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Abstract 

The Antarctic nematode Panagrolaimus davidi is the only organism known to survive 

extensive intracellular freezing throughout its tissues. While some animals can tolerate 

extracellular freezing, intracellular freezing is only documented in specific tissues of 

very few species. The extreme tolerance of P. davidi enables this nematode, together 

with tardigrades and rotifers, to survive in one of earth's coldest and driest 

environments. 

 

Although the physiological mechanisms of this extreme adaptation are partly 

understood, the molecular mechanisms remain largely unknown. The presence of ice-

active proteins has been suggested by the observation of recrystallization inhibition and 

hexagonal ice crystals. Furthermore, a recent transcriptomic study identified a number 

of genes up-regulated during acclimation including trehalose synthesis (tps) genes, late 

embryogenesis abundant (lea) proteins, heat shock proteins (hsp) and antioxidants. To 

approach P. davidi on a molecular level, the accessibility of this nematode towards 

high-throughput RNAi techniques has been investigated. 

 

The sensitivity of P. davidi towards RNAi-feeding was investigated compared with C. 

elegans as a positive technical control. Nematodes were fed dsRNA from one of two 

embryonic lethal genes (rps-2 and dhc) and one blister gene (duox) and their mRNA 

level measured using quantitative PCR. Pd-rps-2(RNAi) treated nematodes showed a 

significant decrease in larval hatching, but Pd-dhc(RNAi) and Pd-duox-42(RNAi) 

treated nematodes showed no phenotype. Furthermore, qPCR did not show a 

significant decrease in the mRNA level of Pd-rps-2(RNAi) treated animals, but showed 

a maximum down-regulation of Pd-rps-2 after 24 h of feeding. 

 

The dsRNA uptake of three different soaking protocols was investigated using the 

fluorescent dye FITC: soaking alone, octopamine-enhanced soaking and desiccation-

enhanced soaking. Nematodes soaked with and without octopamine showed mainly 

localized fluorescence, whereas those desiccated prior to soaking showed 

fluorescence throughout the body. Gene expression analysis of desiccated and soaked 

nematodes showed a significant and consistent decreased mRNA level of two of four 

tested genes (rps-2 and tps-2a). These data suggest that desiccation prior to soaking 

enhances the uptake of dsRNA-containing solution by the nematode on a cellular level. 
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In order to use this newly developed RNAi technique to screen for genes important in 

tolerating freezing, the expression of tps-2, lea-1, hsp-70 and gpx-1 (glutathione 

peroxidase 1) of acclimated and non-acclimated nematodes was analyzed using 

qPCR. Pd-tps-2 and Pd-lea-1 were significantly up-regulated after acclimation, 

indicating an inducible expression in the cold adaptation of P. davidi. The activity of tps-

2 after acclimation was also confirmed by an increased amount of trehalose itself 

(measured by gas chromatography). In contrast, Pd-gpx-1 and Pd-hsp-70 remained 

nearly unchanged, suggesting constitutive expression in P. davidi.  

 

Finally, the role of trehalose as well as the genes involved in trehalose synthesis in P. 

davidi was investigated. Compared to the controls, Pd-tps-2a(RNAi) treated and 

acclimated nematodes showed a significantly decreased mRNA level, but no reduction 

in trehalose or in freezing survival. The involvement of two other trehalose synthesis 

genes (tps-2b and gob-1) were revealed by qPCR. However, Pd-tps-2b(RNAi) treated 

and acclimated nematodes showed no decrease in mRNA level compared to the 

controls. The fact that not only the two tps-2 genes, but also gob-1 is involved in 

trehalose synthesis, suggests the existence of a multiple backup system in P. davidi. 

 

Taken together, these findings provide the first functional genomic approach to freezing 

tolerance in P. davidi and provide a set of tools which can be used to screen for genes 

involved in its extreme adaptation. The testing of different RNAi techniques showed 

that desiccation enhanced soaking can be used - in conjunction with qPCR - to screen 

for candidate genes. This molecular approach could help to uncover the secret of 

intracellular freezing tolerance in P. davidi, providing new insights in evolution and new 

applications for cryopreservation. 
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1 Chapter 1: General Introduction 

1.1 Background 

Terrestrial Antarctica is one of earth's harshest environments, challenging its 

inhabitants with extreme cold and drought, requiring extreme adaptation mechanisms. 

Perhaps the most exciting results of past adaptation studies in terrestrial Antarctic 

organisms was the discovery of the survival of intracellular freezing in the nematode 

Panagrolaimus davidi. Although the physiological mechanisms of this extreme 

adaptation are partly understood, mechanisms at the molecular level remain largely 

unknown.  

In this introduction I will cover (1) the different adaptation mechanisms in 

Antarctic nematodes generally, (2) the model organism P. davidi, with a focus on its 

unique physiological and molecular adaptation mechanisms in comparison to other 

nematode species, (3)  desiccation-related genes with a special focus on trehalose and 

(4) the attempts of establishing various RNAi techniques in different nematode species. 

1.2 Antarctic nematodes 

1.2.1 Ecology of Antarctic nematodes 

Being the coldest, driest and windiest continent on earth, Antarctica is an 

"extreme" environment in every way. Once Antarctica became isolated from temperate 

Gondwana and switched from "greenhouse" to "icehouse" in the Eocene (56 to 33.9 

million years ago), founder effects and genetic drift, combined with selection for cold 

adaptation resulted in speciation and high endemism (Tripati et al., 2005; Rogers, 

2007). The Antarctic flora consists mainly of mosses, algae and lichen, while the fauna 

consists mainly of nematodes, tardigrades, rotifers, mites and springtails (Convey, 

2001; Rogers, 2007). Fifty-seven nematode species of terrestrial Antarctica have been 

described and are considered to be Gondwana relicts and/or re-colonizers (Stevens et 

al., 2006; Andrássy, 2008; Raymond et al., 2013;). Microhabitat temperatures vary 

across all scales, with greater variation at drier sites than at wetter sites (Davey et al., 

1992). This microhabitat temperature variation is seasonal, with > 35 °C in summer and 

-60 °C in winter and may be diurnal with daily freeze-thaw cycles (Peck et al., 2006). 

Nematodes are affected by frequent freeze-thaw cycles, short growth and reproduction 
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cycles, exposure to high temperatures and variable freezing rates (Wharton, 2003). 

Frequent and rapid freezing results in resistance adaptation (surviving extreme 

conditions in a dormant state) rather than capacity adaptation (surviving extreme 

conditions in an active state through physical and behavioural adaptation), due to the 

environmental unpredictability (Wharton, 2002a). 

Nematode distribution is very patchy, mainly determined by abiotic factors (such 

as soil geochemistry) and with different species specialized to different niches 

(Raymond et al., 2013). P. davidi prefers saline, high nutrient and wet ornithogenic 

soils in penguin rookeries, which show low diversity due to the high salt and nutrient 

content and the possibility of rapid freezing (Porazinska et al., 2002; Barrett et al., 

2006). Scottnema lindsayae, in contrast, prefers dry and lichen-rich sites in the 

McMurdo Dry Valleys and is the most dominant species with the broadest distribution, 

due to its ability to grow and reproduce at colder temperatures (Freckman and Virginia, 

1997). 

The extreme abiotic conditions lead to a reduction in biodiversity and biotic 

interactions (Hogg et al., 2006). Interactions between temperature and water 

availability, combined with a low level of environmental predictability maintains simple 

ecosystems and food webs in terrestrial Antarctica (Peck et al., 2006). 

1.2.2 Adaptation in Antarctic nematodes 

Terrestrial Antarctic nematodes live in one of the harshest environments on earth, 

facing freezing and desiccation. Living at "the life's limit", terrestrial Antarctic 

nematodes are sensitive indicators of climate change and good models for extreme 

adaptation studies, providing new insights in evolution and new applications for 

cryopreservation (Wharton, 2002a). 

To survive under extreme conditions, terrestrial Antarctic nematodes developed 

two adaptation strategies (Wharton, 2002a,b). Extremophiles such as P. antarcticus 

(Caldwell, 1981) and S. lindsayae (Overhoff et al., 1993) grow and reproduce under 

extreme conditions, displaying capacity adaptation. In contrast, cryptobiotes such as P. 

davidi display resistance adaptation, surviving extreme conditions in a cryptobiotic 

(ametabolic) state and reproducing only under favorable conditions (> 6.8 °C) (Brown 

et al., 2004). 

There are three main freeze-adaptation strategies in nematodes and other 

invertebrates (Lee, 1991; Wharton, 2011): freeze avoidance, where animals supercool 

to keep their body fluids liquid below their freezing point; freeze-tolerance, where 
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animals tolerate ice formation in their bodies; and cryoprotective dehydration, where 

animals dehydrate because the vapour pressure of their supercooled body fluids is 

higher than that of the surrounding ice (Wharton et al., 2003). 

Since terrestrial Antarctica is not only the coldest, but also the driest continent on 

earth, its inhabitants also have special desiccation mechanisms. There are two main 

desiccation strategies (Womersley, 1987; Wharton, 2002b). Fast or innate desiccation 

strategists (e.g. P. superbus) are 'pre-adapted' and able to control their water loss, 

surviving immediate exposure to desiccation. In contrast, slow or external desiccation 

strategists (e.g. P. davidi) are unable to control their water loss and depend on slow 

drying habitats (Perry and Moens, 2011).  

Adaptation mechanisms enabling the tolerance of one environmental stress 

factor may increase the tolerance of others. An example is the accumulation of low 

molecular-weight carbohydrates, a feature of organisms that survive anhydrobiosis and 

cryobiosis (Grime, 1974; Weicht and Moorhead, 2004). The interplay between 

desiccation and freezing tolerance becomes further evident in organisms capable of 

undergoing cryoprotective dehydration (McGill et al., 2015).  

In Panagrolaimus a correlation between desiccation and freezing tolerance might 

be caused by overlapping biochemical protection responses, shared phylogeny or 

habitats with correlated selection for desiccation and freezing tolerance. The latter is 

supported by the fact that desiccation and freezing tolerance is strongly linked in 

temperate and polar, but not in tropical and subtropical Panagrolaimus strains. Early-

diverging Panagrolaimus lineages are strongly desiccation but weakly freezing tolerant, 

suggesting that freezing tolerance might be a derived trait (McGill et al., 2015). 

Desiccation mechanisms may have evolved during the spread of life from ocean to 

land (Oliver et al., 2000).  

1.3 The model organism Panagrolaimus davidi 

1.3.1 Panagrolaimus davidi vs. other nematodes 

Extreme adaptation in Antarctic nematodes is highlighted by the ability of P. 

davidi to survive intracellular freezing (Wharton and Ferns, 1995). Panagrolaimus 

davidi was originally isolated in 1989 from Ross Island, Antarctica and is one of the 

most extensively studied Antarctic nematodes (Wharton and Brown, 1989). Its unique 
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adaptation mechanisms result in a significantly higher survivability of P. davidi in 

comparison with other nematode species.  

Smith et al. compared the survivability in association with recrystallization 

inhibition (the growth of larger ice crystals at the expenses of smaller ones) of P. davidi 

with that of other species at -15 °C with and without acclimation at 5 °C (Fig.1.1) (Smith 

et al., 2008). Survivability was higher in acclimated samples and significantly higher in 

P. davidi, with a S50 value ~ 40 °C lower than that of the next best survivor (Ditylenchus 

dipsaci). Recrystallization inhibition was stronger in acclimated samples and strongest 

in P. davidi. However, no correlation between recrystallization inhibition and 

survivability was found, across a range of species. Such a correlation may be 

dependent on the cold adaptation strategy used, since recrystallization inhibition 

assists freeze-tolerance, but not cryoprotective dehydration (Smith et al., 2008). 

 

 

Figure 1.1: Survival of non-acclimated (open bars) and acclimated (hatched bars) nematodes 

after exposure to -15 °C (from Smith et al., 2008). 

 

The extreme cold tolerance of P. davidi compared to other nematodes may arise 

from a combination of rapid freezing, trehalose production and a recrystallization 

inhibiting ice-active protein (Wharton, 2003). Faster freezing times (0.2 s) may prevent 

osmotic stress resulting from varying freezing rates in different body parts (Wharton 

and Ferns, 1995). While freezing, 82% of body fluids are converted into ice, which is 

significantly higher than in other nematodes and at the limit of freezable water in 

biological systems (Wharton and Block, 1997). Furthermore, P. davidi shows 
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recrystallization inhibition but no ice nucleation or thermal hysteresis (difference 

between freezing and melting point), indicating that a recrystallization inhibiting protein, 

but no ice nucleation protein or antifreeze protein is present (Wharton and Worland, 

1998). 

Recent phylogenetic analysis revealed that the laboratory culture, which has now 

been cultured for over 20 years, is a different species to the field strain (Raymond et 

al., 2014). However, the only morphological difference between laboratory culture and 

field strain is the absence of males in the laboratory culture. The close phylogenetic 

relationship indicates that the laboratory strain is a distinct parthenogenic strain present 

at low abundance in the field but which is selected during culture. An alternative 

explanation is that the laboratory strain colonized Antarctica very recently and either 

evolved its extreme tolerance very fast or arrived "pre-adapted" (Lewis et al., 2009). 

This is indicated by the anhydrobiotic Panagrolaimus strains, including the P. davidi 

laboratory strain and the closely related Californian strains P. sp. PS1579 and P. sp. 

