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Abstract 

In C. elegans, the SKN-1/Nrf transcription factor is a crucial component for controlling 

responses to oxidative stress, redox balance, proteostasis, healthy ageing and improving 

lifespan. SKN-1 has three major isoforms that function independently of one another. SKN-1A 

and SKN-1C are localised in the C. elegans intestine and have been extensively studied. The 

third isoform, SKN-1B, is confined to two amphid chemosensory neurons in the head of C. 

elegans and is still relatively unexplored. Here, we investigate the role of SKN-1B in three 

major pathways that all contribute to longevity; the insulin/IGF-1 signalling (IIS) pathway, the 

endoplasmic reticulum unfolded protein response (UPRER) and mitochondrial morphology. 

Publications investigating the longevity effects of dietary restriction (DR) have also uncovered 

evidence that may suggest SKN-1B has a role here, and so therefore we also include 

conditional DR by two published methods; bacterial deprivation (BD) and liquid DR (lDR). We 

found that SKN-1B is not required for induction of DAF-16 nuclear localisation or expression 

upon DR, however nuclear localisation in SKN-1B mutant worms is short-lived compared to 

wildtype. Interestingly also, SKN-1B is required for increased expression of the DAF-16-target 

gene sod-3 using the lDR protocol, but not in BD.  It was also discovered that SKN-1B 

positively regulates hsp-4 expression under non-stressed conditions, but it was not required 

for induction of hsp-4 expression during ER stress caused by ero-1 RNAi. In addition, the long-

lived phenotype of ero-1 RNAi does not require SKN-1B and therefore its only role may be in 

basal expression of UPRER components under normal conditions. Finally, we found that SKN-

1B mutant worms exhibit a mitochondrial morphology defect characterised by an increased 

network fragmentation that resembles a starved phenotype. SKN-1B mutant worms have a 

normal N2 lifespan, and so this phenotype is of an unknown physiological consequence. This 

data together provides new insights into the role of the under-studied SKN-1B transcription 

factor which can hopefully offer new directions for investigation. It has been shown that SKN-

1B has multiple complex roles in many signalling pathways through neuroendocrine 

modulation; this along with its emerging role in behaviour present an exciting new area of 

research.  
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Introduction 

1.1 SKN-1/Nrf transcription factors 

1.1.1 SKN-1 isoforms, expression and function 

Skinhead-1 (SKN-1) is a C. elegans transcription factor, and the functional homologue of 

mammalian NF-E2-related factor (Nrf). SKN-1 and Nrf share conserved structures that 

includes a DIDLID motif for transcription initiation, Cap’n’Collar (CNC) domain and a basic 

region. Mammalian Nrf transcription factors also contain a basic leucine zipper (bZIP) domain 

required for dimerization and DNA binding (Figure 1A); therefore SKN-1 undergoes alternative 

DNA binding which involves association of the N-terminal DNA-binding domain to its cognate 

half-site, and recognition of an AT-rich sequence in the minor groove of SKN-1 binding 

regions.1 

 

Figure 1 – SKN-1 structure and localisation 

(A) Structure comparison between SKN-1 and the mammalian SKN-1 homologue Nrf. The SKN-1 DNA-binding 

region consists of CNC and BR motifs. (B) SKN-1A and SKN-1C are localised to the C. elegans intestine and are 

activated by independent mechanisms resembling Nrf-1 and Nrf-2 respectively. SKN-1B is confined to the ASI 

neurons of C. elegans. The SKN-1B::GFP model structure used in this paper is also shown. SKN-1D not shown. 

CNC; cap’n’collar, BR; basic region. Image created with BioRender. Adapted from Blackwell et. al 2015.  
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C. elegans expresses three major isoforms of SKN-1: SKN-1A, SKN-1B and SKN-1C. A fourth 

isoform, SKN-1D, is also predicted to occur naturally through alternative splicing but has not 

been confirmed in vivo. Only SKN-1A contains a transmembrane domain, and its mode of 

activation involves proteolytic cleavage of this domain for cytosolic release from the 

endoplasmic reticulum membrane; which most closely resembles the mammalian Nrf-1 

isoform.2 All other SKN-1 isoforms resemble the mode of action of the Nrf-2 transcription factor 

in mammals, which plays a role in the phase-II detoxification response that promotes cell 

survival through upregulation of genes controlled by antioxidant response elements (AREs). 

The Phase-II detoxification response is also upregulated in dietary restriction (DR) protocols, 

which contributes to the beneficial lifespan effect through Nrf-2 signalling pathways in rats.3  

Expression of skn-1 in the intestine of C. elegans is primarily composed of SKN-1A and SKN-

1C isoforms (Figure 1B); however due to the N-terminal transmembrane domain of SKN-1A, 

this isoform seems to be confined to the ER and mitochondrial membranes prior to proteolytic 

cleavage. SKN-1C localisation shifts from cytoplasmic to nuclear in response to stress signals 

such as oxidative stress by paraquat, as well as impaired IIS signalling, to regulate genes 

involved in stress resistance and lifespan. 4,5 Interestingly, SKN-1 activity in the intestine has 

also been shown to be dependent on the p38 mitogen-activated protein kinase (MAPK) 

pathway. Removal of p38/PMK-1 in C. elegans results in defective nuclear translocation of 

SKN-1 and greatly reduces the capacity of worms to respond to oxidative stressors such as 

sodium arsenite or paraquat.6  

The complete function of SKN-1B is still relatively unknown, however this isoform is confined 

to neuronal cells. The C. elegans adult nervous system consists of 302 neurons, of which 

SKN-1B is expressed in the nuclei of two amphid chemosensory ASI neurons (Figure 1B).7 In 

experimental models of stroke, Parkinson’s disease and Huntington’s disease, Nrf-2 activation 

has a neuroprotective effect by delaying neuronal degeneration,8,9,10 though this has not been 

shown to be a mechanism of neuronal SKN-1B. Very little is known about the SKN-1B isoform 

in C. elegans, however this particular isoform has many suggested roles as a key component 
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of foraging and behavioural processes, as well as sensory integration, tissue coordination and 

has been previously shown to be required for one dietary restriction protocol to extend 

lifespan.7  

1.1.2 C. elegans as a model organism 

The use of Caenorhabditis elegans as a model organism to study ageing and age-related 

disease is still a relatively new and constantly evolving field; though it was in 1963 that Sydney 

Brenner proposed the use of C. elegans to investigate developmental biology and the CNS in 

higher eukaryotes. Today, studies involving C. elegans have made a large impact in many 

branches of research including development, evolution, age-related health and most notably 

diseases of ageing.  

C. elegans is a free-living primarily hermaphroditic nematode, with males developing as a 

result of nondisjunction in the hermaphroditic germ line inducible by stress.11 The adult worm 

consists entirely of 959 somatic cells that have had their function and lineage 

determined12,13,14; in addition, C. elegans was the first multicellular organism to have its full 

genome sequenced, making them ideal for genetic studies.15 Hermaphrodite worms can lay 

up to 300 eggs during their lifetime and those fertilised by a male can lay up to 1000; in this 

way, induction of male worms and genetic crosses are very easily achievable as single worms 

can be selected to produce clonal populations before genotyping.11  

The time for development of an egg to an adult worm is around 72 hours at 25oC, with lifespan 

of wildtype (N2) worms averaging at around 20 days; making it an ideal model for ageing 

studies. In addition, the body of C. elegans is entirely transparent which makes it possible to 

easily image fluorescently tagged protein in live worms. The proteome of C. elegans has been 

reported to share 83% homology to humans16 and can be readily manipulated by a process 

known as RNA interference (RNAi), which involves simply incorporating dsDNA-expressing 

bacteria into their food source to silence specific protein coding mRNA.17  
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1.2 SKN-1 in C. elegans longevity pathways 

1.2.1 Insulin/IGF-1 signalling 

The insulin/IGF-1 signalling (IIS) pathway in C. elegans is a divergent pathway that transposes 

nutrient signals, in the form of insulin-like peptides (ILPs), to transcriptional programs that can 

alter the organisms’ metabolic rate, development, behaviour and lifespan. Activation of the 

DAF-2/IGFR receptor by ILPs in-turn switches on the AGE-1 phosphoinositide 3-kinase 

(PI3K), which initiates a kinase cascade resulting in the phosphorylation and cytoplasmic 

sequestration of the effector DAF-16/FoxO and SKN-1/Nrf transcription factors.18 

Consequently, when the IIS pathway is inactive DAF-16/FoxO and SKN-1/Nrf freely enter the 

nucleus to regulate transcriptional programs involving stress resistance, redox balance, 

mitochondrial function, lipid metabolism and the unfolded protein response (UPR) (Figure 2). 

