chemical gradient (ΔΨ) (197). I knocked out the 
function of mitochondria ribosome S6 by RNAi and found that the 
knocked down animals had the same disproportionately high levels 
of C16:1n9 and C18:1n9 as rsks-1 mutants (Figure 22B). 
Overexpression of R12E2.2, which encodes the mitochondrial S6 
protein, rescued the more fat storage phenotype in rsks-1 mutants 
(Figure 22C). These findings support the notion that rsks-1 might 
affect mitochondrial function to regulate lipid metabolism.  
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SUR-6, PPTR-1 and Glucose dehydrogenase act to modulate fat 
accumulation in rsks-1 mutants. 
 
In many species, ribosomal protein S6 kinase (S6K) has been 
implicated in the phosphorylation of multiple substrates and is 
subject to activation by a wide variety of signals (200). We 
performed a phosphoproteome analysis in order to find proteins that 
may require rsks-1 for their phosphorylation. This analysis suggested 
that there are 41 genes that changed their phosphorylation level in 
rsks-1 mutants compared with wild type (P<0.05). We also 
performed mass spectrometry analysis and found that there were 155 
proteins that changed their activity level in the mutants (P<0.01). 
These results showed that in C. elegans, RSKS-1 directly or 
indirectly affects the translation or phosphorylation of many proteins 
involved in many different processes. In order to find out which of 
the proteins might affect fat metabolism we examined whether 

Figure 22: rsks-1 mutants have defects in mitochondrial function. 
(A) rsks-1 mutants have reduced TMRE staining. (B) Overexpression of 
mitochondrial ribosomal protein S6 (R12E2.12) partly rescues the more fat 
accumulation in rsks-1 mutants. (C) Knock out R12E2.12 by RNAi shows the 
similar fatty acids distribution as rsks-1 mutants. 
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knocking down the genes encoding them could affect the Din 
phenotype of rsks-1 mutants.  
 
RNAi against sur-6, pptr-1 or C06E4.3 suppressed the increased fat 
accumulation in the rsks-1 mutant. Deletion mutations of sur-6 and 
pptr-1 also suppressed the Din defect. sur-6 and pptr-1 encode 
regulatory subunits of Protein Phosphatase 2A. C06E4.3 encodes the 
C. elegans orthologue of glucose dehydrogenase. 
 
5.3 S6 Kinase and lipid droplet formation 
 
Lipid droplets (LD) are the sites where cells store neutral lipids, such 
as triglycerides, steryl esters, and retinyl esters (201-203). It has been 
shown that lipid droplets are critical for lipid metabolism and energy 
homeostasis. Lipid droplets also protect cells by safely isolating 
overabundant lipids rendering them relatively inert, stable, and 
harmless triglycerides. This protective function is probably the 
reason for the abundant accumulation of lipid droplets in many 
metabolic disease states, such as obesity, atherosclerosis, and fatty 
liver disease (204, 205). Recently, lipid droplets have been shown to 
play a broader cellular roles. For example, they act as hub for fatty 
acid trafficking, and are used by viruses as assembly platforms; their 
dysfunction may lead to neurodegeneration (206, 207). 
 
Perilipin was the first identified lipid droplet–specific protein that 
coats the surfaces of these structures in brown and white adipocytes 
and some steroidogenic cells (208). Perilipin can regulate lipid 
droplet size and participate in lipid homeostasis (209). Fat-specific 
protein of 27 kDa (FSP27) also helps to maintain the 
characteristically large unilocular lipid droplet structure within each 
white adipocyte (210). It has been shown that Perilipin1 promotes 
unilocular lipid droplet formation through the activation of Fsp27 in 
adipocytes (Figure 23). 
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In C. elegans, molecular components involved in the control of lipid 
droplet size have been identified through forward genetic screens. 
Mutants defective in peroxisomal beta-oxidation (maoc-1, dhs-28, 
daf-22 and prx-10) have enlarged lipid droplets whose size in 
contrast to wild-type animals is not influenced by fasting or over 
expression of ATGL-1 (211). In the same study it was found that 
dietary influences also controls lipid droplet size. The perilipin 
orthologue in C. elegans affects the appearance of lipid droplets 
resulting in the formation of large lipid droplets localized around the 
dividing nucleus during the early zygotic divisions (212). Expression 
of a GFP-fusion of Drosophila perilipin-1 (PLIN1) in the C. elegans 
intestine was shown to localize to lipid droplets and alter lipid droplet 
size and abundance (213). mTOR/p70 S6K/S6 signaling is activated 
by ADRP (adipose differentiation-related protein ) to reduce human 
adipocyte triglycerides content (214) (Figure 23). 
 