PS1159 forming a single phylogenetic lineage, from which the P. davidi field strain is 

genetically separated (Raymond et al., 2014). 

1.3.2 Freeze tolerance in Panagrolaimus davidi 

Perhaps the most exciting finding of adaptation studies in terrestrial Antarctic 

animals was the discovery of the survival of intracellular freezing in P. davidi (Wharton 

and Ferns, 1995). So far, P. davidi is the only multicellular animal known to survive 

extensive intracellular freezing under physiological conditions, showing high survival 

even after exposure to -80 °C (Wharton and Brown, 1991). This ability makes P. davidi 

a very precious model to study the underlying physiological and biochemical 

mechanisms.  

To survive in one of earth's harshest environments P. davidi uses different cold 

tolerance mechanisms depending on the freezing rate. Cryoprotective dehydration 

occurs if freezing rates are slow, but extra- and even intracellular freezing occurs if 

freezing rates are faster (Wharton and Ferns, 1995; Wharton et al., 2003). The 

increase in freezing rate produces a shift from cryoprotective dehydration to 

extracellular to intracellular freezing, accompanied by a decrease in survival (Wharton 

et al., 2005a). Freeze-avoidance only occurs in P. davidi eggs by preventing inoculative 

freezing via the eggshell (Wharton, 1995). 

Since nematodes are transparent, ice formation can be easily observed (Fig.1.2). 

As shown by Wharton and Ferns, freezing starts at the excretory pore and spreads 
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rapidly throughout the body until all compartments, including intracellular compartments 

are frozen (Wharton and Ferns, 1995). The formation of intracellular ice can be 

visualized by freeze-substitution and transmission electron microscopy (Wharton et al., 

2005b). 

 

 

Figure 1.2: Freezing in P. davidi (from Wharton and Ferns, 1995). 

 

By using these techniques, different patterns of ice formation have been 

observed depending on the speed of freezing (Fig.1.3): nematodes directly exposed to 

liquid nitrogen show ice crystals throughout all tissues, including nuclei and organelles, 

with no survival; slow frozen nematodes (-1 °C) show either no ice formation and a 

shrunken appearance (~ 25%) or extracellular ice formation (~ 70%), with 92% 

survival; and those fast frozen (-4 °C) showed intracellular (54%) and extracellular ice 

formation (42%), with an overall survival of only 53% (Wharton et al., 2005b). 

Extracellular ice is limited to the pseudocoel, lumen and extracellular spaces, whereas 

intracellular ice is confined to the cytoplasm with organelles in between the ice crystals. 

Intracellular frozen nematodes subsequently grow and reproduce after thawing 

(Wharton and Ferns, 1995). 

 

  

Figure 1.3: Electron micrographs of unfrozen (left), cryoprotective dehydrated (mid left), 

extracellular frozen (mid right) and intracellular frozen P. davidi (right) (from Wharton et al., 

2005b). 
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Recent studies showed that the tolerance to survive freezing, specially 

intracellular freezing, is affected by the nutritional status of nematodes (Raymond and 

Wharton, 2013). The effect of culture conditions on the nutrient status of the 

nematodes should thus be considered in the design of experiments. 

1.3.3 Ice active proteins in Panagrolaimus davidi 

Many cold tolerant organisms use ice active proteins (IAP) that affect the 

formation and stability of ice. There are three different types of IAP: ice nucleating 

proteins (INP) initiate ice formation (Zachariassen and Kristiansen, 2000; Duman, 

2001); antifreeze proteins (AFP) or thermal hysteresis proteins (THP) inhibit ice 

formation (Ewart et al., 1999; Duman, 2001; Fletcher et al., 2001); and recrystallization 

inhibiting proteins (RIP) stabilize ice crystals via recrystallization inhibition (RI) 

(Wharton et al., 2005a). IAP were usually referred to as AFP (Atıcı and Nalbantoǧlu, 

2003) or ice structuring proteins (Clarke et al., 2002), but some AFP show little 

antifreeze or structuring activity but affect ice formation and stability (Raymond, 1997). 

THP are usually associated with freeze-avoidance, lowering the freezing point without 

affecting the melting point by attaching to ice crystals and inhibiting their growth (Knight 

et al., 1995). RIP function by controlling the size, shape and location of ice crystals in 

freeze-tolerant organisms (Clarke et al., 2002).  

The P. davidi IAP shows RI (Fig.1.4), but no thermal hysteresis was detected by 

differential scanning calometry (Wharton and Block, 1997) or nanolitre osmometry 

(Wharton et al., 2005a). However, the presence of AFP in P. davidi might be indicated 

by ice nucleation inhibition (Wharton and Worland, 1998). The RIP in P. davidi extract 

reduces ice crystal size in a splat freezing assay by 78% and requires a dilution of 104 

to reduce the activity to that of the buffer control (Wharton et al., 2005a). The P. davidi 

IAP is further defined by heat stability, is affected by acid pH, is not calcium dependent 

and not affected by reagents targeting carbohydrate residues or sulfhydryl linkages 

(Wharton et al., 2005a).  

Nanolitre osmometry showed hexagonal ice crystal growth in P. davidi samples 

(Fig.1.4), indicating the presence of an ice-binding RIP (Jia and Davies, 2002). This 

IAP potentially is the key for survival of intracellular freezing in P. davidi, by controlling 

ice stability after its formation (Wharton et al., 2005a). However, attempts to purify the 

P. davidi RIP have been unsuccessful, the activity is easily lost during chromatography 

and does not bind to ice (Clarke et al., unpublished) in the affinity purification technique 
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(Kuiper et al., 2003) unlike other AFP. The fact that the P. davidi IAP could not be 

purified by proteomic approaches requires a genomic approach. 

 

  

Figure 1.4: Left: splat frozen samples of P. davidi (top) and a Tris-HCl buffer, pH 7.8 control 

(bottom) 0 min and 20 min after freezing; right: nanolitre osmometry of P. davidi (top) and a 

water control (bottom) (from Wharton et al., 2005a). Scale bars, 100 µm. 

1.4 Molecular adaptation mechanisms 

1.4.1 Desiccation related genes 

Although physiological mechanisms of cold adaptation in P. davidi are partly 

revealed, mechanisms at the molecular level remain largely unknown. Recent studies 

investigated gene expression in an Antarctic nematode (P. murrayi) using expressed 

sequence tags (EST) (Adhikari et al., 2009; Wharton and Marshall, 2009). 

Adhikari et al. identified genes up-regulated during desiccation in P. murrayi 

using EST and differential expression analysis (Adhikari et al., 2009). They found 1387 

of 2486 generated EST were unique transcripts and a comparison with known 

sequences showed that 38% are homologous to Caenorhabditis elegans, 7% to other 

nematodes, 11% to other organisms and 44% did not match any known sequence. A 

gene classification by Gene Ontology and Kyoto Encyclopedia of Genes and Genomes 

revealed that genes involved in metabolism and environmental information processing 

are the most up-regulated ones.  

Furthermore, subtractive hybridization using cDNA from desiccated and hydrated 

P. murrayi produced 80 desiccation specific sequences, of which 22 are involved in 

metabolism, 15 in environmental information processing, 23 in genetic information 

processing and 17 encode new proteins. Of 14 genes further examined by real-time 

qPCR, the mRNA level of late embryogenesis abundant (LEA) proteins, trehalose-6-
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phosphate synthase (TPS), antioxidants and an aquaporin, was up-regulated during 

desiccation (Fig.1.5). 

 

 

Figure 1.5: Genes  differentially expressed during desiccation in P. murrayi (from Adhikari et al., 

2009). 

 

LEA proteins, first identified in plant seeds, are thought to prevent protein 

aggregation during desiccation (Goyal et al., 2005). Antioxidants such as superoxide 

dismutase, Ras-related protein and glutathione S-transferase are known to prevent the 

increase in reactive oxygen species during desiccation (Wharton and Marshall, 2009). 

Aquaporin regulates water flow across cell membranes, possibly reducing desiccation-

induced osmotic stress (Wharton and Marshall, 2009). Furthermore, an antifreeze 

protein homolog was down-regulated during desiccation but up-regulated during 

freezing (Adhikari et al., 2009).  

In their review, Wharton & Marshall (2009) noted that subtractive hybridization 

excludes constitutively expressed genes, such as the important but constitutively 

expressed heat shock protein (hsp) 70 in notothenioid fish (Buckley et al., 2004), or 

RIP in P. davidi that is probably constitutively expressed as indicated by RI activity in 

non-acclimated samples (Ramløv et al., 1996). Furthermore, it detects differentially 

expressed but desiccation non-specific transcripts, such as the small ribosomal subunit 

S28, since any increase in protein synthesis during environmental stress is associated 

with an increase in ribosomal protein synthesis (Wharton and Marshall, 2009). 

Wharton & Marshall also noted that only the exposure to mild (87%) relative 

humidity (RH), but not to 0% RH was tested. Furthermore, C. elegans adults also have 

tps and lea genes and yet are not desiccation tolerant, surviving only 97% RH. 

Identification of  genuine proteins in desiccation and freezing is likely to involve 
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comparative studies including species with different tolerance levels (Wharton and 

Marshall, 2009). 

Tyson et al. (2012) identified 187 constitutively expressed candidate 

anhydrobiotic genes obtained from 9216 EST from unstressed P. superbus. Among 

these were MAP-kinases, transcription activators, antioxidants, molecular chaperones, 

components of the ubiquitin-proteasome system and DNA repair proteins, with lea and 

sxp/ral-2 (first identified in the cuticle of parasitic nematodes) being most up-regulated. 

Among desiccation-induced genes, the antioxidants glutathione peroxidase, dj-1 and 1-

Cys peroxiredoxin, an shsp and a lea gene were most abundant (Tyson et al., 2012). 

Panagrolaimus superbus seems to use a strategy of combined constitutive and 

induced gene expression to survive desiccation. The dominance of lea genes, together 

with their constitutive and induced expression suggest that LEA3 is a key protein in 

anhydrobiosis in P. superbus and possibly other species including P. davidi.  

Thorne et al. (2014) recently assembled both a transcriptome and a set of 

genomic scaffolds in P. davidi. Seven temperature treatments were used for DNA/RNA 

extraction, library construction, Illumina sequencing and genome/transcriptome 

assembly (Fig.1.6). In the P. davidi dataset, two trehalose synthesis genes (tps and 

gob), six aquaporin genes and three desaturase genes as well as nine different lea-

type genes and 20 hsp-70 like genes were identified as likely to be involved in 

cryoprotective dehydration (Thorne et al., 2014).  

 

 

Figure 1.6: Nematode temperature treatment for library construction. 
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1.4.2 Trehalose genes 

Perhaps the best characterized metabolic change during acclimation in slow 

desiccation strategists is the accumulation of disaccharides, such as sucrose in plants 

and trehalose in animals (Shannon et al., 2005). Trehalose is synthesized in cells from 

metabolites of glucose and is readily hydrolyzed to glucose (Behm, 1997). 

Accumulation of trehalose has been associated with successful induction of 

anhydrobiosis in nematodes such as A. avenae (Madin and Crowe, 1975), Anguina 

tritici and Ditylenchus dipsaci (Womersley and Smith, 1981). Trehalose is known to 

protect membranes and proteins from desiccation by replacing structural water (Crowe 

et al., 1984; Carpenter et al., 1987) and by forming a cellular glass (Crowe et al., 1998).  

In some species such as A. avenae, trehalose accumulation seems to be 

essential for surviving desiccation but is not sufficient since A. avenae requires further 

acclimation after maximum trehalose accumulation (Higa and Womersley, 1993; 

Browne et al., 2004). In other animals trehalose accumulation seems to be not 

essential, since some rotifer and tardigrade species do not produce trehalose at all and 

yet are anhydrobiotic (Lapinski and Tunnacliffe, 2003; Hengherr et al., 2008). Although 

trehalose is present in all life stages of C. elegans, (2.3% dry mass), only the dauer 

larvae is desiccation tolerant, indicating that trehalose is not necessarily involved in 

desiccation (Pellerone et al., 2003; Erkut et al., 2011).  

Shannon et al. found a strong correlation between acclimation and trehalose 

accumulation and the anhydrobiotic potential of nematodes (Shannon et al., 2005). 

Fast desiccation strategists (e.g. P. superbus) have a constantly high trehalose level 

(10.8% dry mass), only showing a small increase after acclimation (~ 16%) not 

associated with an increase in survival. Slow desiccation strategists (A. avenae, P. 

davidi), however, have a constantly low trehalose level (~ 4.5%), showing a big 

increase after acclimation (8.5-14.2%) associated with an increase in survival 

(Shannon et al., 2005). 

While some species tolerate desiccation in every stage of their life cycle, C. 

elegans has only one developmentally-arrested and stress-resistant stage, the dauer 

larva. This is a slow desiccation strategist, showing 10% survival after exposure to 0% 

RH, following acclimation at 98% RH (Erkut et al., 2011). Double-deletion mutants 

(ΔΔtps) lacking genes for two enzymes involved in trehalose synthesis (tps-1 and tps-

2, both coding for trehalose-6-phosphate synthase) have reduced survival (Erkut et al., 

2011). In contrast, a knockdown of two trehalose genes (tps and tre) via RNAi in C. 
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elegans adults had no obvious phenotype, even after exposure to freezing (Pellerone 

et al., 2003). 