In the ASI neurons, SKN-1B is constitutively active and may be under the control of other 

associated factors, however in intestinal cells SKN-1A/C is cytosolic under low stress after 

being phosphorylated by GSK-3.19 Under stress, intestinal SKN-1A/C then accumulates in the 

nucleus and becomes transcriptionally active, which is dependent on the p38 MAPK.6  

The C. elegans genome encodes only one insulin/IGF-1 receptor (IGFR) but is predicted to 

encode a much larger number of insulin-like peptides (ILPs), many of which still have 

incompletely known function. Genetic studies using knockout strategies have identified 

functions for most of the 40 known ILPs expressed by C. elegans, which includes roles in 

development, metabolism and age-related diseases with some functional redundancy 

between ILP members.20 It is also important to note that most ILPs are expressed in neuronal 

tissue, although there has been evidence of ILP regulation in other tissues including the 

intestine.21 
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Figure 2 – Insulin/IGF-1 signalling (IIS) pathway in C. elegans 

In C. elegans, the IIS pathway is initiated by small insulin-like peptides (ILP) that cause DAF-2/IGFR receptor 

dimerisation and signalling through a conserved phosphorylation cascade homologous to mammalian PI3K 

signalling. The culmination of this pathway is the phosphorylation and inactivation of DAF-16/FoxO and SKN-1/Nrf. 

Active DAF-16/FoxO and SKN-1/Nrf in the absence of IIS signalling regulate genes involved in (oxidative) stress 

responses, development, UPR, mitochondrial function and therefore longevity. Created with BioRender. Signalling 

information obtained from KEGG. 

 

The importance of the IIS in the context of ageing came when it was discovered that genetic 

mutations of the daf-2 and age-1 genes significantly increased the lifespan of worms, as well 

as giving a protective resistance to many forms of stress.22 The effect of increased lifespan 

after inhibition of IIS is dependent on SKN-1 and DAF-16 transcription factors, which 

translocate to the nucleus of intestinal cells to mount a phase-2 detoxification response.5 In 

addition, transgenic expression of SKN-1 rescues the effects of impaired IIS signalling; 
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suggesting that the observed effects are primarily dependent on SKN-1, specifically intestinal 

SKN-1C.5 

Genetic ablation of IIS signalling components in the ASI neurons, such as DAF-2/IGFR, 

reduces the capacity for chemosensation and results in a DAF-16-dependent extension to 

lifespan, also influencing the expression of downstream ILPs.23,24 In addition, SKN-1B 

expression in the ASI neurons is a requirement for some DR protocols to extend lifespan, 

however overexpression of SKN-1B alone is not sufficient to increase lifespan.7 The control of 

ILP expression is central to the coordination of distal tissues to the external cues detected by 

sensory neurons; as these ILPs are transported by vesicles to other tissues in order to arouse 

a second IIS activation in different cell types, this is sometimes referred to as ILP-to-ILP 

signalling.25,26 This mechanism is poorly characterised, however ASI-specific SKN-1B 

probably has an integral role in the regulation of tissue coordination and has been shown to 

affect the expression of some ILPs such as ins-7 in the intestine (unpublished). In addition, 

the ASI neurons have been further implicated in regulating lifespan dependent of DAF-7/TGF-

β.27 The DAF-7/TGF-β pathway has also been shown to interact with IIS in manner that is still 

not fully understood, and it is not known whether ASI-specific SKN-1B and DAF-7/TGF- β have 

any cooperative effect on regulating lifespan.   

1.2.2 Dietary restriction and nutrient sensing  

Dietary restriction (DR) in C. elegans is a method of reducing food intake without causing 

malnutrition and is well known to extend lifespan as well as delay age-related disease.28 DR 

may include specific methods such as caloric restriction, involving the omission of particular 

components in the diet, or intermittent fasting. There are many methods of DR that have been 

developed by independent laboratories, including genetic mutants, deprivation of food, dilution 

of food or axenic culture media; which is summarised in table 1. 
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Table 1 – Methods of dietary restriction 

Various methods of dietary restriction that have independent longevity affects; lifespan extension is relative to the 

age of worms when DR began (birth, larval or adult). CDLM; chemically defined liquid medium, DP; dilution of 

peptide, DD; dietary deprivation, bDR; bacterial dietary restriction, BD; bacterial deprivation, sDR; solid dietary 

restriction, lDR; liquid dietary restriction.  

Method Medium Food Source Mutation Lifespan 

Extension 

Reference 

Control Solid Live E. coli / / / 

eat-2 Solid Live E. coli eat-2 ≤ 57% [29] 

Axenic Liquid Chemical broth None ≤ 150% [30] 

Resveratrol Solid E. coli None ≤ 14% [31] 

CDLM Liquid Chemical broth None ≤ 88% [32] 

DP Solid Live E. coli None ≤ 33% [33] 

DD Solid No E. coli None ≤ 50% [34] 

bDR Liquid Live E. coli +AB None ≤ 73% [35] 

BD Solid No E. coli None ≤ 29% [27] 

sDR Solid E. coli None ≤ 35% [36] 

lDR Solid + Liquid Live E. coli +AB None ≤ 28% [7] 

 

Of these methods, those used in this study include lDR and BD. The lDR method involves 

both a liquid and solid phase, where worms are placed into suspension of bacteria at a pre-

defined concentration in series. In one study using this method, bacterial dilution was found to 

extend lifespan up to ~28% at an intermediate dilution (2.5x107 CFU/mL) but interestingly 

found that further dilution and complete bacterial deprivation were not beneficial and actually 

detrimental to lifespan respectively.7 This effect is protocol-specific, as other labs have 

demonstrated an extension to lifespan during complete bacterial deprivation,34 and this 

discrepancy may be caused by behavioural changes associated with the sensory perception 

of liquid vs. solid media.37 These behavioural changes could directly interfere with the feeding 

ability of the worms, or may be indicative of changes to IIS signalling intermediates DAF-2 or 
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DAF-16 which are linked to swimming and quiescent behaviours37 though this is unclear. The 

lDR method however has been shown to extend lifespan in a manner that is dependent on 

SKN-1B, as overexpression of SKN-1B in the ASI neurons rescued the longevity defects 

displayed by skn-1(zu135) worms (genetic null mutation affecting all SKN-1 isoforms);7 thus 

making it an essential method in exploring the role of SKN-1B in the context of DR. The BD 

method more simply involves transferring worms to culture plates without any food source. 

This method also can extend lifespan to a similar level as lDR and  also requires ASI-specific 

factor DAF-7/TGF-β for this phenotype.27 DAF-7/TGF-β is intimately linked with IIS signalling 

and involves cross-regulation that is poorly defined, and could possibly implicate neuronal 

SKN-1B.  

1.2.3 Endoplasmic reticulum unfolded protein response 

The endoplasmic reticulum unfolded protein response (UPRER) is a protective pathway that 

acts as a failsafe for cells undergoing proteostatic stress with either defensive or apoptotic 

outcomes. Before the UPRER is involved, the ER utilises a quality control mechanism called 

the ER-associated degradation (ERAD) pathway; in which unfolded proteins are targeted for 

degradation by the proteasome after export from the ER lumen(Figure 3B).38 An overloading 

of the ERAD pathway during significant cellular stress will then trigger one of three parallel 

UPRER pathways regulated by ER transmembrane proteins (Figure 3C). The IRE-1 pathway 

begins with the release of inhibitory HSP-4/BiP due to accumulation of misfolded protein, 

resulting in receptor dimerisation.39 IRE-1 dimers with active endoribonuclease functions can 

then cleave XBP-1 mRNA for translation of spliced XBP-1; the XBP-1 transcription factor 

regulates genes including ER chaperone proteins, folding enzymes, ERAD factors and ER 

stress recovery.40 The PERK pathway similarly begins with dissociation of HSP-4/BiP and 

dimerisation; active PERK can then phosphorylate the eIF2α translational initiation factor to 

reduce global translation in order to reduce ER workload. Active eIF2α can also activate the 

ATF-4 transcription factor which switches on genes involved in redox homeostasis and the 

pro-apoptotic transcription factor CHOP.41 Finally, the ATF-6 pathway is initiated by 
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accumulation of misfolded protein in the ER lumen and translocation of the ATF-6 protein to 

the golgi body, where S1P/S2P proteases cleave ATF-6 into an active transcription factor. 

Genes regulated by ATF-6 include a myriad of protein chaperones, ERAD components and 

folding enzymes.42  

 

 

Figure 3 – The endoplasmic reticulum unfolded protein response (UPRER) in C. elegans 

(A) Correct protein folding post-translation in the ER results in appropriate export and post-translational modification in the 

Golgi body. (B) The ER-associated degradation pathway (ERAD). PDI-1 promotes degradation by removing non-native 

disulphide bonds on misfolded protein; PDI-1 oxidation state is regulated by Ero-1. Following translocation and ubiquitin 

ligation, misfolded proteins are targeted to the proteasome for degradation. (C) Accumulation of misfolded protein during 

considerable stress results in activation of three signalling branches. AARE; amino acid response element, regulated by ATF-

4 and SKN-1/Nrf for gene expression in amino acid metabolism, redox balance and ER stress recovery. ERSE; ER stress 

response element, regulated by ATF-6 and XBP-1 for genes involved in ER chaperone expression and ER stress recovery. 

URPE; unfolded response pathway element, regulated by XBP-1 for expression of ERAD factors. Created using BioRender. 