Leptin-induced lipid body formation depends on the phosphorylation 
of p70 S6K and 4EBP1 (87). Moreover, the study in mice have 
showed that lower body fat is correlated with decreased lipid droplets 
in intestinal cells that may be mediated by a factor secreted by germ 
cells (possibly estradiol). Although they did not see the consistent 

Figure 23 Regulators of morphology in adipocytes 
Periliprin, which is only expressed in adipocytes coats lipid droplets and 
prevents lipid hydrolysis. When the fatty acid CLA (trans-10,cis-12 conjugated 
linoleic acid, CLA) is present the ADRP proteon (adipose differentiation-related 
protein) replaces periliprin as the droplet coat protein. This is due to repression 
of perilprin gene expression via CLA and up-regulation of ADRP translation by 
the mTOR pathway. 
The figure is adapted and reprinted from (Chung S. et al., 2015) with permission 
from ASBMB. 
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changes in S6K phosphorylation on mouse intestinal cells, the cells 
from chicks did exhibit a hormone-mediated difference (215). 
 
In conclusion, rsks-1 may regulate the size of fat droplets and the 
accumulation of fatty acids in the intestine partly by its function in 
the germline.  
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CONCLUSIONS AND FUTURE PROSPECTS  
 

1. We used FTIR microspectroscopy to detect chemical compositions 
in C.elegans. It offers a sensitive and fast way to measure lipids, 
protein and carbohydrates levels in metabolic mutants that are not 
viable or fertile as homozygotes.  We also demonstrated how 
Multivariate curve resolution – alternating least squares” (MCR–
ALS) can be used on C.elegans FT-IR microspectroscopic data sets. 
It will be interesting to test whether this method can be used to 
detect specific molecular species in worm samples.   

 
2. We identified two loss of function alleles of  the  aex-5 gene that 

regulate fat accumulation in the intestine. aex-5 and other 
defecation motor program genes in C. elegans play an important 
role in promoting the fatty acids uptake. By modulating the 
defecation motor program, worms might adjust nutrient uptake in 
response to altered metabolic status. It will be interesting to find 
out whether the pH in the intestine luminal affects the nutrients 
uptake in worms and the molecular mechanism of nutrient uptake 
by the intestine luminal. 
 

3. We found that regulation of rsks-1 expression within the nervous 
system is affected by nutrient availability which requires the 
sequences within exon 6, a non-coding exon that gives rise to all 
but 16 bases of the 3 ́ UTR. Insulin and TGFβ signaling between 
sensory neurons appears to regulate the expression of rsks-1 in 
ASE, BAG and ASJ. To determine how rsks-1 expression is 
affected in single neuron and how the expression of rsks-1 within 
the nervous system is controlled in response to changes in nutrient 
level will help to understand the mechanism of dauer decision in 
worms and give some clues for the role of homeostatic regulation 
of energy balance in humans.  

 
 

4. We showed that rsks-1 is required in the germline for correct fat 
metabolism. We also showed that rsks-1 affects mitochondrial 
function. rsks-1 mutations affect the abundance and 
phosphorylation of multiple proteins. Of these proteins, SUR-6, 
PPTR-1 and Glucose dehydrogenase appear to be particularly 
important for RSKS-1’s effect on fat metabolism. Part of rsks-1’s 
effects may be through the regulation of lipid droplet size. Genetic 
screens can be designed in order to identify downstream target of 
rsks-1 for regulation of lipids metabolism. 
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