In the freeze-tolerant P. davidi, trehalose and glycerol were detected by gas 

chromatography as the major carbohydrates, with trehalose, but not glycerol, 

significantly higher in acclimated samples (Wharton et al., 2000). During freezing, 

trehalose and other carbohydrates act as cryoprotectants and decrease the amount of 

ice and reduce cellular desiccation caused by freeze-concentration effects (Wharton et 

al., 2000). However, to confirm the role of trehalose and other cryoprotectants, a 

genetic approach including gene knockdown would be necessary.  

In P. davidi two enzymes are directly involved in trehalose synthesis: trehalose-6-

phosphate synthase (tps) and trehalose-6-phosphate phosphatase (gob), with 

trehalase involved in trehalose breakdown (Thorne et al., 2014). Transcripts with 

sequence similarity to tps were identified in the P. davidi dataset, that seem to be two 

non-overlapping portions of the same gene. However, searching the genomic scaffold 

indicates that they may come from different regions of the genome and therefore reflect 

a potential gene duplication (Thorne et al., 2014). 

1.5 RNA interference in nematodes 

1.5.1 Uptake and effector diversity 

RNAi is a reverse genetic technique discovered by Fire et al. who showed that 

introduction of dsRNA into C. elegans results in specific inactivation of the 

corresponding endogenous gene (Fire et al., 1998). RNAi can be induced internally by 

microinjection, or externally by soaking in dsRNA solution, or by feeding nematodes E. 

coli expressing dsRNA of the target gene (Fig.1.7).  

 

 

Figure 1.7: dsRNA uptake mechanism (modified after Zhuang and Hunter, 2011). 
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Feeding is the most convenient and inexpensive method and can be performed 

on a large number of genes and samples, allowing genome-wide screening and the 

production of RNAi libraries (Kamath and Ahringer, 2003).However, only a few 

nematode species are known to be sensitive to feeding making it a complement of, 

rather than a replacement for microinjection. Although RNAi is a powerful technique 

allowing genetic studies in animals inaccessible to classical genetic techniques (e.g. 

parasitic nematodes), it also has disadvantages. These include variable sensitivities of 

genes, tissues and animals towards RNAi (Montgomery et al., 1998; Timmons et al., 

2001). 

To test if this is caused by inter-species differences in RNAi effector 

complements, Dalzell et al. performed a sequence similarity study for orthologs of 77 

C. elegans RNAi pathway proteins in 13 nematode species in order to detect domain-

structure variations (Dalzell et al., 2011). The study revealed the following: 1) most of 

the C. elegans proteins required for uptake and spread of dsRNA are absent in 

parasitic nematodes; 2) Caenorhabditis species possess expanded RNAi effectors 

relative to parasitic nematodes; 3) all species showed a qualitatively similar coverage 

of functional protein groups. However, differences in the expression level or localization 

of effector proteins might be a key for functional RNAi (Dalzell et al., 2011). 

In contrast to plant parasitic nematodes where RNAi has become an established 

technique, RNAi in animal parasitic nematodes is often inefficient or inconsistent, 

resulting in successful silencing of only three of eight Ostertagia ostertagi genes 

(Visser et al., 2006) and two of 11 Haemonchus contortus genes (Geldhof et al., 2006). 

Difficulties in using RNAi were also found in Heligmosomoides polygyrus (Lendner et 

al., 2008) and the non-parasitic species Pristionchus pacificus and Oscheius sp1 

CEW1 (Louvet-Vallée et al., 2003). 

Explanations for difficulties with RNAi include inappropriate culture methods, 

inappropriate dsRNA delivery (e.g. externally instead of using microinjection), as well 

as differences in effector proteins and their complements (Dalzell et al., 2011). 

Inappropriate culture methods can lead to an increase of sncRNAs, which are also 

involved in stress responses (Shukla et al., 2008) and to saturation of available RISC 

proteins, interfering with the RNAi response.  

1.5.2 The RNAi effector SID-2 

Dalzell et al. found five effector protein groups that are important in RNAi: dsRNA 

synthesis, dsRNA uptake and transport, Argonautes (AGO) and RNA-induced silencing 
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complexes (RISC), RNAi inhibitors and nuclear effectors. The greatest effector diversity 

was found in the protein groups required for dsRNA uptake and transport (Dalzell et al., 

2011). Systemic RNAi deficient (SID) proteins, are transmembrane proteins that are 

required for the environmental uptake and the systemic spread of dsRNA (Winston et 

al., 2002, 2007).  

Environmental RNAi in C. elegans involves at least two distinct steps: SID-2-

dependent uptake and SID-1-dependent transport of dsRNA. SID-1 is a multispan 

transmembrane protein, acting as a channel for dsRNA diffusion (Winston et al., 2002; 

Feinberg, 2003). SID-2 is a single-pass transmembrane protein expressed in 

membranes of the intestinal lumen (Fig.1.7) (Winston et al., 2007). Systemic RNAi in C. 

elegans as well as Drosophila S2 cells (lacking a SID-1 homolog) is enhanced by 

starvation, possibly due to dsRNA uptake via receptor mediated endocytosis (Winston 

et al., 2002). 

SID-1 orthologs were identified only in H. contortus  and O. dentatum. SID-2 

orthologs were not found outside the genus Caenorhabditis (Fig.1.8). SID-2 is not 

conserved in the closely related C. briggsae, but expression of Ce-SID-2 confers 

environmental RNAi on C. briggsae (Dalzell et al., 2011). In contrast, expression of Cb-

SID-2 in C. elegans SID-2 mutants failed to rescue environmental RNAi. Domain swap 

experiments revealed functional differences between Ce-SID-2 and Cb-SID-2. C. 

elegans extracellular domain attached to C. briggsae trans-membrane and cytosolic 

domains rescued SID-2 mutants (Zhuang and Hunter, 2011). 

 

 

Figure 1.8: Effector diversity within Caenorhabditis (nt = not tested) (from Winston et al., 2007). 

 

C. elegans SID-2 mutants are resistant to feeding and soaking, but fully sensitive 

to microinjection, indicating that SID-2 is only required for environmental uptake, but 

not for systemic spread. Unlike SID-2 mutants, SID-1 mutants are resistant to 

environmental uptake and systemic transport, suggesting it has a role in both (Winston 

et al., 2007). To localize SID-2 expression in C. elegans and C. briggsae, Winston et al. 
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(2007) generated a SID-2::GFP, which localized to the intestinal lumen, suggesting 

dsRNA uptake occurs from the intestinal lumen in both species.  

The sensitivity of C. elegans to environmental RNAi seems to be unusual within 

the genus Caenorhabditis. Although SID-2 homologs were detected in the closely 

related C. briggsae and C. remanei, only C. elegans is sensitive to environmental 

RNAi, while all but one species are sensitive to systemic RNAi (Winston et al., 2007). 

Since the RNAi response to external dsRNA is thought to have evolved as virus 

defense and as a form of gene regulation, differences within species could result from 

a different niche-specific selective pressure (Shannon et al., 2008). 

A recent study by Thorne et al. (2014) explored, in silico, the possibility of an 

environmental RNAi response in P. davidi. So far there has been no evidence of sid-2, 

even though a number of other RNAi-associated genes are present. Without sid-2, 

even in the presence of other RNAi-associated genes, it is considered unlikely that P. 

davidi would have an environmental RNAi response (Thorne et al., 2014). However, 

Kushwaha et al. (2012) reported that Brugia malayi genes can be efficiently silenced by 

RNAi despite the lack of sid-1 and sid-2, suggesting the presence of an alternative 

pathway in these nematodes. 

1.5.3 RNAi in other nematodes 

The effects of RNAi seem to vary between different genes, different species and 

even within different experiments (Geldhof et al., 2006). To find an explanation for the 

variation between different genes in RNAi, Britton et al. investigated factors such as 

level and location of gene expression in the parasitic nematode H. contortus (Britton et 

al., 2012). Genes with the highest EST number were identified for RNAi, but no 

decrease in transcript levels were observed, suggesting that high expression levels 

may confer resistance to RNAi. Genes expressed close to the intestinal lumen were 

selected and a significant decrease in transcript levels of four of six genes was 

observed, suggesting that the expression side is important (Britton et al., 2012). 

Since Panagrolaimus is a good model for cold adaptation studies, Shannon et al. 

investigated whether it is accessible to RNAi via feeding (Shannon et al., 2008). Both 

species tested, P. superbus and P. sp. PS1159, showed embryonic lethal phenotypes 

following ingestion of E. coli expressing dsRNA for the Panagrolaimus genes ef1b and 

rps-2. Embryonic lethal phenotypes were also obtained in both species following 

ingestion of dsRNA for C. elegans genes lmn-1 and ran-4. RT-PCR confirmed that the 

reduction of transcription levels was significant (Shannon et al., 2008).  



Chapter 1: General Introduction 

16 

 

Another cross-species RNAi was performed with desiccation-induced transcripts 

in the anhydrobiotic nematode A. avenae by Reardon et al. (2010). To identify 

candidate genes, a panel of EST enriched for sequences up-regulated in A. avenae 

during acclimation was created. Expression studies showed that the majority of genes 

were also induced by osmotic stress and cold. Since A. avenae was found to be 

resistant to RNAi, Reardon et al. performed a cross-species RNAi, using A. avenae 

sequences in the RNAi-amenable P. superbus. A significant survival decrease in P. 

superbus was observed with two of 20 A. avenae sequences, one novel and one 

encoding for glutathione peroxidase, confirming the role of an antioxidant in desiccation 

tolerance (Reardon et al., 2010). 

Lendner et al. (2008) tried to establish RNAi in the parasitic nematode H. 

polygyrus by testing three different methods - feeding, electroporation and soaking. 

None of these approaches yielded a clear phenotype or a reduced mRNA level of the 

tested gene. However cross-species RNAi, using H. polygyrus sequences in C. 

elegans caused a significant phenotype. These studies show that induction of RNAi in 

C. elegans is not dependent on complete sequence identity between siRNA and the 

target mRNA. The limited success of these approaches was shown to be due to 

deficiencies of genes involved in RNA-uptake and transport (Lendner et al., 2008). 

1.6 Research aims and thesis overview 

The overall aim of this study is to identify molecules involved in the remarkable 

freezing tolerance of the Antarctic nematode P. davidi. The first part of the thesis 

comprises the establishment of an environmental RNAi technique that can be used at a 

population level (Chapters 3 and 4). The second part of the thesis discusses the use of 

this newly established RNAi technique for functional studies of candidate genes 

(Chapters 5 and 6). The establishment of a genetic approach in P. davidi would provide 

the opportunity to study genes not only involved in freezing but in intracellular freezing. 

 

Chapter 2 provides an overview over all materials and methods used throughout this 

study. 

 

Chapter 3 describes the testing of two different RNAi techniques (feeding and 

microinjection) on P. davidi and C. elegans using three different test genes. 
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Chapter 4 describes the establishment of a third technique (soaking), testing several 

enhancers to improve RNAi efficiency. 

 

Chapter 5 comprises the use of quantitative PCR to refine gene-specific expression of 

candidate genes obtained from a recent transcriptomic study in P. davidi. 

 

Chapter 6 describes the use of a newly established soaking technique on the 

candidate gene tps-2. 

 

Chapter 7 presents the overall conclusions associated with this study and 

recommendations for the further direction of this research. 

 

Appendix 3 provides an overview over the mitochondrial annotation work, a side and 

backup project to the RNAi work. 
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2 Chapter 2: Materials and Methods 

2.1 Materials 

Water:  

Type I water with resistivity > 18 MΩ cm and free of carbon was used for all 

experiments 

 

NGM plates: 

 3 g NaCl 

 2.5 g Peptone 

 17 g Agar 

 1 l water 

 Autoclave, cool to 55 °C, then add: 

 1 ml 1 M CaCl2 

 1 ml 1 M MgSO4 

 25 ml 0.1 M Potassium phosphate, pH 6.0 

 1 ml Cholesterol (5 mg/ml in EtOH) 

 

Feeding plates: 

To NGM medium add: 

 50 mg Ampicillin 

 0.5 ml Tetracycline (25 mg/ml) 

 240 µl 1 mM IPTG 

 

Balanced Salt solution: 

 417 mg NaCl  

 64 mg KCl  

 502 mg MgCl2  

 743 mg Ca(NO3)2  

 848 mg CaSO4  

 208 mg MgSO4  

 Add 1 l water and stir until dissolved 
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SB buffer (20 × stock): 

 8 g NaOH 

 45 g Boric acid 

 Add 1 l water and stir until dissolved 

 

Annealing buffer: 

 50 mM Tris, pH 8.0 

 100 mM NaCl 

 

LB broth: 

 10 g Peptone 

 5 g Yeast 

 5 g NaCl 

 1 l water 

 Autoclave 

 

LB & Amp plates: 

 10 g Peptone 

 5 g Yeast 

 5 g NaCl 

 15 g Agar 

 1 l water 

 Autoclave, cool to 55 °C, then add: 

 50 mg Ampicillin 

 

LB & Amp/X-gal/IPTG plates: 

To LB & Amp plates add: 

 25 µl IPTG (1 mM in water) 

 25 µl X-gal (20 mg/ml in Dimethylformamide) 

 

Soaking buffer: 

 0.25 × M9 (Mg2+ free) 

 3 mM Spermidine (SIGMA S2626) 

 0.05% Gelatine          
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5 × M9 (Mg2+ free): 

 3.4 g Na2HPO4 

 1.5 g KH2PO4 

 0.25 g NaCl 

 0.5 g NH4Cl    

 

Loading dye: 

 25% Bromophenol blue (1% solution) 

 25% Xylene cyanol (1% solution) 

 30% Glycerol  

 20% water 

 

2.2 Methods 

2.2.1 Nematode culturing and collection 

2.2.1.1 Culturing 

P. davidi used throughout this project was cultured in the Department of Zoology, 

Otago University, Dunedin, New Zealand. Samples were originally collected from 

McMurdo Sound region, Antarctica (Wharton and Brown, 1989). Nematodes were 

grown on NGM agar plates, stored in a sealed plastic container at 20 °C and 

transferred to new plates weekly. Nematodes used for experiments were transferred to 

3-6 replicate plates and collected within three days (as described below). To ensure an 

equal nematode density on each replicate, an exact equal amount of homogenous 

(regularly shaken) nematode solution was transferred to each plate. 