Signalling information obtained from KEGG.  
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SKN-1/Nrf has had an emerging role in the process of proteostasis, which is the cellular 

regulation of synthesis, folding, modification, trafficking and degradation of proteins. SKN-

1/Nrf transcriptionally regulates many of the subunit genes for the proteasome and can 

compensate for a loss of function of the proteasome during cellular stress or during 

pharmacological inhibition;43 making SKN-1/Nrf a possible therapeutic target for increasing the 

efficacy of proteasome inhibitors. Genes regulated by SKN-1 as part of the ER stress response 

includes many of the core UPR components, such as ire-1, xbp-1, hsp-4, aft-5 and in fact also 

includes feed-forward expression of skn-1 itself.44  

The relationship between SKN-1 and the UPRER is further complicated by the role of the UPRER 

regulating SKN-1 activity in response to stress. Under oxidative stress conditions, UPRER 

factors such as IRE-1 or HSP-4 are actually required for SKN-1 to actively regulate 

downstream target genes.44 It is also known that SKN-1 is constitutively present in the nucleus 

in low levels even during non-stressed conditions,45 this may suggest that SKN-1 activity may 

be in-part controlled by association with cooperative or inhibitory factors that are regulated by 

processes such as the UPRER; however this is unclear.  

1.2.4 Mitochondria and energy balance 

Mitochondria are dynamic organelles that have the potential to form large tubular networks 

under the control of fission, fusion and mitophagy. The regulation of mitochondrial network 

structures in order to maintain homeostatic balance is called mitohormesis. This response is 

induced by the onset of redox stress by reactive oxygen species (ROS) or energy imbalance, 

and results in the induction of cellular cues such as the mitochondrial UPR (UPRmt), 

mitophagy, dynamic remodelling and mitokine release. The link between healthy mitochondrial 

ageing and longevity is best described in the mitochondrial free radical theory of ageing 

(MFRTA) which suggests that damage to macromolecules by ROS produced during oxidative 

stress strongly contributes to cellular and organismal ageing.46 Gaining a better understanding 

of the process of functional decline in mitochondria during ageing also has a large number of 
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medical applications including mitochondrial disease, cancer, inflammatory disease, 

neuropathy and neurodegenerative disease.  

Maintenance of mitochondrial network homeostasis through dynamic remodelling, fission and 

fusion, is required for intermittent fasting-induced longevity effects in C. elegans. This is 

dependent on AMPK, fatty-acid oxidation (FAO) and peroxisomal activity. Inhibition of fission 

or fusion reduces AMPK activity and blocks DR-induced longevity; however, co-inhibition of 

both fission and fusion can extend lifespan through maintenance of healthy mitochondrial 

structure without dynamic remodelling.47 AMPK is a central regulator of cell energy 

homeostasis through its role in metabolic signalling, stress and responsiveness to AMP. In 

addition to this, AMPK controls mitohormesis by inducing biogenesis, dynamic remodelling 

and mitophagy/autophagy through PGC1α, DRP1 and ULK1 respectively, and also exerts this 

function through inhibition of the mTORC1 complex (Figure 4).48 

Impairment of mitophagy causes an accumulation of functionally aberrant mitochondria, and 

compromises stress resistance; resulting in the induction of a retrograde oxidative stress 

signal that is dependent on SKN-1. SKN-1 has the role of regulating mitochondrial biogenesis 

as well as feed-forward signalling through DCT-1 to enhance mitophagy. In skn-1 knockout 

experiments expression of dct-1 is reduced, and therefore also the mitophagy response is 

impaired.49 In this way, SKN-1 is linked to the classical mitophagy pathway and is probably 

involved in the maintenance of healthy mitochondria during ageing.  

Experiments with SKN-1 knockdown C. elegans have also shown that the lack of SKN-1 

changes mitochondrial network morphology in the body wall muscle cells of adult worms. 

Genetic mutants of skn-1 can induce mitochondrial membrane depolarisation, increased 

cytoplasmic Ca2+ and reduced total mtDNA.49 Low levels of insulin will induce mitophagy but 

not in skn-1 mutant worms, and knockdown combinations of skn-1, daf-16 and dct-1 will not 

produce any more of a significant effect of single knockdowns; suggesting that these 

molecules contribute to mitophagy as part of a common pathway.49  
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Mutations affecting skn-1 gain of function alleles also results in a permanently active starvation 

response that is dependent on SKN-1. Canonical SKN-1 regulation by the IIS is independent 

of this starvation response, and the response is instead dependent on the association of SKN-

1 with mitochondrial outer membrane protein PGAM-5.50 In addition to this, mutations in skn-

1 gain of function alleles also induce a Sma phenotype (small body size) which is attributed to 

reduced production of ATP during development.50  

 

Figure 4 – Mitochondrial signalling pathways in C. elegans 

The core regulatory molecule for mitochondrial homeostasis is AMPK, which controls signalling axes resulting in 

biogenesis, dynamic remodelling and fission/fusion of mitochondria. SKN-1 also has a role in mitochondrial function 

by direct association with PGAM-5 to orchestrate a unique starvation response,50 and via DCT-1/Bnip3 to regulate 

mitophagy.49 Image created using BioRender. Signalling information obtained from KEGG.  
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Together, this evidence suggests that SKN-1 has an important yet not fully defined role in 

regulating the biogenesis, activity, lifespan and morphology of mitochondria in C. elegans. Of 

particular interest to this study, it is unclear whether neuronal SKN-1B has any influence on 

the regulation of mitochondrial networks by fission, fusion or mitophagy. However, the role of 

SKN-1B in tissue coordination via ILP to IIS signalling may suggest that SKN-1B could also 

have a role here; as the IIS in body wall muscle is important for orchestrating appropriate 

morphological changes to mitochondrial networks in response to redox and energy imbalance.  

1.4 Research aims 

The aim of this study is to investigate the effects of the specific skn-1b(tm4241) loss-of-

function mutation on three main pathways that are known to influence longevity: IIS, UPRER 

and mitochondrial network morphology. As DR has been shown to be important for these 

pathways, and to be associated to the ASI neurons (and therefore possibly SKN-1B), these 

effects will be investigated also in the context of DR (lDR and BD) to identify novel points of 

regulation for SKN-1B that may be involved in improving lifespan or age-related health. To this 

end, we have implemented the use of a truncated form of SKN-1B (tm4241 mutation) which 

results in expression of a non-functional SKN-1B product that is likely degraded by 

proteasomal machinery. We have also put to use a SKN-1B::GFP transgenic strain that 

specifically overexpresses GFP-tagged SKN-1B; because SKN-1B is epigenetically regulated 

to be expressed independently in the ASI neurons, this results in a specific GFP signal 

originating in the ASIs. This tool will be used to assess changes in SKN-1B expression as a 

consequence of manipulation of other signalling pathways or genes.  
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2. Materials and methods 

2.1 Strains 

Table 2 – List of C. elegans strains used 

Strains JMT82, JMT85 and JMT76 were produced as part of this study, as detailed in sections 2.3.2, 2.3.3 and 

supplementary figures 1-4. All other strains were gifted by Dr. Jennifer Tullet at the University of Kent.  

Name Genotype 

CGCM N2 wildtype 

GA1058 skn-1b(tm4241) IV 

GA1017 wuEx217[skn-1b::GFP::skn-1 3'UTR] 

GA1064 muEx227[pNL213(ges-1p::GFP::daf-16) + rol-6(su1006)] 

GA400 wuEx43[pPD95.77 sod-3::GFP, rol-6(su1006)] 

SJ4005 zcIs4[hsp-4::GFP]  V 

WBM671 wbmEx289[myo-3p::tomm20(aa1-49)::GFP::unc54 3’UTR] 

JMT82 muEx227[pNL213(ges-1p::GFP::daf-16) + rol-6(su1006)]; skn-1b(tm4241) IV 

JMT85 wuEx43[pPD95.77 sod-3::GFP, rol-6(su1006)]; skn-1b(tm4241) IV 

JMT80 zcIs4[hsp-4::GFP]  V; skn-1b(tm4241) IV 

JMT76 WbmEx289[myo-3p::tomm20(aa1-49)::GFP::unc54 3’UTR]; skn-1b(tm4241) IV 

 

2.2 List of reagents 

Nematode growth medium (NGM) 

0.3% NaCl w/v, 1.7% granulated agar w/v, 0.25% bactopeptone w/v in dH2O autoclaved and 

cooled before addition of sterile 25mM KH2PO4 pH6.0, 1mM MgSO4, 1mM CaCl2 and 

5µgm/mL cholesterol in ethanol.  

M9 buffer  

0.3% KH2PO4 w/v, 0.6% Na2HPO4 w/v, 0.5% NaCl w/v in dH2O autoclaved and cooled before 

addition of sterile 1mM MgSO4. 

LB plates and media 

LB agar was produced by adding 2.5% LB broth w/v and 1.5% granulated agar w/v in dH2O 

and sterilised by autoclave. 
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LB liquid media was produced by adding 2.5% LB broth w/v in dH2O and sterilised by 

autoclave.  