 

2.2.1.2 Collection 

Nematode cultures used for experiments were collected by using a modified 

Baermann technique (Hooper, 1986). The nematode containing agar of each replicate 

was transferred to tissue paper surrounded by Balanced Salt solution and left over 

night to allow nematodes to migrate through the tissue paper into the surrounding 

solution, separating them from their culture medium. They were then collected from the 

solution by centrifugation and snap frozen by immersing the tubes of nematodes in a 

mixture of dry ice and ethanol. Snap frozen samples were stored short-term on dry ice 

or long-term at -80°C. 
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2.2.2 Primer design 

2.2.2.1 PCR primers 

Sequences for primer design were kindly provided by Michael Thorne (British 

Antarctic Survey, United Kingdom). PCR primers used in this study were designed by 

using Primer3web (http://primer3.ut.ee/). The optimum product size range for PCR 

primers was ~ 500 bp. This size is big enough for sufficient sequence coverage and 

small enough for efficient cloning and in vitro transcription. Potential primers were 

analyzed for possible dimer formation by using Beacon Designer Free Edition 

(http://www.premierbiosoft.com/) and for specificity by using NCBI Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  

 

Primer name Sequence (5' to 3') Tm (C) 

Ce-dhc-1 F CCTCATGCTCAATTCCGACT 64.1 

Ce-dhc-1 R CAGCGGCATCAAGAGTATCA 63.9 

Ce-duox-2 F ATTGGTGGAATGCACAGGAT 64.2 

Ce-duox-2 R GTGGAGCACAAGGCTCAAGT 64.5 

Ce-rps-2 F CAACTCCCTTCCAATCAAGG 63.3 

Ce-rps-2 R ACTGGAGCTGACACGATTCC 64.3 

Pd-dhc F GTGCTTTGTGGCCCACCGGG 75.9 

Pd-dhc R TAATCAACATAAACAACTGG 52.5 

Pd-duox-42 F TTTTGGCAAGAAGGTGATCC 63.9 

Pd-duox-42 R CGGTAACAGAACGGCAAAAT 63.6 

Pd-rps-2 F TGGTCATGTTGGTCTTGG 60.6 

Pd-rps-2 R GACGAACAGGTGCTGTTGAA 64.0 

Pd-tps-2a F TGCTTGAGTTTGTGAATCTGGG 66.2 

Pd-tps-2a R ACGCTACAAGTTTATCATCCAG 59.7 

Pd-tps-2a-2 F AGTATGGCTTCAAATTTTGTCAA 61.3 

Pd-tps-2a-2 R TTTGCATGGATTGGCTCTGG 68.2 

Pd-tps-2b F AACTCCCAATGAACATGACCA 64.1 

Pd-tps-2b R CGTTGTTGTTGAAGAAGGTGAT 62.8 

Table 2.1: Names, sequences and annealing temperatures of PCR primers. Primer names are 

formed according to the following rules: Species name (e.g. Pd = P. davidi, Ce = C. elegans) - 

gene (e.g. dhc-1) - primer (F = forward, R = reverse). 
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Primers were centrifuged prior to opening and then re-suspended in water and 

diluted to a working solution of 10 pmol/µl. Primer stocks and working solutions were 

stored at -20 °C. All primers were ordered online from Sigma Aldrich 

(www.sigmaaldrich.com). The sequences and temperatures of all PCR primers are 

shown in Tab.2.1. 

 

2.2.2.2 qPCR primers 

Genomic DNA and cDNA sequences were kindly provided by Michael Thorne 

(British Antarctic Survey, United Kingdom). To identify and target introns, as well as 

avoid amplification of any contaminating genomic DNA, cDNA and genomic DNA 

sequences were aligned using Spidey (http://www.ncbi.nlm.nih.gov/spidey/). qPCR 

primers were designed and prepared as described for PCR primers, except the product 

size range was set to 80-120 bp. Although the maximum temperature difference of 

primer pairs was set to 1 C using Primer3web, the final temperature difference of 

some primer pairs exceeded this value. Sequences for all qPCR primers are shown in 

Tab.2.2. If multiple primers were tested for one gene, the primers used in the final 

experiment are presented. Primer specificity and efficiency was further tested by 

performing a specificity and an efficiency assay (as described below). 

 

Primer name Sequence (5' to 3') Tm 

(C) 

Use Efficiency 

(%) 

Pd-act-1 F CCTCACTGAACGTGGATACAAT 62.7 Reference gene 93.4 

Pd-act-1 R TGCGGTATTCATTTCTTGGTC 63.6 Reference gene 93.4 

Pd-ama-1 F TTGTGAAGAGTTGGTTGACGA 63.3 Reference gene 96.4 

Pd-ama-1 R GGTATCATCCAAGAGCAGCAG 63.6 Reference gene 96.4 

Pd-cdc-42 F TCCAAGCGAATATGTACCAAC 61.3 Reference gene 95.8 

Pd-cdc-42 R CTTCTTGACCAGCAGTATCAAA 60.8 Reference gene 95.8 

Pd-dhc F TCAATACACTTTTGGCAAATGGA 65.0 qPCR validation 89.2 

Pd-dhc R TGAGTCAAGCATTAAACCAGACT 61.6 qPCR validation 89.2 

Pd-duox-42 F TATTCATCCTCGACGACCTT 61.1 qPCR validation 88.8 

Pd-duox-42 R TTAGCGACATCCAATTTGCT 62.1 qPCR validation 88.8 

Pd-gob-1 F CATTCCAACTCCATCAGCTTTATT 64.0 qPCR validation 99.4 

Pd-gob-1 R TGATCCATCGACAGAATTAGAAGT 62.6 qPCR validation 99.4 

Pd-gpd-2 F TGTGTTGCTGTTAATGATCCTT 61.0 Reference gene 98.4 
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Pd-gpd-2 R CAAGATTTCCACCTTCTGCTTT 63.2 Reference gene 98.4 

Pd-gpx-1 F TGATCGTGGATTTGAAGTTGC 64.9 qPCR validation 97.8 

Pd-gpx-1 R TATCAATTTCACATGCAGGTTCC 64.6 qPCR validation 97.8 

Pd-hsp-70 F CTGAAACTCTTACTCGTGCCA   62.0 qPCR validation 99.4 

Pd-hsp-70 R CAGCATCTTCCATAACCTTTTGA 63.9 qPCR validation 99.4 

Pd-lea-1 F TCTTGCACATGATGGTAAAGA 60.7 qPCR validation 108.8 

Pd-lea-1 R AACATCTTTTGCCTTTTCGG 62.8 qPCR validation 108.8 

Pd-lea-1_1 F TGGAAATGCAAAAGCCCAAGA 68.5 qPCR validation 104.0 

Pd-lea-1_1 R AATACAAGTTAAAACACAGAATAACTAAT 57.0 qPCR validation 104.0 

Pd-lea-1_2 F AAAGAAAAGGCTGAATCCAATAAA 62.7 qPCR validation 98.1 

Pd-lea-1_2 R ACAAAGAGACATCAATTAAGTGTTT 58.8 qPCR validation 98.1 

Pd-lea-1_3 F AGGACATCTCTTCTCTCATCTCA 61.0 qPCR validation 101.7 

Pd-lea-1_3 R TCAGCAATATTATGGGCAGCT 63.3 qPCR validation 101.7 

Pd-lea-1_4 F ATGCAAAAGCCCAAGAACTT 62.5 qPCR validation 105.2 

Pd-lea-1_4 R TCATTTTATTTATTGGATTCAGCCT 62.4 qPCR validation 105.2 

Pd-lea-1_5 F GAAATGCAAAAGCCCAAGAA 63.9 qPCR validation 104.3 

Pd-lea-1_5 R GGGGAAGTTAATAAAAATATATAATAC 55.0 qPCR validation 104.3 

Pd-pmp-3 F GATACAGCACCCGACCAA 62.2 Reference gene 95.2 

Pd-pmp-3 R CCTTCAAAGATGTAATGGCTTT 60.8 Reference gene 95.2 

Pd-rps-2 F TCGTCTTGTTAAAGAACGCAAA 63.4 qPCR validation 104.4 

Pd-rps-2 R AACTTCATCACGGAGATTAGGG 63.0 qPCR validation 104.4 

Pd-tba-1 F CCGAGGGGATGTTGTACCTA 63.6 Reference gene 95.6 

Pd-tba-1 R TAAAGCCAGTTGGACACCAAT 63.1 Reference gene 95.6 

Pd-tps-2a F AGTTTCAGAATCACCACAGACG 63.1 qPCR validation 109.3 

Pd-tps-2a R TGATAAAGGGCAGGGCATTG 66.9 qPCR validation 109.3 

Pd-tps-2b F ACCAAACCAGCAGAGGGATT 64.7 qPCR validation 103.7 

Pd-tps-2b R ATCGGAGTTGTCACCCCAAA 66.5 qPCR validation 103.7 

Table 2.2: Names, sequences, use and efficiency of qPCR primers. 

2.2.3 RNA isolation and quantification 

2.2.3.1 Isolation 

To obtain high quality RNA from small samples (> 30 mg), RNA isolation was 

performed in two stages: RNA extraction using the TRIzol® Reagent from Ambion, and 

RNA purification using the RNeasy® Mini Kit from Qiagen.  
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Extraction: To ensure the breakdown of the nematode cuticle, dry iced samples 

were first pulverized using a melted 1 ml pipette tip as a pestle in a Eppendorf tube and 

then homogenized in 1 ml TRIzol. The sample was incubated for 5 min at room 

temperature for complete dissociation of nucleoproteins. For phase separation 0.2 ml 

chloroform was added, the sample mixed and incubated for 5 min at room temperature, 

before centrifugation for 15 min at 14,000 g. The RNA containing supernatant (~ 60%) 

was transferred to a new tube. All centrifugation steps were done at 14,000 g. 

Purification: The extract was purified with the RNeasy Mini Kit according to the 

manufacturer's instructions. Purified RNA was eluted in 30 µl water and either 

immediately used for quantification or stored at -80 °C. 

 

2.2.3.2 Quantification 

Following isolation, RNA quality and quantity was analyzed by two techniques. 

The NanoDrop® ND-1000 (Thermo Scientific) is a full spectrum (220-750 nm) 

spectrophotometer that measures sample quality based on UV absorbance. However, 

spectrophotometers measure anything absorbing at 260 nm (DNA, RNA or protein). 

The Qubit® 2.0 Fluorometer (Life Technologies) uses fluorescent dyes to allow specific 

measurement of each molecule, even in the presence of other molecules (Glasel, 

1995; Acar et al., 2009). The NanoDrop was first used to ensure RNA quality 

(absorbance ratios A260/A280 and A260/A230 ≥ 2). Then the Qubit was used to 

accurately and specifically quantify RNA. Following quantification, samples were either 

immediately used for cDNA synthesis or stored at -80 °C. 

2.2.4 cDNA synthesis 

All reverse transcription reactions were done using the VILO cDNA synthesis kit 

(Invitrogen). This kit uses an enzyme mix of SuperScript III reverse transcriptase, 

RNAse inhibitors and a helper protein as well as a master mix of MgCl2, dNTPs, buffer 

and random primers. In a 20 µl reaction, 4 µl of master mix, 2 µl of enzyme mix and 0.5 

µg RNA were diluted in nuclease free water. A -RT (no reverse transcriptase) control 

was included to control for genomic DNA contamination. Samples were incubated for 5 

min at 25 °C, for 1 h at 42 °C and for 5 min at 85 °C to stop the reaction. To avoid 

multiple freeze-thaw cycles, cDNA was either immediately used for qPCR or stored at -

80 °C in small aliquots. 
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2.2.5 PCR 

All PCR reactions were performed using the Taq DNA Polymerase, dNTPack 

(Roche) in a MyCyclerTM Thermal Cycler (Bio-Rad). The advantage of the Taq PCR 

polymerase is, that it preferentially adds an adenine (A) to the 3' end of the PCR 

product (A-tailed insert). This allows the PCR product to be cloned directly into DNA 

vectors with complementary 3' thymidine (T) overhangs (T-tailed vector), termed 'TA 

cloning' (see 2.2.6). In a 50 µl reaction, 5 µl PCR (+Mg) reaction buffer (10 × 

concentrated), 1 µl PCR Grade Nucleotide Mix (10 mM), 0.2 µl Taq DNA Polymerase 

(5 U/µl), 2 µl primer mix (10 pmol/µl) and 1 µl cDNA template were diluted in nuclease 

free water. The annealing temperature was always set 2 °C below the lowest primer 

annealing temperature. The following PCR program was used: initial denaturation for 4 

min at 95 C; 30 cycles of denaturation for 30 s at 95 C, annealing for 30 s at X C and 

extension for 1 min at 72 C; final extension for 7 min at 72 C. 

 

2.2.5.1 Agarose gel electrophoresis 

PCR products were run on a 1% agarose gel using a 1 × SB buffer with 1 µg/ml 

Ethidium bromide. 2 µl of loading dye was added to each sample before loading. A 1 

kb+ ladder (Invitrogen) was run alongside to provide size estimation. Gels were run for 

10-30 min at 130 V, visualized under UV light and photographed using a Bio-Rad Gel 

Doc system. 

 

2.2.5.2 PCR product purification 

Ethidium bromide stained DNA fragments were visualized using a table-top UV 

lamp and the DNA bands were excised using a sterile razor blade and transferred into 

microcentrifuge tubes. The bands of interest were then purified using the QIAquick Gel 

Extraction Kit (Qiagen). Purified DNA was eluted in 40 µl water and either immediately 

used for ligation or stored at 4 °C. 
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2.2.6 Cloning 

2.2.6.1 Vector linearization and t-tailing 

Cloning was performed by ligating the A-tailed insert into the linearized and T-

tailed vector pLitmus28i, using the T4 Ligase Kit (Roche). Figure 2.1 shows an outline 

of significant working steps during cloning.  

 

 

Figure 2.1: Outline of significant working steps during cloning (modified after Kamath and 

Ahringer, 2003). 

 

pLitmus28i is a multi-purpose cloning/in vitro transcription vector with M13 

sequences and T7 promoters flanking the multiple cloning site (MCS) (Fig.2.2). It can 

be used for RNAi-feeding when transformed into the feeding strain HT115 with IPTG 

inducible T7 polymerase promoters, as well as for RNAi-soaking when in vitro 

transcribed into dsRNA. 
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Figure 2.2: pLitmus 28i and its characteristics (https://www.neb.com/products/n3528-litmus-28i-

vector). 

 

To use pLitmus28i as a TA cloning vector, it was first cut with the restriction 

enzyme EcoRV (NEB), to create blunt ends for 3' T-tailing. Then, T-tailing was 

performed by 2',3'-dideoxythymidine-5'-triphosphate (ddTTP), ensuring 3' addition of 

only one dideoxynucleotide. 

 

Linearizing 

 50 µl restriction digest: 

o 10 µl vector DNA 

o 5 µl NEB buf 4 

o 1 µl NEB buf EcoRV 

o 34 µl water 

 1 h 37 °C (10 min 65 °C) 

T-tailing 

 50 µl reaction mix: 

o 20 µl linearized vector 

o 5 µl 10 × buf 

o 0.5 µl ddTTP (10 mM) 

o 0.5 µl Taq pol 

o 24 µl water 

 1 h 72 °C 
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2.2.6.2 Ligation 

Ligation was performed by using T4 DNA Ligase, which facilitates the joining of 

DNA strands together by catalyzing the formation of a phosphodiester bond. 

 

 50 µl reaction mix: 

o 40 µl A-tailed insert (gel purified PCR-product) 

o 5 µl ligation buf  

o 5 µl T-tailed vector 

o 1 µl T4 DNA ligase 

 overnight at 15 °C 

2.2.6.3 Transformation 

Chemo-competent cells XL1 Blue MRF were used for transformation. A 10 µl 

portion of ligation mix was added to 100 µl chemo-competent cells. The cells were 

incubated for 20 min on ice, heat pulsed for 5 min at 37 °C, before 900 µl of LB broth 

was added and the mixture incubated for another 30 min at 37 °C. Concentrated cells 

were spread on LB & AMP/X-gal/IPTG plates, which were incubated overnight at 37 °C 

and stored upside down. White colonies were selected for PCR screening and 

successful candidates grown and purified using High Pure Plasmid Isolation Kit 

(Roche) and sent for sequencing. 

2.2.7 Sequencing 

The Otago University Genetic Analysis Service (Dunedin, New Zealand) was 

used for all DNA sequencing. Samples were prepared according to the instructions of 

the sequencing service. A 5 µl reaction including 150 ng plasmid DNA and 5 pmol M13 

forward primer diluted in nuclease free water was sent for sequencing. Sequences 

were analysed using ApE A plasmid editor and BLAST (www.ncbi.nlm.nih.gov/blast/). 

Plasmids with a perfect sequence match were either re-transformed into the HT115 

feeding strain for RNAi-feeding or linearized using M13 PCR for in vitro transcription 

and RNAi-soaking. 

http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Phosphodiester_bond
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2.2.8 In vitro transcription 

In vitro transcription was performed using the MEGAscript® T7 Transcription Kit 

(Life Technologies) according to the manufactures' protocol. 0.2 µl PCR product (M13 

linearized Plasmid) was directly used for in vitro transcription. An annealing step was 

included, where siRNA was incubated for 1 min at 90 °C and then for 1 h at 37 °C, to 

produce dsRNA for RNAi, followed by an DNase step. The dsRNA was purified using 

Phenol:Chloroform extraction and ethanol precipitation. Purified dsRNA was eluted in 

50 µl soaking buffer, analyzed via NanoDrop and agarose gel electrophoresis and 

stored at -20 °C. 

2.2.9 qPCR 

Quantitative PCR (qPCR) was performed using the BioRad CFX96 System. 

BioRad SSoFast EVA Green Supermix with Low Rox was used for all qPCR. A 20 µl 

reaction contained 5 µl sample (total of 50 ng cDNA), 10 µl SYBR green mix, 1.2 µl 

primer mix and 3.2 µl water. Reactions were loaded into BioRad Multiplates®, sealed 

and briefly centrifuged. All preparations for qPCR were done in a UV chamber and filter 

tips were used at all times. Settings for qPCR were controlled using the BioRad FCX 

Manager. The following qPCR program was used:  

 

a) 1 min at 95 C 

b) 5 s   at 95 C   

c) 30s   at 60 C  40 cycles 

d) data collection  

e) 10s   at 95 C  

f) 65  C to 95 C 

 

2.2.9.1 Specificity and efficiency assays 

Specificity assay: To ensure that primers amplify the expected product size range 

of 80-120 bp and that there was no amplification from any contaminating genomic 

DNA, primers were tested using standard PCR. PCR was performed using the Tag 

DNA Polymerase, dNTPack from Roche in a MyClyclerTM Thermal Cycler from Bio-

Rad. In a 20 µl reaction, 2 µl PCR (+Mg) reaction buffer (10 × concentrated), 1 µl PCR 

Grade Nucleotide Mix (10 mM), 0.2 µl Taq DNA Polymerase (5 U/µl), 4 µl primer mix 
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(10 pmol/µl) and 1 µl cDNA (or 1 µl -RT control or 100 ng gDNA control) template were 

diluted in nuclease free water. The following PCR program was used: initial 

denaturation for 4 min at 95 C; 35 cycles of denaturation for 30 s at 95 C, annealing 

for 30 s at 60 C and extension for 20 s at 72 C; final extension for 7 min at 72 C. 

PCR products were analysed via agarose gel electrophoresis for primer specificity 

(single band of the expected size), for genomic DNA contamination (no band in the -RT 

control and no or a bigger band in the gDNA control) and general contamination (water 

only control). Figure 2.3 presents an example of such an agarose gel. Melting curves 

(step f in the qPCR program) were also analysed for primer specificity (indicated by a 

single melting peak) and are listed in Appendix 1 (Bustin et al., 2009). 

 

 

Figure 2.3: Agarose gel showing single bands of the expected size for PCR products using 8 

primer pairs, no band in the -RT control, a very faint band in the gDNA control and no band in 

the water only control. 

 

Efficiency assay: Standard curves were performed for each individual gene 

(biological triplicates) using a dilution series of cDNA (1 ×, 10 ×, 100 ×, 1000 ×, 10000 

×). For a qPCR assay the efficiency should be between 90% and 110%. This means 

that for every PCR cycle there is a doubling of the amount of product. Primers with 

efficiencies outside the acceptable range were discarded. qPCR primers and their 

efficiencies are listed in table 2.2 and efficiency assays are listed in Appendix 1. 

 

2.2.9.2 Reference genes 

For successful validation of target genes, it is important to have good 

endogenous controls. This is achieved by selecting stable reference genes, which 

control for variations in RNA quantity and quality. Reference genes for P. davidi were 

selected by searching the literature for stable reference genes in the closely-related C. 

elegans. The homologous gene sequences for P. davidi were then kindly provided by 
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Michael Thorne (British Antarctic Survey, United Kingdom). Primers were designed for 

the following six reference genes (as described above): Pd-act-1, Pd-ama-1, Pd-cdc-

42, Pd-gpd-2, Pd-pmp-3 and Pd-tba-1. Of this group, the most stable combination of 

two reference genes were defined by using NormFinder (Tab.2.3). This algorithm 

calculates both inter- and intra-group variance (via analysis of variance) and estimates 

the stability of gene expression among groups, called the stability value. Genes that 

deviate the least from the calculated values are the most stable. With a stability value 

of 0.024, the combination of Pd-gpd-2 and Pd-tba-1 was defined as the most stable 

and used for all qPCR experiments. Because the suitability of selected reference genes 

can differ between experiments, the stability value in each experiment was analysed 

via NormFinder (Bustin et al., 2009). 

 

Gene name  Stability value   Best gene       Pd-gpd-2 

Pd-cdc-42 0.049 
 

Stability value 
   

0.027 

Pd-gpd-2 0.027 
      

  

Pd-pmp-3 0.057 
 

Best combination of two genes 
 

Pd-gpd-2 

Pd-act-1 0.048 
      

Pd-tba-1 

Pd-tba-1 0.042 
 

Stability value for best combination for two genes 0.024 

Pd-ama-1 0.031               
   

Table 2.3: Stability value of six chosen reference genes for P. davidi: Pd-cdc-42, Pd-gpd-2, Pd-

pmp-3, Pd-act-1, Pd-tba-1 and Pd-ama-1. The most stable gene is Pd-gpd-2 (stability value 

0.027) and the most stable gene combination is Pd-gpd-2 and Pd-tba-1 (stability value 0.024). 

 

2.2.9.3 Data analysis 

qPCR data were analyzed using the BioRad FCX Manager and means, standard 

deviations (s.d.), P-values and fold changes of the normalized fold expression values 

were calculated in MS Excel. P-values were assessed using t-test (parametric, two 

samples, equal variance). The ΔΔCt (Livak) method was used to determine the relative 

difference in expression level of the target gene in different samples. First, the Ct of the 

target gene was normalized to that of the reference gene, for both the test sample and 

the control sample (normalized fold expression value). Then, the ΔCt of the test sample 

was normalized to that of the control sample (fold change), 
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3 Chapter 3: RNAi - Feeding & Microinjection 

3.1 Introduction 

3.1.1 Feeding vs. microinjection 

RNA interference (RNAi) in C. elegans is known to result in specific interaction of 

the introduced dsRNA with the corresponding endogenous sequence, leading to 

degradation of both. RNAi can be either induced internally by microinjection, or 

externally by soaking in dsRNA solution or by feeding of E. coli expressing dsRNA of 

the target gene. Feeding is the most convenient and inexpensive method and can be 

used on a large number of genes and samples, allowing genome-wide screening and 

the production of RNAi libraries (Kamath and Ahringer, 2003). In addition, feeding is 

the least invasive technique, allowing nematodes to develop under nearly natural 

conditions on a bacterial lawn (Lendner et al., 2008).  

However, only a few nematode species have been shown to be sensitive to 

feeding, making it a complement to, rather than a replacement of microinjection. 

Winston et al. (2007) showed that even within Caenorhabditis species only C. elegans 

and one distantly-related unnamed species were sensitive to environmental RNAi. In 

contrast, all but one species were sensitive to injected dsRNA, showing that systemic 

RNAi is widely conserved. Different efficiencies of environmental RNAi such as feeding 

and soaking are likely to be caused by effector diversities (see 1.5.1) within different 

species (Dalzell et al., 2011). 

3.1.2 Feeding in other nematode species 

In contrast to C. elegans where feeding has become an established technique, 

feeding in other nematode species is often inefficient or inconsistent. In 

Heligmosomoides polygyrus, feeding did not result in phenotypical changes or in 

significant down-regulation of mRNA levels (Lendner et al., 2008). Similar feeding 

difficulties have been observed in Haemonchus contortus (Geldhof et al., 2006). 

However, both, Panagrolaimus superbus and P. sp. PS1159, showed embryonic lethal 

phenotypes following ingestion of E. coli  expressing dsRNA for the Panagrolaimus 

embryonic lethal genes ef1b and rps-2. Embryonic lethal phenotypes were also 

obtained in both species following ingestion of dsRNA for C. elegans embryonic lethal 
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genes lmn-1 and ran-4. RT-PCR confirmed that the reduction of transcription levels 

was significant (Shannon et al., 2008). 

3.1.3 Choice of test genes 

Encouraged by the successful silencing of rps-2 in P. superbus and P. sp. 