Antibiotics were added where necessary after sterilisation; see sections 2.3.2 and 2.3.4 for 

OP50-1 and HT115 E. coli cultures respectively.   

lDR dietary restriction medium  

This DR protocol requires two phases, a bottom solid agar mix and an aqueous layer above 

to hold worms in suspension. This was performed in 6 or 24-well plates, with equal volumes 

of top and bottom lDR media used (2.5mL in 6-well plates, 500µL in 24-well plates).  

lDR bottom media contains the standard NGM mix with the addition of 1mg/mL erythromycin, 

12.5µg/mL FuDR, 50µg/mL ampicillin and 1mM IPTG. lDR top media contains the same 

preparation with the omission of agar from the NGM mix.  

2.3 Methods 

2.3.1 Bacterial cultures 

Bacterial cultures stored in 50% glycerol in dH2O at -80oC were used to obtain single cell 

colonies on LB agar by streaking and incubating overnight at 37oC. Single colonies obtained 

from LB agar plates were used to inoculate LB liquid medium and grown overnight at 37oC 

with agitation.  

Where necessary, antibiotics and accessory components were added to media for selection 

or gene induction (see sections 2.3.2 and 2.3.4 for OP50-1 and HT115 respectively).  

2.3.2 Animal husbandry  

C. elegans strains were grown on NGM plates seeded with OP50-1 E. coli and unless 

otherwise stated were grown at 20oC. In LB agar plates, NGM plates and LB liquid media 

200µg/mL streptomycin and 10µg/mL nystatin were added for selection. Before experiments 
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were carried out, worms were fed ad libitum for at least 3 generations prior in order to restore 

epigenetic changes as a result of reduced food availability.  

Induction of males for genetic crosses was carried out by heat shock of L4 stage worms at 

30oC for 5 hours. Males were then identified by eye and used to create male stock plates. For 

crosses, L4 stage worms were placed onto a small spot of OP50-1 on an otherwise empty 

NGM plate at a ratio of 1:7 hermaphrodites-to-males in order to ensure a high probability of 

male fertilisation. After the initial cross, F1 generation worms were individually transferred onto 

new seeded NGM plates and clonal F2 generation worms were genotyped.  

Rolling worms (rol-6 (su1006)) where used were identified by eye. This transgenic strain 

expresses a defective cuticle component which results in the unilateral movement of the worm 

in circles (rolling) opposed to its usual sinusoidal movement and so therefore is a very useful 

tool in tracking transgene inheritance.  

2.3.3 Strain validation (genotyping) 

Individual F2 generation worms were dropped into 5µL worm lysis buffer (50mM KCl, 10mM 

Tric-HCl pH8.3, 2.5mM MgCl2, 0.45% NP-40, 0.45% Tween-20, 0.01% Gelatin, 1mg/mL 

Proteinase K) inside PCR tube lids before replacing the bottom of the tubes, centrifuging and 

starting lysis (70oC/1hr, 95oC/15min, 10oC/∞). 

After lysis and centrifugation, 15µL of PCR mastermix (2µM of each forward, reverse and 

internal primer in GoTaq all-in-one in dH2O) was added to each of the 5µL of lysed worms 

before PCR (94oC/1min, [94oC/30s, 60oC/30s, 72oC/1min]x30, 72oC/7min, 10oC/∞). 

The 20µL of PCR preparation was then transferred to a 1% agarose gel stained with ethidium 

bromide for visualisation.  

2.3.4 RNAi 

For RNAi, worms were grown on NGM plates containing 25µg/mL ampicillin and 1mM IPTG 

seeded with HT115 E. coli in LB liquid media also containing 25µg/mL ampicillin and 
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12.5µg/mL tetracycline. HT115 used for inoculation was grown on LB agar containing 25µg/mL 

ampicillin for selection.  

The HT115 strains used expressed complementary dsDNA to target genes inducible by IPTG; 

after seeding, plates were left for at least 24 hours to allow induction of dsDNA before transfer 

of worms for feeding.  

2.3.5 Lifespan analysis 

Worms at L4 stage were picked from OP50-1 seeded NGM plates and transferred onto fresh 

plates seeded with either HT115 or OP50-1 depending on whether RNAi would be used (see 

section 2.3.4 for RNAi), with additional 12.5µg/mL FuDR pipetted directly on-top of the 

bacterial lawn to limit progeny hatching. 20 worms were transferred per lifespan plate to 

improve accuracy of counting (5 plates per lifespan).  

Worms were scored every second day for the numbers alive, dead and censored. Censored 

worms include those killed by transfer, escaping the plate, burrowing, exploding intestine, 

internally hatched progeny, vulvar protrusion or contamination. Incubation temperature unless 

otherwise stated was 20oC.   

Lifespan analysis was carried out using OASIS 2. 

2.3.6 Dietary restriction 

Bacterial deprivation (BD) was carried out by transfer of L4-stage worms to empty NGM plated 

without any food source for 16 hours prior to analysis. Worms were previously grown on OP50-

1 seeded NGM for at least 3 generations prior to transfer.  

Liquid DR (lDR) was carried out by transferring L4-stage worms to solid lDR NGM inside 6 or 

24-well plates before addition of lDR top media (see section 2.2) containing HT115 PL4440 

empty-vector E. coli. LB liquid culture of HT115 was centrifuged at 5000rpm for 2 minutes, 

media was discarded, and the pellet was resuspended in lDR top media. Dilutions were 
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calculated by measurement of OD at 600nm to create a series of 2.5x109 CFU/mL, 1.25x109 

CFU/mL, 2.5x108 CFU/mL, 2.5x107 CFU/mL 2.5x106 CFU/mL and 0 CFU/mL.  

2.4 Microscopy 

2.4.1 Fluorescence  

Glass slides were prepared by placing a drop of 3% molten agarose in water onto a slide and 

then sandwiching another slide on-top using two adjacent taped slides as spacers to produce 

a thin agarose pad.51 Worms were then immobilised on agarose pads in a drop of ~10µL 

0.01% tetramisole hydrochloride in M9 with a glass cover slip placed on top.  

Images were acquired on a CCD camera using Leica Microsystems LAX X Life Sciences 

software. Exposure times varied between experiments as indicated in results. Image analysis 

was carried out by export of images to Fiji (ImageJ). Regions of interest were drawn (varying 

between experiment, e.g. whole worm or neuronal) and mean grey values were obtained to 

represent fluorescence intensity.  

2.4.2 TEM 

A large number of L4 worms (~100-200) were selected and transferred to M9 suspension in a 

100mm x 15mm culture dish. The M9 was aspirated and replaced by 2mL 2.5% glutaraldehyde 

in 100mM sodium cacodylate (CAB) buffer pH7.2. Under a dissecting scope in a fume hood, 

heads and tails of the worms were removed with a fresh scalpel; dissected worms were left 

overnight in the fixative at 4oC.  

Worms were washed twice with CAB and suspended in 2% low melting point agarose in CAB. 

Agarose was placed briefly at 4oC to solidify. Worms were identified under the microscope, 

excised and transferred in agarose to 7mL glass vials where they were post-fixed in 1% 

osmium tetroxide in CAB for 1 hour at room temperature. Samples were washed twice in Milli-

Q water for 10 minutes, then dehydrated in an ethanol series of 50%, 70%, 90% and finally 
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100% dry ethanol for 10 minutes each. The samples were then washed twice for 10 minutes 

each in propylene oxide.  

Freshly prepared agar scientific low viscosity (LV) resin was prepared fresh and mixed 1:1 

with propylene oxide before addition to the samples for 30 minutes at room temperature. 

Samples were incubated in fresh LV resin twice for 2 hours each. Samples were finally 

embedded in LV resin in shallow aluminium dishes and polymerised at 60oC for 24 hours. 

After polymerisation, worm fragments were identified by dissecting scope and individual 

worms were excised and orientated on a resin block for optimal sectioning.  

Sections of 70nm were cut using a Leica EM UC7 ultramicrotome with a Diatome diamond 

knife and collected onto 400-mesh copper grids (Agar Scientific). Counterstaining of sections 

was carried out by placing grids into droplets of 4.5% uranyl acetate for 45 minutes and 

Reynolds lead citrate for 7 minutes.  

2.5 Statistics 

For multiple comparisons across a single group, a simple Dunnett corrected One-Way ANOVA 

was used; and for multiple comparisons of multiple groups, a Sidak corrected Two-Way 

ANOVA (α=0.05) was used. Significance was reported as: ns = P>0.1234, * = P<0.0332,** = 

P<0.0021, *** = P<0.0002, **** = P<0.0001.  

When comparing the distributions of graded results (those of a pre-determined/categoric 

scale, used in DAF-16 analysis), the Chi Square test was used. To compare survival 

distributions during lifespan analyses, a long-rank test was used to determine changes of 

statistical significance. Significance here was reported as: ns = P>0.05, * = P<0.05, ** = 

P<0.001, *** = P<0.0001, 
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Results 

The aim of this study was to interrogate the role of SKN-1B within three distinct organismal 

processes which have all been linked to the regulation of lifespan. These processes are also 

affected by energy balance and exogenous cues such as sensory perception of food sources. 

As SKN-1B is uniquely expressed in the chemosensory ASI neurons, this point of regulation 

was investigated by bacterial deprivation or dilution in comparison to worms fed ad libitum.  

In order to achieve these goals, genetic crosses were first carried out to introduce the skn-

1b(tm4241) mutation, hereby referred to as Δskn-1b, into GFP reporter strains. This included 

the generation of JMT76, JMT82 and JMT85. Identification of successful crosses was carried 

out by visual confirmation of GFP or rolling phenotypes of reporter genes in addition to PCR 

amplification of the Δskn-1b mutation site using a 3-primer strategy to identify homozygous 

mutant Δskn-1b worms as summarised in supplementary figures 1-4. 

3.1 skn-1b::GFP expression is increased by dietary restriction 

To better understand the effects of reduced food intake on skn-1b expression, worms fed ad 

libitum on OP50-1 E. coli were placed on empty NGM plates (BD) for a period of 16 hours at 

20oC prior to immobilisation on glass slides and imaging of skn-1b::GFP (Figure 5A/C) in the 

ASI neurons. After starvation, these worms showed a significant increase in skn-1b::GFP 

fluorescence intensity at 200msec exposure to ~1.5-fold of the fed control group (P<0.0001, 

N≥135).  

In addition to bacterial deprivation, dilution of bacteria had a dose-dependent effect on skn-

1b::GFP expression. Here, worms were placed into suspension of HT115 E. coli of a pre-

determined CFU/mL value in a 24 well plate, in a protocol adapted from Bishop et. al.7 Worms 

were incubated at 20oC for 16 hours in lDR plates before being taken for imaging, exposure 

here was also 200msec. Induction of skn-1b::GFP rose significantly to a similar level as BD 

and peaked at 2.5x107 CFU/mL (P<0.0001, N≥80) (Figure 5B/D), showing that near-starvation 

conditions induce skn-1b::GFP to higher levels than complete bacterial deprivation. During 
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starvation also, it was observed that skn-1b::GFP was stably expressed in two or more 

additional neurons very close to the ASI neurons with an unknown function (data not shown). 

The frequency of these observations was also highest at 2.5x107 CFU/mL, which could 

suggest an unknown function of SKN-1B in these additional neurons that is controlled by a 

low sensory threshold possibly originating in the ASIs. Raw data for skn-1b::GFP fluorescence 

in BD and lDR protocols can be seen in supplementary figures 5 and 6 respectively. 

 

 

Figure 5 – Expression of skn-1b::GFP in response to dietary restriction by bacterial deprivation.  

ASI specific expression of SKN-1B was measured by GFP signal in response to dietary restriction by bacterial 

deprivation (A,B) or bacterial dilution (C,D). All data is representative of at least 3 replicates. Error bars show 

standard deviation of the mean. [(A), (B) Obtained from Dr. Max Thompson]. ns = P>0.1234, * = P<0.0332,** = 

P<0.0021, *** = P<0.0002, **** = P<0.0001. 
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3.2 DR-induced nuclear DAF-16 is short-lived in Δskn-1b mutant worms 

SKN-1 acts in parallel to DAF-16 downstream of the IIS signalling axis, and it is known that 

ASI-specific SKN-1B contributes to the expression of peptide signalling intermediates such as 

ins-7 that feed into the IIS in other tissues (data not shown). Therefore, it was next investigated 

whether SKN-1B is required for intestinal DAF-16 localisation and expression in the context of 

dietary restriction. To this end, a grading system was implemented to assess the level of 

nuclear localisation and expression of intestinal DAF-16::GFP shown in figure 6D and figure 

6E respectively.  

Daf-16::GFP N2 and Δskn-1b worms fed ad libitum on OP50-1 culture were transferred to 

empty NGM plates for 16 hours at 20oC for BD; imaging whole worms at 300msec exposure 

was carried both before and after (3 and 6 hours) re-feeding. Other studies have shown that 

re-feeding of worms induces a quiescent behavioural state that is dependent on DAF-16 

activity that normalises within 24 hours of re-feeding.37 Here, we observed an induction of 

intestinal DAF-16 nuclear localisation (Figure 6A) and expression levels (Figure 6B) that 

remained consistent after 6 hours of re-feeding in N2 worms (P<0.0001, N≥59; P<0.0001, 

N≥59); however, this phenotype was short-lived in Δskn-1b worms which converged towards 

basal daf-16::GFP localisation/expression within 3 hours (P<0.0001, N≥53; P<0.0001, N≥53).  

Next, N2 and Δskn-1b worms were also transferred to liquid suspension of HT115 E. coli at 

different dilutions for 16 hours at 20oC for lDR. Dietary restriction by bacterial dilution also 

induced intestinal daf-16::GFP nuclear localisation in a dose-dependent manner (P<0.0001, 

N≥51), although this was independent of Δskn-1b (P>0.05, N≥51) (Figure 6C). The percentage 

distributions of graded worms can also be seen in supplementary figure 7. Raw data for BD 

and lDR methods of DR are shown in supplementary figures 8 and 9 respectively.  
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Figure 6 – Daf-16::GFP expression in response to starvation in N2 and Δskn-1b worms 

Nuclear localisation and expression of Daf-16::GFP was determined after bacterial deprivation (A,B) and nuclear 

localisation after bacterial dilution (C) by a 4-point grading system (D,E). All data is representative of at least 3 

biological replicates, error bars show standard deviation of the mean. ns = P>0.05, * = P<0.05, ** = P<0.001, *** = 

P<0.0001, 
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3.3 lDR, but not BD, demonstrates SKN-1B-dependent sod-3::GFP upregulation 

As the DAF-16 data in section 3.2 explores localisation and expression levels of DAF-16 but 

not transcriptional activity, it was next asked whether SKN-1B is required for the transcriptional 

effects of DAF-16. To this end, a sod-3::GFP reporter strain was used to assess whole-worm 

fluorescence in BD and lDR contexts as a readout for DAF-16 activity.  

N2 and Δskn-1b worms grown ad libitum were transferred onto empty NGM plates for 16 hours 

at 20oC to induce DR by BD. Fluorescence intensity in whole worms at 150msec was 

measured and showed a ~2-fold increase in sod-3::GFP expression after BD in both N2 and 

Δskn-1b worms (P<0.0001, N≥57; P<0.0001, N≥59). There was no significant difference 

between N2 and Δskn-1b worms in either fed or starved conditions, indicating that SKN-1B is 

not required in this context for DAF-16 transcriptional activity in regulating sod-3 (P>0.05, 

N≥59; P>0.05, N≥57) (Figure 7A/C).  

Next, N2 and Δskn-1b worms were placed in lDR plates for 16-hours at 20oC prior to imaging 

also at 150msec. Expression of sod-3::GFP was also induced by lDR in N2 worms (P<0.0001, 

N≥57), but not in Δskn-1b worms (P>0.05, N≥57) (Figure 7B/D). As Δskn-1b worms showed 

a significantly lower expression of sod-3::GFP by lDR (P<0.0001, N≥57), it can be assumed 

that SKN-1B may be required for DAF-16 activity in this context at least for appropriate 

expression of sod-3. Additionally, the induction of sod-3::GFP by lDR was much lower than 

the degree seen by BD (~1.3-fold vs. ~2-fold). It is unclear why this difference occurs, and as 

previously discussed this may be due to perceptual differences in a liquid vs. solid food source. 

Nevertheless, the lDR method has previously been shown to require SKN-1B for longevity 

effects and it may be beneficial to fully elucidate the specific context requirements for SKN-1B 

dependency. Raw data for sod-3::GFP BD and lDR experiments can be seen in 

supplementary figures 10 and 11.  
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Figure 7 – Sod-3::GFP expression in response to starvation in N2 and Δskn-1b worms 

Expression of Sod-3::GFP was determined by whole-worm fluorescence in N2 and SKN-1B mutant backgrounds 

after bacterial deprivation (A,B) or bacterial dilution (C,D). All data is representative of at least 3 biological 

replicates, error bars show standard deviation of the mean. ns = P>0.1234, * = P<0.0332,** = P<0.0021, *** = 

P<0.0002, **** = P<0.0001. 
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3.4 SKN-1B may be required for UPRER component expression but not induction 

The next pathway investigated was the UPRER which couples longevity to enhanced stress 

resistance and complex changes to translational networks that are still not fully understood. 

Within this pathway, SKN-1 has a role in the transcriptional regulation of several UPRER 

components including HSP-4. Here, we look to see whether neuronal SKN-1B is required for 

distal tissue expression or induction of the abundant HSP-4 chaperone protein.  

Hsp-4::GFP worms in N2 and Δskn-1b backgrounds fed ad libitum on OP50-1 culture were 

starved for 16 hours at 20oC on empty NGM plates (BD) prior to imaging at 200msec exposure. 