PS1159, the same gene was chosen to be tested in P. davidi. Ribosomal protein small 

subunit 2 (RPS-2) plays a key role in protein translation and mutations lead to 

embryonic lethality. Instead of ef1b, dhc was chosen as a second embryonic lethal 

gene. DHC (dynein heavy chain) is required for the integrity of the actin cytoskeleton. 

Mutations here lead to disruption of the actin cytoskeleton and to embryonic lethality 

(Gil-Krzewska et al., 2010). To test high-throughput techniques such as feeding in P. 

davidi, very obvious phenotypes were required to avoid off-target effects. Such effects 

could be caused by embryonic lethality due to other reasons than the actual silencing 

of the embryonic lethal gene. Dual oxidase 2 (DUOX-2) catalyses the cross-linking of 

tyrosine residues involved in the stabilization of cuticular extracellular matrix. Mutations 

here lead to an obvious blistering phenotype unlikely to be caused by an off-target 

effect (Edens et al., 2001).  

3.1.4 Aims 

This study aims to investigate whether P. davidi is sensitive to RNAi by feeding, 

since it is the most convenient and natural technique, allowing genetic analysis on a 

population level. However, despite the reports of Shannon et al. (2008) describing 

successful feeding in two close relatives of P. davidi, feeding showed limited efficiency 

in other nematode species. Therefore, microinjection of dsRNA was also investigated, 

using C. elegans as a positive technical control. In order to examine whether P. davidi 

is sensitive to RNAi feeding and microinjection two embryonic lethal genes (rps-2 and 

dhc) as well as a blister gene (duox) were investigated. 
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3.2 Methods 

3.2.1 RNAi-Feeding 

 

Figure 3.1: General outline of the experimental design for RNAi feeding. A construct encoding 

either the gene of interest or GFP (non-effective RNAi construct) is cloned into a feeding vector 

with two T7 promoters, which is transformed into a feeding strain containing an inducible T7 

polymerase, which in turn is fed to the nematodes (modified after Boutros and Ahringer, 2008). 

Phenotypical analysis was performed on both P. davidi and C. elegans (positive technical 

control). RNA extraction and qPCR was performed only on P. davidi (3-4 biological replicates) 

and from the same experiment as phenotypical analysis. 

 

3.2.1.1 Transformation into HT115 

RNAi feeding was performed after the modified protocol from Kamath and 

Ahringer, (2003). For feeding experiments, pLitmus28i plasmids containing the target 

gene (confirmed by sequencing), were transformed into the chemo-competent E. coli 

feeding strain HT115(DE3), which was kindly provided by the laboratory of Peter 

Dearden (Department of Biochemistry, Otago University, Dunedin, New Zealand). 

HT115(DE3) is a RNase III-deficient strain with an isopropyl-ß-D-thiogalactopyranoside 

(IPTG) inducible T7 polymerase. The RNase III-deficiency improves the RNAi 

efficiency, presumably because the dsRNA produced is more stable in bacteria 

(Kamath and Ahringer, 2003). Successfully transformed bacteria were grown, pelleted 
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by centrifugation and resuspended in 1 ml 70% glycerol (in water), before storage at -

80 °C. Two embryonic lethal genes (rps-2 and dhc) and one blister gene (duox) were 

fed to P. davidi and C. elegans, which was used as a positive technical control. As a 

negative control, HT115 was transformed with pLitmus28i containing GFP (non-

effective RNAi construct), which was kindly provided by the laboratory of Peter 

Dearden (see above). 

 

3.2.1.2 Bacterial preparation and induction 

Feeding plates were prepared by adding 50 mg ampicillin, 0.5 ml tetracycline (25 

mg/ml) and 240 µl 1 mM IPTG to NGM agar medium. Two kind of plates were 

prepared: 6 cm plates for the initial feeding period of all three test genes (rps-2, dhc 

and duox) and for screening duox phenotypes; and 24-well plates for screening 

embryonic lethal phenotypes (rps-2 and dhc). Plates were dried upside down at room 

temperature for at least three days. Bacteria from glycerol stocks were spread onto LB-

agar plates with 50 mg ampicillin and 0.5 ml tetracycline (25 mg/ml).  

 

 

Figure 3.2: Significant working steps of the RNAi feeding procedure in P. davidi: Bacteria were 

grown, plated out and allowed to grow overnight, before L4 stage larvae were added to the 

plates. After an initial feeding period of 48 h at 22 °C, adults were transferred in triplicates to 

their final plates and allowed to lay eggs for 24 h at 22 °C. Adults were removed and eggs were 

allowed to hatch for 48 h, before larvae were counted.  
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Fresh (< 1 month old) colonies were picked, inoculated into LB plus Amp broth 

and grown for 6 h with shaking at 37 °C. Cultures of all test genes were seeded into 6 

cm plates, while cultures for embryonic lethal genes were also seeded into 24-well 

plates (six wells per gene). Plates were then incubated overnight at room temperature 

to allow bacteria to grow and begin induction. The whole procedure of RNAi feeding is 

represented in Figure 3.2. 

 

3.2.1.3 Worm feeding and scoring 

Nematodes were transferred using a stick with an attached eyelash. 

Approximately 100 L4 stage larvae were transferred from their culture to an empty 

feeding plate, which was used as an inter-medium to clean nematodes from residual 

bacteria. They were then transferred to the final feeding plate and incubated for 48 h at 

22 °C. After the initial feeding period, duox-fed nematodes were scored daily for blister 

phenotypes. To define the percentage of nematodes showing a blistering phenotype, 

100 nematodes were counted three times. To facilitate screening of embryonic lethal 

phenotypes, adult nematodes fed on embryonic lethal genes were transferred in 

triplicates into each of the six wells seeded with the same bacterial strain (Fig.3.3). 

Worms were allowed to lay eggs for 24 h and then removed. Eggs were allowed to 

hatch for 24 h/48 h (C. elegans/P. davidi) before the total number of hatched larvae 

was counted. Since P. davidi develops slower than C. elegans, P. davidi larvae were 

allowed to hatch 24 h longer. This same experiment was repeated three times to 

ensure reproducibility of results. 

 

 

Figure 3.3: Outline of a 24 well plate used for scoring embryonic lethal phenotypes of rps-2, 

dhc and GFP (control) in P. davidi and C. elegans. Adult nematodes fed on embryonic lethal 

genes were transferred in triplicates into each of the six wells seeded with the same bacterial 

strain. 
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3.2.2 RNAi-Microinjection 

 

Figure 3.4: Representative working steps for RNAi-microinjection. The gene of interest is 

reverse transcribed into dsRNA complementary to the target gene. dsRNA is then injected into 

the nematodes, triggering gene silencing. 

 

Microinjection was practiced on C. elegans to obtain technical skills and as a 

technical positive control. This was to ensure that lack of phenotypes after injecting P. 

davidi was purely caused by P. davidi and not any technical problem. Ce-duox-2 was 

chosen for practicing, since it provided the most obvious phenotype in feeding experiments. 

To prepare for microinjection, in vitro transcription of Ce-duox-2 was performed (see 2.2.8). 

Purified dsRNA was eluted in 30 µl nuclease-free water, analyzed via NanoDrop and 

agarose gel electrophoresis and further diluted to a final concentration of 1 µg/µl dsRNA.  

Microinjection was performed after the modified protocol from Conte and Mello, 

(2003). Briefly: L4 stage larvae were transferred from their culture to an agarose pad using 

a stick with an attached eyelash. The agarose pad was covered with halocarbon oil (Series 

700) to immobilize nematodes. Microinjection of dsRNA was performed by using a Leica 

MZ75 microscope with micromanipulator (Kanetec MB-B, IL, USA) and microinjection 

assembly with N2 gas supply (Tritech Research DigiTherm
TM

, CA, USA). For better 

visualization of successful microinjection, phenol red was added 1:10 to the dsRNA of 

either GFP (control) or Ce-duox-2. Successful microinjection caused the nematode to 

inflate and turn red. Injected animals were then transferred from the pad to a NGM agar 

plate for recovery. Nematodes that were moving, were considered alive and transferred to 

a final NGM agar plate seeded with OP50. They were scored daily for blister-phenotypes. 
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3.3 Results 

3.3.1 RNAi-Feeding 

3.3.1.1 Embryonic lethal phenotypes 

To test whether P. davidi is accessible to the RNAi feeding technique, two 

embryonic lethal genes were targeted in P. davidi (Pd-rps-2 and Pd-dhc). P. davidi 

genes were also fed to C. elegans, to test whether a cross-species RNAi effect occurs 

between these two species. Such a cross-species effect has been seen before 

between two other Panagrolaimus species and C. elegans (Shannon et al., 2008).  

Phenotypic analysis of embryonic lethal genes showed a significant reduction in 

larval hatching in Pd-rps-2(RNAi) treated P. davidi compared to the GFP(RNAi) treated 

controls (P = 0.003) (Fig.3.5). However, Pd-dhc(RNAi) treated P. davidi showed no 

significant decrease in larval hatching compared to the controls (P = 0.17). No increase 

in embryonic lethality was observed in C. elegans fed on P. davidi genes.  

 

 

Figure 3.5: Larval hatching of GFP-treated, Pd-rps-2(RNAi) treated and Pd-dhc(RNAi) treated 

P. davidi (left y-axes) and C. elegans (right y-axes) 48 h after adult removal from the plates. 

Each value represents the mean±s.d. of 6-18 biological replicates. For P. davidi the experiment 

was replicated 3 times (6 biological replicates per experiment) and the values represent the 

mean±s.d. of all 18 biological replicates. Significant decrease in larval hatching (assessed using 

t-test) is marked by asterisks (P = <0.05). 

 

0

10

20

30

40

50

60

70

80

90

100

0

2

4

6

8

10

12

14

16

18

20

P. davidi C. elegans

la
rv

a
e
 p

e
r 

n
e
m

a
to

d
e

GFP

Pd-rps-2

Pd-dhc

*

http://www.dict.cc/englisch-deutsch/accessible.html


Chapter 3: RNAi - Feeding & Microinjection 

39 

 

For P. davidi three independent experiments were performed to ensure 

reproducibility of results. In all experiments Pd-rps-2(RNAi) treated P. davidi showed a 

significant decrease in the number of hatched larvae. A slight but non-significant 

decrease in laid eggs was also observed with Pd-rps-2(RNAi) treated animals. 

To ensure that the feeding technique was performed correctly, C. elegans was 

used as a positive technical control. The C. elegans embryonic lethal genes Ce-rps-2 

and Ce-dhc-1 were fed to C. elegans as well as to P. davidi. Phenotypic analysis 

showed a significant reduction in hatched larvae in Ce-rps-2(RNAi) treated C. elegans 

compared to the GFP(RNAi) treated controls (P = 0.0000) (Fig.3.6). However, Ce-dhc-

1(RNAi) treated C. elegans showed no significant decrease in hatched larvae (P = 

0.08). The cross-species experiment showed no statistical difference in larval hatching 

in P. davidi fed on C. elegans genes. There was an obvious difference in the number of 

eggs laid between the two nematode species. Controls showed that in a period of 24 h, 

C. elegans lays about four times more eggs (~ 60 eggs) than P. davidi (~ 15 eggs). 

 

 

Figure 3.6: Larval hatching of GFP-treated, Ce-rps-2(RNAi) treated and Ce-dhc(RNAi) treated 

P. davidi (left y-axes) and C. elegans (right y-axes) 48 h after adult removal from the plates. 

Each value represents the mean±s.d. of 6 biological replicates. Significant decrease in larval 

hatching (assessed using t-test) is marked by asterisks (P = <0.05). 
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3.3.1.2 Blistering phenotypes 

To test high throughput techniques such as feeding in P. davidi, very obvious 

phenotypes were required. In C. elegans mutations in the duox-2 gene lead to an 

obvious blistering phenotype (Edens et al., 2001). An RNAi experiment was performed 

to test the effect of Pd-duox-42 in P. davidi and (as a control) the homolog Ce-duox-2 

in C. elegans.  

 

 

Figure 3.7: Blister phenotypes in C. elegans and P. davidi. Shown is the percentage of 

blistering phenotypes in Ce-duox-2(RNAi) treated C. elegans and in Pd-duox-42(RNAi) treated 

P. davidi, as well as in cross-species RNAi. Each value represents the mean±s.d. of 3 biological 

replicates. 

 

 

Figure 3.8: Micrograph showing Ce-duox-2(RNAi) treated C. elegans with a blistering 

phenotype (between arrowheads). Scale bar, 0.1 mm. 
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Cross-species RNAi was done in parallel by feeding Ce-duox-2 to P. davidi and 

Pd-duox-42 to C. elegans. The results show a high percentage (70%) of C. elegans 

nematodes with a blistering phenotype (Fig.3.7 and Fig.3.8). However, no such 

phenotype could be observed with P. davidi. There was also no blistering phenotype in 

the cross-species RNAi experiment in either C. elegans or P. davidi. 

 

3.3.1.3 Gene expression analysis 

To confirm the results obtained by phenotypic analysis, gene expression analysis 

was done by quantitative polymerase chain reaction (qPCR). RNA was isolated from 

GFP-treated (control), Pd-rps-2, Pd-dhc and Pd-duox-42 treated P. davidi after a 

feeding period of 48 h at 22 °C. For GFP-treated, Pd-rps-2 and Pd-dhc treated samples 

four replicates and for Pd-duox-42 three replicates were used. Data were normalized to 

the control (fold change = 1.0), showing the fold change relative to the control. The 

results show that there is no significant down-regulation for any of the tested genes 

after 48 h (Fig.3.9). Notable is the large biological variation within replicates, especially 

of the non-treated and the Pd-rps-2(RNAi) treated samples.  