In fed conditions, Δskn-1b worms had a significantly reduced hsp-4::GFP expression when 

compared to the N2 control group (P<0.0001, N≥62) suggesting that SKN-1B could be 

required for proper basal expression levels of hsp-4 and positively regulates hsp-4 expression 

in normal conditions. Additionally, starvation reduces expression of hsp-4::GFP in N2 worms 

with a further reduction in Δskn-1b worms (P<0.0001, N≥63; P<0.0001, N≥65) (Figure 8A/C). 

This may be reflective of a reduced UPRER response in Δskn-1b worms, or may be a 

transcriptional affect as hsp-4 is a SKN-1 target gene.   

Next, we wanted to demonstrate that hsp-4::GFP expression is reflective of the UPRER activity 

in this context. It is known that RNAi of the ero-1 oxidase will truncate the ERAD and induce 

UPRER activity due to accumulation of misfolded protein, and this should likewise induce 

UPRER components such as hsp-4. For this, N2 and Δskn-1b worms were grown on HT115 

ero-1 RNAi plates for 24 hours prior to imaging. It was successfully demonstrated that ero-1 

RNAi strongly induced hsp-4::GFP expression to ~6-fold the basal level in N2 and Δskn-1b 

worms (P<0.0001, N≥54; P<0.0001, N≥56) with no significant difference between N2 and 

Δskn-1b during ero-1 RNAi (P>0.05, N≥56) (Figure 8B/D). This suggests that whereas SKN-

1B may be required for expression of hsp-4 in normal conditions, it is not required for the 

induction of hsp-4 in response to ER stress. Raw data for hsp-4::GFP BD and ero-1 RNAi can 

be found in supplementary figures 12 and 13 respectively.  
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Figure 8 – Expression of hsp-4::GFP after starvation and ero-1 RNAi 

Expression of Hsp-4::GFP was measured by whole-worm fluorescence in N2 and SKN-1B mutant worms following 

bacterial deprivation (A,B) and ero-1 RNAi to induce the UPRER (C,D). All data is representative of at least 3 

biological replicates, error bars show standard deviation of the mean. ns = P>0.1234, * = P<0.0332,** = P<0.0021, 

*** = P<0.0002, **** = P<0.0001. 
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3.5 SKN-1B is not required for the ero-1 longevity phenotype 

In addition to ero-1 RNAi inducing the UPRER, as part of this phenotype it also has pro-

longevity effects that are dependent on UPRER signalling pathways. To investigate whether 

SKN-1B is required for this phenotype, we conducted a lifespan experiment; where a 

population of worms are monitored over their lifetime and the number of dead, surviving and 

censored (those that have died from unnatural causes) animals are recorded.  

First though, we wanted to investigate whether ero-1 RNAi had any effect on SKN-1B 

expression itself. For this, skn-1b::GFP worms were grown on RNAi plates containing either 

control vector or ero-1 vector HT115 E. coli. These were grown for 24 hours at 20oC prior to 

imaging at 200msec exposure. It was found that ero-1 modestly increased skn-1b::GFP 

expression to a significant level (P<0.05, N≥55) (Figure 9A), suggesting that ero-1 RNAi may 

have some unknown SKN-1B-dependent effects. Although, this increase is marginal and it is 

unclear if there is any biological significance to this change.  

For lifespan analysis, N2 and Δskn-1b worms were grown on empty vector or ero-1 RNAi 

plates containing FuDR and monitored. It was observed that ero-1 successfully prolonged 

lifespan in N2 worms (P<0.0001, N≥180), but also in Δskn-1b worms (P<0.0001, N≥180) with 

no significant difference between N2 and Δskn-1b (P>0.05, N≥180);suggesting that SKN-1B 

is not required for ero-1 RNAi-induced longevity (Figure 9B). There was also no difference 

between N2 and Δskn-1b empty vector controls (P>0.05, N≥180), showing that the Δskn-1b 

mutation alone has no effect on lifespan. Raw data for skn-1b::GFP and lifespan analysis can 

be seen in supplementary figures 14 and 15 respectively.  



32 | P a g e  
 

 

Figure 9 – Ero-1 RNAi also induces skn-1b::GFP and contributes to longevity independently of SKN-1B 

Expression of Skn-1b::GFP was determined by ASI fluorescence following Ero-1 RNAi (A), and lifespan analysis 

of N2 and SKN-1B mutant worms with Ero-1 RNAi or empty vector treatment (B). Fluorescence experiments are 

representative of at least biological replicated, error bars represent standard deviation of the mean. ns = P>0.1234, 

* = P<0.0332,** = P<0.0021, *** = P<0.0002, **** = P<0.0001. Lifespan experiments are representative of two 

pooled biological replicates. ns = P>0.05, * = P<0.05, ** = P<0.001, *** = P<0.0001. 
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3.6 SKN-1B is important for mitochondrial morphology 

Mitochondria are intimately linked to the extension of healthy organismal lifespan by the 

mitochondrial free radical theory of ageing (MFRTA). This theory suggests that free radicals, 

or reactive oxygen species (ROS) can contribute to ageing by directly damaging 

macromolecules. Proteins with a protective antioxidant effect can slow this process, and the 

overexpression of these can also contribute to extension of a healthy lifespan; SKN-1 

promotes the translation of many of these antioxidant factors involved in restoring homeostasis 

during oxidative stress, and so we investigated the effect of the Δskn-1b mutation on 

mitochondrial physiology in body wall muscles of C. elegans.  

L4 stage worms fed ad libitum on OP50-1 E. coli culture were transferred to either empty or 

seeded NGM plates (BD) for 24 hours at 20oC prior to imaging at 400msec exposure. The 

largest areas of clear body wall muscle were identified between the pharynx and vulva or the 

vulva and the tail; no significant difference was observed between these two segments and 

so measurements were able to be pooled. Two measurements were taken: firstly, whole 

muscle fibres were isolated and a threshold was used to create a binary image where a 

percentage of the whole fibre covered by fluorescence could be calculated using Fiji (ImageJ), 

and secondly the area of each individual fluorescent object over multiple fibres from multiple 

worms was calculated.  

In fed conditions, we observed significant decreases in the area coverage (P<0.0001, N≥49) 

and the average area of mitochondria (P<0.0001, N≥518) in Δskn-1b worms compared to N2. 

Likewise, in starved conditions there was a significant drop in both coverage and area in N2 

worms (P<0.0001, N=>49; P<0.0001, N=>518) with a further decrease in Δskn-1b worms 

(P<0.0001, N≥49; P<0.0001, N≥518) (Figure 10A/B). Visually, the Δskn-1b worms also had 

much more fragmentation in their mitochondrial networks (Figure 10C) which resembled a 

slightly starved phenotype more than the N2 control. Raw data for mitochondrial area 

coverage can be seen in supplementary figure 16.  
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Figure 10 – Loss of SKN-1B is associated with changes in mitochondrial network morphologies 

Expression of tomm20::GFP was used to visualise mitochondrial structures in the body wall muscle of 

anaesthetised worms. Average signal area coverage of whole muscle fibres (A) as well as average area of 

mitochondria (B) was calculated using Fiji software. Representative images of each condition shows fragmentation 

of networks upon starvation or SKN-1B depletion (C). Data represents at least 3 biological replicates, error bars 

show standard deviation of the mean. ns = P>0.1234, * = P<0.0332,** = P<0.0021, *** = P<0.0002, **** = P<0.0001. 

 

To identify if there were any clear morphological changes to mitochondrial structures in Δskn-

1b worms, TEM images of transverse and longitudinal sections of L4 stage worms were taken 

in ad libitum fed conditions. In N2 worms, the mitochondria observed were firstly more 

numerous than Δskn-1b mutants, possibly suggesting greater network connectivity; in 

addition, in Δskn-1b longitudinal sections the mitochondria seen appeared more elongated 

and narrower than the N2 control (Figure 11). This data together suggests that SKN-1B may 

have a role in regulating mitochondrial morphology; though as the Δskn-1b lifespan is the 

same as N2 wildtype, it is unclear if there is any consequence to the physiology of the worm 

because of this morphology change.  
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Figure 11 – TEM images of N2 and skn-1b worms fed ad libitum 

Transverse and longitudinal sections of worms freely fed were taken and imaged to observe morphological 

differences in N2 (A) and Δskn-1b (B) worms. Mitochondria are identified by red arrows. ΔSkn-1b worms were seen 

to have a sparser distribution of mitochondria in body wall muscle, and in longitudinal sections appeared to be more 

narrowed and elongated than N2 worms. Images are representative of multiple worms over one biological replicate.  
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Discussion 

The aim of this study was to identify novel interactions of SKN-1B within three pathways 

involved in lifespan determination in C. elegans in the context of dietary restriction. From this 

project, it has been found that SKN-1B interacts with many branches of longevity signalling 

pathways in a complex and context-dependent manner that can provide insight to the function 

of this scarcely studied SKN-1 isoform. 