 

 

Figure 3.9: Gene expression analysis by qPCR of GFP-treated (control) Pd-rps-2(RNAi), Pd-

dhc(RNAi) and Pd-duox-42(RNAi) treated P. davidi. The fold change of RNAi treated samples is 

shown relative to control samples, which are normalized to a value of 1. Each value represents 

the mean±s.d. of 3-4 biological replicates.  
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The lack of down-regulation of Pd-rps-2 compared to the non-treated control was 

surprising after a slight but significant decrease in larval hatching was observed by 

phenotypic analysis. It was considered that the sampling time point of 48 h might lie 

outside the time frame of maximal rps-2 down-regulation. A time series of Pd-rps-2 was 

performed by sampling after a feeding period of 12 h, 24 h, 36 h and 48 h (three 

replicates for each).  First, qPCR with Pd-rps-2(RNAi) treated P. davidi sampled after 

12 h and 24 h was performed (Fig.3.10). Preliminary results showed, however, an up-

regulation instead of a down-regulation of the gene. 

 

 

Figure 3.10: Gene expression analysis by qPCR of GFP-treated (control) and Pd-rps-2(RNAi) 

treated P. davidi after a feeding period of 12 h, and 24 h. Each value represents the mean±s.d. 

of 3 biological replicates. Shown is the fold change of the Pd-rps-2(RNAi) treated samples 

relative to control samples (on a logarithmic scale). 
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The up-regulation was considered to be caused by the qPCR amplified region 

being inside the dsRNA feeding construct. Figure 3.11 shows the gene structure of Pd-

rps-2. After new primers were designed to a region outside of the dsRNA feeding 

construct, qPCR of Pd-rps-2 was repeated. The final results show expression of Pd-

rps-2 after a feeding period of 12 h, 24 h, 36 h and 48 h relative to the control (Figure 

3.12). The time series shows a trend with the maximum down-regulation after 24 h of 

feeding. However, there was neither a statistical significant difference in mRNA level 

between the 24 h sample and the control (assessed using t-test), nor between any of 

the samples (assessed using repeated measures ANOVA). 

 

 

Figure 3.11: Gene structure of Pd-rps-2, showing three exons and two introns. Primers for the 

dsRNA feeding construct were designed around the second intron (red cross). Thus, primers for 

qPCR amplification had to be designed around the first intron (green circle), to avoid an up-

regulation caused by the uptake of dsRNA. 

 

 

Figure 3.12: Gene expression analysis by qPCR of Pd-rps-2(RNAi) after a feeding period of 12 

h, 24 h, 36 h and 48 h using new primers designed to a region outside of the dsRNA feeding 

construct. The fold change of RNAi treated samples is shown relative to control samples, which 

are normalized to a value of 1. Each value represents the mean±s.d. of 3 biological replicates. 
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3.3.2 RNAi-Microinjection 

The microinjection technique was tested on C. elegans by injecting GFP (control) 

and Ce-duox-2 (at 1 µg/µl) with phenol red (1:10) into the gonads. If dsRNA was 

successfully injected, the nematodes body inflated and turned red (Fig.3.13-A). Red 

staining was seen until three days after injection. Of the ~ 10 nematodes injected in 

each experiment, ~ 50% survived longer than 24 h. None of these nematodes 

reproduced and only one blister-like phenotype was observed (Fig.3.13-B). 

 

   

Figure 3.13: Micrograph of C. elegans successfully injected with Ce-duox-2 (1 µg/µl) with 

phenol red (1:10), photographed immediately after injection (A) and four days after injection (B). 

Notable in this photograph is the small blister (arrowhead). Scale bar, 0.1 mm. 
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3.4 Discussion 

3.4.1 Embryonic lethal phenotypes 

Phenotypic analysis shows a significant reduction in larval hatching in Pd-rps-

2(RNAi) treated, but not in Pd-dhc(RNAi) treated samples. The same can be seen in C. 

elegans, which shows a strong decrease in larval hatching in the Ce-rps-2(RNAi) 

treated animals. RPS-2 plays a key role in protein translation and mutations lead to 

embryonic lethality. The results indicate that larval hatching is decreased by embryonic 

lethality and that RNAi feeding effectively silences rps-2 in both species. 

Shannon et al. further obtained an embryonic lethal phenotype by feeding C. 

elegans genes to both Panagrolaimus species in a cross-species RNAi experiment. 

Successful cross-species RNAi experiments were also performed by Reardon et al. 

(2010) between Aphelenchus avenae and P. superbus, as well as by Lendner et al. 

(2008) between H. polygyrus and C. elegans. A cross-species RNAi experiment was 

also performed by feeding P. davidi genes to C. elegans and vice versa. However, no 

embryonic lethal phenotype was observed in either species. In order to trigger RNAi 

successfully, a minimum sequence match of approximately 19 bp (the length of a 

siRNA) seems to be required (Agrawal et al., 2003). A sequence comparison between 

P. davidi and C. elegans revealed that this requirement is not met and explains the lack 

of phenotype. This requirement was met between H. polygyrus and C. elegans, 

explaining the successful cross-species RNAi experiment reported by Lendner et al. 

(2008). That the RNAi effect observed in P. superbus (a close relative to P. davidi) was 

comparable to that observed in C. elegans is surprising in the light of my findings. 

Both P. davidi and C. elegans showed a significant reduction in larval hatching 

with rps-2, but not with dhc. In C. elegans DHC-1 (dynein heavy chain 1) is required for 

the integrity of the actin cytoskeleton and mutations lead to disruption of the actin 

cytoskeleton and to embryonic lethality (Gil-Krzewska et al., 2010). It is surprising that 

Ce-dhc-1 did not cause any phenotype in C. elegans as it was chosen as a technical 

positive control. One possible explanation is that while the rps-2 construct covered the 

whole gene sequence (in both species), the dhc construct only covered a small, 

perhaps less conserved, part of the gene. 
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3.4.2 Blister phenotypes 

To test high-throughput techniques such as feeding in P. davidi, very obvious 

phenotypes were required. In C. elegans DUOX-2 mutations are known to lead to an 

obvious blistering phenotype (Edens et al., 2001). The results show a high percentage 

(70%) of C. elegans nematodes with the typical blistering phenotype. However, no 

such phenotype could be observed with P. davidi. This could be due to Pd-duox-42 not 

being efficiently silenced by RNAi or to Pd-duox-42 mutations not causing a blistering 

phenotype in P. davidi. 

3.4.3 Gene expression analysis 

Gene expression analysis by qPCR was performed in order to confirm the results 

obtained by phenotypic analysis. Preliminary results showed no significant down-

regulation for any of the tested genes after a feeding period of 48 h. For Pd-rps-2, this 

result was surprising, since the reduction in larval hatching suggested that RNAi on Pd-

rps-2 had worked. Previous experiments even showed a lack of phenotype despite a 

down-regulation of the target gene (e.g. Pellerone et al., 2003). However, it is unlikely 

that there is a phenotype without a measurable decrease in the corresponding mRNA 

level. 

The lack of down-regulation could be due to the strong biological variation within 

replicates, especially of the non-treated and the Pd-rps-2(RNAi) treated samples. This 

biological variation could result from small differences in the handling of nematode 

cultures or molecular techniques. For example, small differences in culture density or 

culture storage might alter gene expression within replicates. This was improved by 

transferring an exactly equal volume of nematode culture to each replicate plate and 

storing them next to each other (instead of above each other). Little differences in RNA 

extraction (e.g. homogenization technique) can also lead to biological variation. To 

improve this, replicate RNA was extracted from exactly the same amount of nematode 

tissue and cDNA was synthesized from exactly the same quality and quantity of RNA. 

The lack of down-regulation could also be due to the sampling time of 48 h falling 

outside the time of maximal down-regulation. In C. elegans, 24 h seems to be sufficient 

to observe differential gene expression using qPCR (Fire et al., 1998). Since P. davidi 

develops slower than C. elegans (indicated by delayed egg laying and larval hatching) 

another 24 h were given to allow RNAi to take effect. However, P. davidi lives in a 

constantly changing environment, requiring fast genetic and physiological responses in 
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order to survive. Thus, a sampling time point of 48 h might have been too late and the 

mRNA level might have already increased. To test this possibility, a time series was 

performed by sampling after 12 h, 24 h, 36 h and 48 h of feeding. First, qPCR with Pd-

rps-2(RNAi) treated P. davidi sampled after 12 h and 48 h was performed. But instead 

of a down-regulation of the gene, an up-regulation was observed. This was presumably 

caused by the amplified region falling inside the feeding construct, and therefore 

measuring dsRNA uptake rather than RNAi, resulting in a relative high mRNA level in 

rps-2 fed nematodes compared to the GFP fed controls. This problem was solved by 

designing primers to a region outside the feeding construct.  

After optimizing the primer design, the Pd-rps-2 time series shows a trend, with 

the maximum down-regulation after 24 h of feeding. However, there was no statistically 

significant difference in mRNA level between the 24 h sample and the control. This 

result indicates that, like in C. elegans, 24 h is sufficient to observe maximum gene 

silencing in P. davidi. However, feeding as the least invasive technique, might not be 

strong enough to induce a phenotype in P. davidi. Work in other nematode species has 

already shown that environmental RNAi can have variable success (e.g. Geldhof et al., 

2006; Lendner et al., 2008). Geldhof et al. (2006) tested three different delivery 

techniques in H. contortus: feeding, soaking and electroporation. While no phenotype 

or decreased mRNA level was obtained with feeding, the more invasive soaking 

technique led to decreased mRNA for two of 11 genes tested and electroporation for 

two of four genes. 

3.4.4 Microinjection 

Microinjection was attempted to address the question whether P. davidi is 

amenable to RNAi at all. In contrast to environmental RNAi, which relies on uptake and 

spreading mechanisms only present in some species, microinjection into the gonads is 

independent of these mechanisms and therefore applicable to most species. However, 

in contrast to environmental RNAi, microinjection is laborious and not suitable to 

studies at the population level. Microinjection was tested on C. elegans by injecting Ce-

duox-2 together with phenol red into the gonads.  

Successfully injected nematodes turned red and survived for three to four days, 

but were in a poor condition and did not reproduce. No blistering phenotype was 

observed, except possibly one nematode that showed a small blister. The technical 

difficulties, the weak survival rate and the lack of phenotypes coupled with the labour 
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intensity of this technique making it ineffective as a high throughput technique were 

reasons to abandon microinjection in P. davidi. 

 

3.5 Conclusion 

As seen in other nematode species, RNAi feeding in P. davidi seems to be of 

limited value. In contrast to C. elegans which was used as a positive technical control 

and which showed a strong phenotype, the situation in P. davidi is less clear. These 

results show that these techniques are capable of inducing a phenotype in C. elegans 

but produce only a weak effect in P. davidi. Therefore feeding, as the least invasive 

technique for inducing RNAi, might not fulfil the requirement of a reliable screening 

technique in P. davidi. However, such a technique is necessary in order to identify 

candidate genes involved in freezing and intracellular freezing in P. davidi. The labour 

intensity of microinjection makes it ineffective as a high throughput technique, which is 

also required for the assessment of freezing tolerance in P. davidi. Thus, a third 

method is needed which is more penetrative than feeding, but less laborious and more 

high-throughput than microinjection. Soaking may fulfil these criteria and is tested in 

the next chapter. 
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4 Chapter 4: RNAi - Soaking 

4.1 Introduction 

4.1.1 Soaking (advantages & disadvantages) 

RNAi can be achieved either internally by microinjection, or externally by feeding 

of E. coli expressing dsRNA of the target gene or by soaking nematodes in dsRNA 

solution. In the previous chapter I demonstrated that microinjection is too labour-

intense to be used as a high-throughput technique and that feeding is not penetrative 

enough to significantly lower gene expression. In this chapter I tested whether 

Panagrolaimus davidi is more sensitive towards soaking, another form of 

environmental RNAi. Soaking nematodes in a dsRNA-containing solution is as 

convenient, but slightly more penetrative than the feeding technique, due to the 

addition of compounds to the solution that enhance dsRNA uptake. In contrast to 

microinjection, it is far less laborious, allowing it to be applied on a population level 

required for the assessment of freezing tolerance in P. davidi. 

4.1.2 Soaking in other nematode species 

Delivery of dsRNA via soaking has been used successfully in several nematode 

species including cyst nematodes, root knot nematodes and migratory nematodes 

(Urwin et al., 2002; Rosso et al., 2005; Huang et al., 2006; Adam et al., 2008; Park et 

al., 2008; Haegeman et al., 2009; Cheng et al., 2010). Although soaking seems to be 

the most efficient form of environmental RNAi, soaking effects can still vary among 

different genes, different species and even among different experiments (Geldhof et al., 

2006).  