4.1 Generation of new C. elegans strains  

The first aim of this project was to produce and validate new C. elegans strains that were 

homozygous for the Δskn-1b mutant allele and co-expressed one of the several reporter genes 

used here. Homozygosity of the reporter genes were identified by visual confirmation 

(fluorescence or rolling phenotypes) after PCR validation of the homozygous Δskn-1b 

mutation using a three-primer strategy summarised in supplementary figure 1. Using this 

method, JMT82(Ex[pNL213(ges-1p::GFP::daf-16) + rol-6(su1006)]; skn-1b(tm4241) IV), 

JMT85(wuEx43[pPD95.77 sod-3::GFP, rol-6(su1006)]; skn-1b(tm4241) IV) and 

JMT76(WbmEx289[myo-3p::tomm20(aa1-49)::GFP::unc54 3’UTR]; skn-1b(tm4241) IV) were 

successfully produced (supplementary figure 2-4). 

4.2 SKN-1B and the IIS 

4.2.1 Expression of skn-1b::GFP is BD and lDR responsive 

In this study, two individual DR protocols induced SKN-1B expression as determined by 

fluorescence from the wuEx217[skn-1b::GFP::skn-1 3'UTR] extrachromosomal array. Both 

BD and lDR induced skn-1b::GFP expression to similar levels of ~1.5-fold of the N2 wildtype 

control (P<0.0001, N≥135, P<0.0001, N≥80) (Figure 5). In addition, the appearance of 

additional neurons followed the same trend as skn-1b::GFP induction; suggesting that there 

may be an unknown function of SKN-1B independent of the ASI neurons that is controlled by 

an expression threshold (data not shown).  
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Both the BD and lDR protocols are able to extend lifespan, which would coincide with greater 

expression of SKN-1B in the ASI neurons according to this data. Although it was not 

investigated here whether the Δskn-1b mutation was required for DR to extend lifespan, this 

would be a further consideration. The lDR protocol has been shown to require ASI-specific 

SKN-1B to extend lifespan, though this was performed by a skn-1b transgene rescue 

experiment in animals lacking SKN-1 (zu135) and may not reflect endogenous levels of SKN-

1B.7  

From the ASI neurons, although SKN-1B has been shown to be required for longevity 

phenotypes in the lDR method,7 it has not yet been investigated whether it is a requirement 

for BD to extend lifespan. The BD method has only been shown to extend lifespan in a manner 

that is dependent on neuronal DAF-7/TGF-β which, likewise, is also required for DAF-16 

nuclear localisation in the intestine following DR.27 However, it is known that the DAF-7/TGF-

β signalling axis is also controlled by IIS signalling in the ASI neurons52 and so therefore it is 

possible that neuronal SKN-1B also has a role in regulating DAF-7/TGF-β to control longevity 

effects in the BD method.  

4.2.2 DAF-16 localisation in response to DR is short-lived in skn-1b mutants 

Our finding that the nuclear localisation and expression of DAF-16 in Ex[pNL213(ges-

1p::GFP::daf-16) + rol-6(su1006)] worms co-expressing the Δskn-1b mutation is short lived 

implicates behavioural changes that may be controlled by SKN-1B. It was shown that SKN-

1B is not required for DAF-16 localisation and expression changes immediately induced by 

BD (P<0.0001, N≥59; P<0.001, N≥53) or by lDR (P<0.0001, N≥53) as there was a significant 

increase in Δskn-1b mutant worms (Figure 6). A modification of the BD protocol was made to 

include refeeding post-starvation to investigate the longer-term effects of DAF-16 localisation 

and expression, as it is known that DAF-16 levels remain high after refeeding to regulate a 

quiescent behavioural state.37 After 6 hours of refeeding, DAF-16 localisation and expression 

were reduced almost to the level of the fed control in Δskn-1b mutants (P>0.05, N≥53; P<0.05, 
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N≥53), whereas in N2 worms this was consistently elevated (P<0.0001, N=>59; P<0.0001, 

N≥59).  

In N2 worms, starvation and refeeding is a method of inducing quiescent behaviour that is 

dependent on DAF-16. Elevated levels of DAF-16 are required for quiescent sleep-like 

behaviour under these conditions; and quiescence usually resolves within 24 hours post-

refeeding.53 This data suggests that Δskn-1b worms are unable to appropriately maintain DAF-

16 levels in the intestine following refeeding after starvation, which may correlate with a 

behavioural defect such as reduced quiescence; though this is yet to be shown. The reduced 

ability for Δskn-1b mutants to maintain DAF-16 nuclear localisation in the intestine could also 

be related to DAF-7/TGF-β signalling as previously mentioned, as DAF-7/TGF-β is also 

required for this effect and exclusively expressed in the ASI neurons.27 Interactions between 

SKN-1B and DAF-7/TGF-β remain to be investigated.  

4.2.3 Expression of sod-3::GFP is SKN-1B dependent in lDR 

We next asked whether the DAF-16 localisation and expression observed is related to its 

transcriptional activity in the downstream DAF-16-specific gene sod-3. For this, we used 

wuEx43[pPD95.77 sod-3::GFP, rol-6(su1006)] worms. We observed no significant change to 

sod-3::GFP expression between N2 and Δskn-1b worms in fed (P>0.05, N≥57) or fasted 

(P>0.05, N≥59) conditions using the BD protocol, suggesting that intestinal DAF-16 activity is 

unchanged in Δskn-1b mutant worms.  

Interestingly though, there was a significant reduction in sod-3::GFP expression in fasted 

conditions in Δskn-1b worms using the lDR protocol (P<0.0001, N≥57). The level of sod-

3::GFP induction using lDR was also much lower (maximum ~1.3-fold) compared to BD 

(maximum ~2-fold), which exemplifies the complex nature of DR pathways in C. elegans. This 

difference may be the effect of sensory perception of food in liquid media, as this is known to 

interfere with IIS signalling in an undefined way.37 
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As the lDR method extends lifespan in a SKN-1B-dependent fashion, it is interesting how the 

same method demonstrates an overall reduced expression of this DAF-16 target gene and no 

change to sod-3 expression under DR conditions in Δskn-1b worms. As sod-3 is a 

mitochondrial oxidative stress response gene, this may indicate a lower level of stress 

experienced by worms in lDR than BD. Additionally, as it was shown that SKN-1B is not 

required for the expression of sod-3 in BD, the difference in expression in lDR conditions must 

be due to another unknown factor or role of SKN-1B. This phenotype may further suggest 

either that Δskn-1b worms are unable to appropriately respond to oxidative stress, or that they 

are more capable of reducing stress levels in certain environmental contexts, indicated by the 

low expression of sod-3, however this is unclear.  

4.3 SKN-1B and the UPRER 

4.3.1 Expression, but not induction, of hsp-4 is regulated by SKN-1B  

As SKN-1 is known to transcriptionally regulate many of the UPRER components, it was 

hypothesised that SKN-1B could be required for distal tissues to appropriately express UPRER 

genes. In zcIs4[hsp-4::GFP] V worms, it was found that Δskn-1b worms had a significantly 

lower expression of hsp-4::GFP under fed conditions (P<0.0001, N≥62), suggesting that SKN-

1B may indirectly positively regulate hsp-4 and therefore the UPRER in tissues outside the ASI 

neurons. Starvation by BD had the effect of significantly reducing the expression of hsp-

4::GFP in both N2 (P<0.0001, N≥62) and further in Δskn-1b worms (P<0.0001, N≥65) contrary 

to the notion that DR induces expression of UPRER components and extends lifespan through 

IRE-1 dependent pathways.54 This difference may be due to the BD method which could 

reduce global translation and therefore ER folding workload due to nutrient limitation.  

To induce the UPRER there are multiple methods. Here, we employed ero-1 RNAi, as chemical 

methods such as tunicamycin may have off-target effects which are difficult to distinguish. Ero-

1 is an oxidoreductase that effectively reoxidises the PDI-1 protein disulphide isomerase which 

is a crucial step in the ERAD. By preventing this stage of the ERAD, misfolded proteins 
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accumulate in the ER lumen and activate the UPRER, which is shown by a large 6-fold increase 

in hsp-4::GFP expression in both N2 (P<0.0001, N≥54) and Δskn-1b (P<0.0001, N≥56) 

worms. Although hsp-4::GFP expression is basally lower in Δskn-1b worms, the induction of 

the UPRER by ero-1 RNAi seems to be independent of SKN-1B (P>0.05, ≥54), suggesting that 

the role of SKN-1B here may only be to transcriptionally regulate UPRER components in non-

stressed conditions.  

4.3.2 Ero-1 extends lifespan independently of SKN-1B 

It has been previously characterised that ero-1 RNAi extends lifespan through initiation of the 

UPRER and primarily exerts this phenotype through IRE-1-dependent signalling. Therefore, it 

was next investigated whether SKN-1B is required for the longevity effects of the UPRER by 

ero-1 RNAi and whether this affected SKN-1B expression itself.  

It was first found that ero-1 RNAi moderately induced the expression of skn-1b in 

wuEx217[skn-1b::GFP::skn-1 3'UTR] worms to a significant level (P<0.05, N≥55). This has 

been shown to be independent of the action of the UPRER in whole worm fluorescence, and 

so therefore may be more indicative of SKN-1B activity to restore protein homeostasis within 

the ASI neurons.  

Lifespan analysis of N2 and Δskn-1b worms revealed that whereas ero-1 RNAi successfully 

extended N2 lifespan by >50% (P<0.0001, N≥180) it also did so in Δskn-1b mutants 

(P<0.0001, N≥180) without any significant difference between these two genotypes (P>0.05, 

N≥180). This data shows that whereas SKN-1B may have a role in transcriptional regulation 

of UPRER components, and is itself upregulated by ER stress, it does not have any role in the 

determination of lifespan by ero-1 RNAi.  
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4.4 SKN-1B and the mitochondria 

4.4.1 Δskn-1b mutants have an associated mitochondrial morphology defect  

To assess whether changes in signalling by Δskn-1b mutation contribute to any physiological 

differences, the mitochondrial network morphology within the body wall muscle of 

wbmEx289[myo-3p::tomm20(aa1-49)::GFP::unc54 3’UTR] worms was investigated. This also 

included BD DR conditions as it is known that starvation contributes to a disorganised 

mitochondrial network morphology associated with mitophagy due to energy imbalance.  

For this, average coverage of mitochondria in whole fibres as well as average area of 

individual mitochondria within fibres were measured. Here, we found a significant decrease in 

the area coverage and mitochondrial size in Δskn-1b worms compared to N2 in both fed 

(P<0.0001, N≥54; P<0.0001, N≥518) and starved (P<0.001, N≥49; P<0.001, N≥518) 

conditions. Starvation also had the effect of reducing both coverage and area in N2 (P<0.0001, 

N≥49; P<0.0001, N≥518) and Δskn-1b (P<0.0001, N≥57; P<0.0001, N≥518) worms 

independently as expected. Fed Δskn-1b worms showed a modest but significant decrease in 

average area, as the networks seen were not so sparsely distributed but exhibited a much 

greater degree of fragmentation, and therefore decrease in average mitochondrial area. This 

data suggests that SKN-1B is required for normal mitochondrial network morphology, and it is 

still able to adapt to changes. If SKN-1B was causing a defect in the dynamic remodelling of 

mitochondrial networks, the phenotype may be more severe than the one observed; but as 

SKN-1 is involved in regulating mitophagy, this may also include SKN-1B to an extent in order 

to cause a minor phenotypic change that doesn’t affect physiology or lifespan.  

The morphology changes seen here may also be in-part explained by the difference in sod-3 

expression by specific lDR starvation. If Δskn-1b mutant worms, in certain contexts, are unable 

to respond adequately to oxidative stress by under-expression of mitochondrial sod-3, then 

this could result in damage to organelles and an increased rate of mitophagy. This is supported 

by the fact that high SOD-3 levels are associated with superior mitochondrial health and 
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longevity phenotypes.55 On the other hand, in this study it was shown that there is no difference 

in sod-3 expression between N2 and Δskn-1b in fed conditions, though there is a difference 

in mitochondrial morphology; meaning that if SOD-3 is linked at all to this phenotype it is a 

combinatory effect with other factors.  
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Supplementary information 

 

Supplementary Figure 1 – PCR primer strategy for skn-1b(tm4241) genotyping 

A three-primer strategy including an internal primer annealing site (light blue) within the tm4241 deletion (pink). 

Forward and reverse primer annealing sites shown in green and yellow respectively. Flanking regions of tm4241 

deletion are shown in grey. Below, expected band sizes of wildtype and skn-1b(tm4241) alleles are shown.  
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Supplementary Figure 2 – Validation of daf-16::GFP;skn-1b(tm4241) cross using single-worm PCR 

Lanes represent PCR products from individual worms that were allowed to generate clonal offspring prior to lysis. 

N2 and skn-1b(tm4241) worms used as a control in the first two wells (blue rectangle) showing homozygosity for 

expected 400bp (wildtype allele) and 913bp (tm4241 deletion). The green rectangle represents all other samples. 

Yellow circles above lanes indicate homozygous skn-1b(tm4241) mutants.  

 

 

Supplementary Figure 3 – Validation of sod-3::GFP;skn-1b(tm4241) cross using single-worm PCR 

Each lane represents PCR product derived from single worm lysis post egg-laying. N2 and skn-1b(tm4241) controls 

are shown in a blue rectangle and demonstrate homozygosity for wildtype and tm4241 deletion alleles respectively, 

all other samples are in a green rectangle. Yellow circles above lanes indicate homozygous skn-1b(tm4241) 

mutants.  
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Supplementary Figure 4 – Validation of tomm20::GFP;skn-1b(tm4241) cross using single-worm PCR 

Lanes represent PCR products from single worms after being allowed to generate offspring. N2 and skn-

1b(tm4241) controls are shown in a blue rectangle with homozygosity for wildtype and tm4241 deletion alleles 

respectively, all other samples are shown in a green rectangle. Yellow circles represent homozygous skn-

1b(tm4241) mutants.  
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Supplementary Figure 5 – Raw data for bacterial deprivation (BD) skn-1b::GFP fluorescence  

Numbers represent fold-change in skn-1b::GFP fluorescence intensity measured using ImageJ. A Student’s T-test 

was used to determine statistical significance between N2 starved and N2 fed worms with pooled data. Data 

obtained from Dr. Max Thompson.  



52 | P a g e  
 

 

Supplementary Figure 6 – Raw data for liquid dietary restriction (lDR) skn-1b::GFP fluorescence 

Numbers represent fold-change in fluorescence intensity of skn-1b::GFP in lDR at different bacterial dilutions. 

Comparisons between pooled data for all groups were made using a One Way ANOVA test.   
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Supplementary Figure 7 – Proportions of worms graded in daf-16::GFP experiments 

(A) Percentage of worms graded “None”, “Low”, “Intermediate” or “High” for nuclear daf-16::GFP in fed, starved 

and 3/6 hours post-refeeding. (B) Percentage of worms graded “Very Low”, “Low”, “Intermediate” or “High” for daf-

16::GFP expression levels in fed, starved and 3/6 hours post-refeeding. (C) Percentage of worms graded “None”, 

“Low”, “Intermediate” or “High” for nuclear daf-16::GFP after 16 hours lDR at different bacterial dilutions.  
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Supplementary Figure 8 – Raw data for daf-16::GFP fluorescence after BD and refeeding  

Numbers represent grading of worms for nuclear localisation or expression of daf-16::GFP in fed, starved and 3/6 

hour post-refeeding conditions. Statistical significance was determined by Chi-squared testing.  
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Supplementary Figure 9 – Raw data for daf-16::GFP nuclear localisation grading after 16 hours lDR 

Numbers represent grading of nuclear localisation of daf-16::GFP following 16-hours incubation at different 

bacterial dilutions. P-values of all comparisons are shown in a grid calculated by Chi-squared testing for pooled 

data.  
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Supplementary Figure 10 – Raw data of sod-3::GFP expression after 16 hours BD in N2 and Δskn-1b worms 

Numbers represent fold-change in sod-3::GFP fluorescence intensity after 16 hours of dietary restriction by BD. P-

Values of all group comparisons calculated by Two-Way ANOVA testing. 

 

 

 

 

 

 

 

 

 

 

 



57 | P a g e  
 

 

Supplementary Figure 11 – Raw data for sod-3::GFP expression after 16 hour lDR in N2 and Δskn-1b worms 

Numbers represent fold-change in sod-3::GFP fluorescence intensity following 16-hour lDR at different bacterial 

dilutions. A One-Way ANOVA test was used to determine statistical significance of pooled data between all groups. 
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Supplementary Figure 12 – Raw data of hsp-4::GFP expression after BD in N2 and Δskn-1b worms 

Numbers represent fold-change in hsp-4::GFP expression measured by whole-worm fluorescence intensity after 

16-hours dietary restriction by BD. Comparisons between all groups were made using a Two-Way ANOVA test.  

 

Supplementary Figure 13 – Raw data of hsp-4::GFP expression after ero-1 RNAi in N2 and Δskn-1b worms 

Numbers represent fold-change in hsp-4::GFP whole worm fluorescence intensity after 24-hours feeding on ero-1 

RNAi. Statistical significance was determined by One-Way ANOVA testing.  
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Supplementary Figure 14 – Raw data of skn-1b::GFP fluorescence with ero-1 RNAi 

Numbers represent fold-change in skn-1b::GFP fluorescence intensity after 24-hours feeding on ero-1 RNAi. 

Statistical significance was determined by One-Way ANOVA testing.  
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Supplementary Figure 15 – Raw ero-1 RNAi lifespan data 

Two independent lifespan trials (A; trial 1, B; trial 2) of ero-1 RNAi in N2 and Δskn-1b worms were carried out. Both 

independent trials showed similar effects of a significant extension of lifespan in ero-1 RNAi conditions that did not 

require SKN-1B.  
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Appendix 16 – Raw data of mitochondrial % coverage in body wall muscle of N2 and Δskn-1b worms 

Numbers represent the fold change in area coverage of mitochondria as a percentage of whole muscle fibres in 

N2 or Δskn-1b worms; in fed conditions or after 16 hours starvation by BD. Below, statistical significance was 

determined by comparison of groups with a One-Way ANOVA test.   