Successful silencing has been reported for all genes tested in the two root lesion 

nematodes Pratylenchus thornei and P. zeae (Tan et al., 2013) and in the human 

parasitic nematode Brugia malayi (Aboobaker and Blaxter, 2003; Kushwaha et al., 

2012). In Bursaphelenchus xylophilus a relatively low, but consistent knockdown (26%) 

has been observed (Park et al., 2008; Cheng et al., 2010). Furthermore, only five of 

eight genes in Ostertagia ostertagi (Visser et al., 2006) and two of eleven genes in 

Haemonchus contortus (Geldhof et al., 2006) were efficiently, but non-reproducibly, 

silenced. 
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4.1.3 Choice of enhancers 

The addition of enhancers such as gelatine, spermidine and octopamine to 

increase dsRNA uptake was tested by several groups (Urwin et al., 2002; Cheng et al., 

2010; Tan et al., 2013). Gelatine may improve penetrance of molecules such as 

dsRNA and fluorescein isothiocyanate (FITC) in nematodes (Urwin et al., 2002). 

Spermidine may aid dsRNA uptake via the intestine by neutralizing the negative charge 

of nucleic acids (Tan et al., 2013). Octopamine may act as a neurostimulant by 

affecting pharyngeal pumping and ingestion, as shown by fluorescence in the pharynx 

following soaking in 50 mM octopamine and FITC (Urwin et al., 2002).  

Tan et al. (2013) tested different amounts of octopamine, spermidine and FITC to 

maximize uptake and minimize lethality of nematodes. Octopamine concentrations of 

up to 50 mM, spermidine concentrations of up to 6 mM and FITC of up to 1.0 mg/ml did 

not show any adverse effects on nematode viability (Tan et al., 2013). Desiccation-

enhanced RNAi, where dehydration and subsequent rehydration in a dsRNA containing 

solution stimulated a systemic dsRNA uptake, has so far only been tested in the 

mosquito larvae Culex pipiens (Lopez-Martinez et al., 2012). 

4.1.4 Aims 

The aim of this study was to investigate whether P. davidi is sensitive towards 

RNAi by soaking. The soaking protocol developed for P. davidi was based on the 

optimized soaking protocol described by Tan et al. (2013). Firstly, the fluorescent dye 

FITC was used to monitor uptake of three different soaking techniques (soaking only, 

octopamine and desiccation-enhanced soaking). Secondly, desiccation-enhanced 

soaking was used to induce RNAi on four genes (Pd-rps-2, Pd-dhc, Pd-duox-42 and 

Pd-tps-2a) in P. davidi. Finally, gene expression analysis on RNAi treated and non-

treated (controls) was performed by qPCR in order to confirm gene silencing. 
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4.2 Methods 

 

Figure 4.1: General outline of the experimental design for RNAi soaking. The gene of interest is 

cloned into a feeding vector with two T7 promoters, which is then in vitro transcribed into 

dsRNA. In a first experiment several enhancers were tested using the fluorescent dye FITC and 

the uptake and activity of the nematodes was analysed. In a second experiment the strongest 

enhancer (desiccation prior to soaking) was chosen and nematodes were soaked without 

dsRNA (non-treated control) and with dsRNA of the target gene (3-4 biological replicates), and 

RNA extraction and qPCR was performed. 

4.2.1 Soaking 

Three different soaking techniques were tested simultaneously in one 

experiment: soaking only, neurostimulant-enhanced soaking and desiccation-enhanced 

soaking. To define the optimal uptake of dsRNA containing soaking solution into 

nematodes (maximal uptake with minimal lethality), soaking techniques were tested 

using the fluorescent dye FITC. FITC has been used by several groups as a measure 

of uptake of the dsRNA containing soaking solution (Urwin et al., 2002; Aboobaker and 

Blaxter, 2003; Rosso et al., 2005; Cheng et al., 2010; Tan et al., 2013). For 

neurostimulant-enhanced soaking, 50 mM octopamine was added to the soaking 

solution. 

In vitro transcribed and purified dsRNA (1 mg/ml) (see 2.2.8) was eluted in 50 µl 

soaking buffer, analyzed via NanoDrop and agarose gel electrophoresis and stored at -
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20 °C. Three to four replicate nematode cultures were collected as described (2.2.1.2) 

and concentrated via centrifugation. Approximately 30 mg nematodes (wet weight) 

were soaked in ~ 100 µl soaking solution containing 1 mg/ml FITC for 16 h at 20 °C 

and then washed three times with water. Nematodes were analysed immediately (0 h) 

and after 24 h, using an Olympus BX61 fluorescence microscope and photographed 

using an Olympus DP71 camera. The number and intensity of fluorescent nematodes 

as well as the number of active and inactive nematodes were determined. 

4.2.2 Desiccation-enhanced soaking 

Desiccation prior to soaking was tested as an enhancer to increase dsRNA 

uptake into the nematodes system. Nematodes were exposed to 98% relative humidity 

(RH) in order to induce systematic uptake of the dsRNA containing soaking buffer. 

Nematodes were collected as described (2.2.1.2), concentrated via centrifugation and 

then transferred to a microscope slide. Surface water was removed with paper tissue 

before the slides were placed over a saturated potassium sulfate solution (reducing 

relative humidity to 98%) in a sealed container. Desiccation was monitored to assure 

that nematodes dried slowly enough to exhibit the typical coiled shape characteristic of 

successful dehydration (Fig.4.2) (Wharton and Barclay, 1993). Nematodes were 

desiccated for 24 h at 20 °C and then rehydrated with soaking buffer containing 1 

mg/ml dsRNA or without dsRNA (non-treated control). 

 

 

Figure 4.2: Micrograph showing a mass of coiled P. davidi desiccated for 24 h at 98% relative 

humidity. Scale bar, 1 mm. 
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4.3 Results 

4.3.1 Phenotypic analysis 

In order to develop a method to perform RNAi soaking in P. davidi, it was 

important to demonstrate that the soaking solution was taken up. The fluorescent dye 

FITC was used to monitor uptake of the three different soaking techniques (soaking-

only, octopamine and desiccation-enhanced soaking). Figure 4.3 gives an overview of 

the amount and intensity of fluorescent nematodes of each of the three techniques 

tested.  

 

 

Figure 4.3: Micrograph showing amount and intensity of fluorescent nematodes treated with 

three different techniques: A) nematodes soaked with FITC only showed localized fluorescence, 

in the median bulb and vulva; B) nematodes soaked with FITC and octopamine also showed 

localized FITC accumulation with some nematodes showing an uptake into the surrounding 

tissue; C) desiccation-enhanced soaking resulted in a large number of intensely fluorescent 

nematodes, with fluorescence throughout their bodies. Scale bar, 1mm. 
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All three techniques resulted in a distinct accumulation of fluorescence in the 

nematodes, not seen in the controls soaked without FITC. Nematodes soaked without 

FITC showed a weak and diffuse gut fluorescence. While soaking-only and 

octopamine-enhanced soaking resulted in a rather localized FITC accumulation, 

desiccation-enhanced soaking resulted in a stronger uptake into the surrounding 

tissue. Nematodes showed green fluorescence mainly in the gut with strong signals in 

the median bulb and the vulva. 

Fluorescent intensities in representative nematodes of each of the three different 

techniques tested are shown in Figure 4.4 Nematodes soaked with and without 

octopamine showed localized fluorescence in the gut with strong signals in the pharynx 

and the median bulb (Fig.4.4 A&B). Some fluorescence was also seen in the 

hypodermal region. In contrast to the localized uptake resulting from soaking-only and 

octopamine-enhanced soaking, desiccation-enhanced soaking resulted in a stronger 

uptake into the surrounding tissue. 

 

 

Figure 4.4: Micrograph showing FITC uptake in P. davidi using three different soaking 

techniques: soaking-only (A), octopamine-enhanced soaking (B) and desiccation-enhanced 

soaking (C). m = mouth, P = pharynx, mb = median bulb, l = lipids and v = vulva. Scale bar, 0.1 

mm. 
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To define the optimal uptake of dsRNA (maximal uptake with minimal lethality), 

several soaking conditions were tested by using the fluorescent dye FITC. To analyze 

adverse effects of each of the three soaking techniques, the number of active and 

inactive nematodes was determined by counting three sets of 100 animals in each of 

the four replicates. Figure 4.5 shows the survival of nematodes treated with soaking-

only, octopamine-enhanced soaking and desiccation-enhanced soaking 24 h after the 

soaking solution was washed off. Nematodes treated with soaking-only showed 23% 

inactivity, those treated with octopamine-enhanced soaking showed 17% inactivity and 

nematodes desiccated prior to soaking showed 32% inactivity. In general, stronger 

fluorescent nematodes were less active. 

 

 

Figure 4.5: Survival rate of nematodes for soaking-only, octopamine-enhanced soaking and 

desiccation-enhanced soaking, tested simultaneously in one experiment. Each value represents 

the mean±s.d. of 4 biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

FITC FITC/octopamine FITC/desiccation

%
 n

e
m

a
to

d
e
s
 a

c
ti
v
e



Chapter 4: RNAi - Soaking 

56 

 

4.3.2 Gene expression analysis 

To test whether desiccation-enhanced soaking leads to systemic uptake of 

dsRNA and subsequently to a successful silencing of the target gene, qPCR was 

performed after 16 h of soaking followed by another 24 h of incubation to allow the 

RNAi process to occur. Figure 4.6 shows the mRNA level of four different genes, Pd-

rps-2, Pd-dhc, Pd-duox-42 and Pd-tps-2a relative to the non-treated controls. 

Compared to the controls, the mRNA level of Pd-rps-2(RNAi) treated nematodes was 

strongly and significantly reduced (fold change 0.21, P = 0.007) and that of Pd-tps-

2a(RNAi) treated nematodes was slightly and significantly reduced (fold change, 0.72, 

P = 0.01). However, Pd-dhc(RNAi) and Pd-duox-42(RNAi) treated samples did not 

show any significant change in mRNA expression compared to the control. For Pd-rps-

2 and Pd-tps-2a two independent experiments were performed to ensure reproducibility 

of results. 

 

 

Figure 4.6: Gene expression analysis by qPCR of Pd-rps-2(RNAi), Pd-dhc(RNAi), Pd-duox-

42(RNAi) and Pd-tps-2a(RNAi) treated samples relative to the control (non-treated sample) 

following desiccation-enhanced soaking. The control is shown as normalized to a value of 1 and 

the samples indicate the fold change relative to the control. Each value represents the 

mean±s.d. of 3-4 biological replicates. For Pd-rps-2(RNAi) and Pd-tps-2a(RNAi) the experiment 

was replicated 2 times (3-4 biological replicates per experiment) and the values represent the 

mean±s.d. of all  6-8 biological replicates. Significant differential expression (assessed using t-

test) is indicated by asterisks (P = <0.05). 
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Since silencing of Pd-tps-2a reduced the mRNA level by only 28%, the question 

arose as to whether a knockdown targeting a larger part of the gene would be more 

effective. Earlier experiments on Pd-rps-2 showed that a knockdown targeting ~ 44% of 

the gene resulted in a reduction of mRNA level by ~ 79%, suggesting a correlation 

between gene coverage and RNAi efficiency (Fig.4.7).  

 

 

Figure 4.7: Percentage of sequence coverage and the down-regulation of the targeted mRNA 

level. 
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To test this hypothesis, a sequence coverage of 75% of the Pd-tps-2a gene (as 

opposed to 35% in the previous experiment) was achieved by targeting two regions of 

tps-2a in one RNAi experiment. Gene expression analysis by qPCR showed that a 

sequence coverage of 75% of the Pd-tps-2a gene resulted in a reduction of the mRNA 

level by 32% (fold change = 0.68, P = 0.001) (Fig.4.8). Thus, although both constructs 

resulted in a significant reduction of the mRNA level, no significant difference between 

the single and double knockdown could be observed. 

 

 

Figure 4.8: Gene expression analysis by qPCR of Pd-tps-2a(RNAi) treated and non-treated 

(control) samples after acclimation at 5 °C for 24 h. Pd-tps-2a(RNAi) was acheived by targeting 

either one (single) or two regions (double) within the gene. Each value represents the 

mean±s.d. of 3-4 biological replicates. Shown is the fold change of the Pd-tps-2a(RNAi) treated 

samples relative to the non-treated (control) samples normalized to a value of 1. Significant 

differential expression (assessed using t-test) is indicated by asterisks (P = <0.05). 
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4.4 Discussion 

4.4.1 Phenotypic analysis 

The dsRNA uptake of three different soaking techniques was monitored by using 

the fluorescent dye FITC: soaking-only, octopamine-enhanced soaking and 

desiccation-enhanced soaking. All three techniques resulted in distinct FITC 

accumulation in the nematodes, not observed in the controls. The weak and diffuse gut 

fluorescence in the control nematodes is likely to be due to autofluorescence (Geldhof 

et al., 2006). Nematodes soaked with and without octopamine showed mainly localized 

fluorescence, while nematodes desiccated prior to soaking mainly showed 

fluorescence throughout their body.  

Nematodes soaked with and without octopamine showed localized fluorescence 

along the gut, with strong signals in the median bulb and vulva, suggesting uptake from 

the body openings. High FITC accumulation in the pharynx and median bulb indicates 

an uptake via the mouth and fluorescence in the hypodermal region suggests that FITC 

enters via the cuticle. The localized fluorescence indicates that FITC is only taken up 

into tissues directly exposed to the environment, without a systemic spread into more 

distal regions. The small difference between nematodes soaked with and without 

octopamine suggests that P. davidi accumulates FITC locally without neurochemical 

stimulation.  

In contrast to the localized uptake, desiccation-enhanced soaking resulted in a 

stronger signal in the surrounding tissue, indicating widespread cellular uptake. It is 

likely that after a desiccation period of 24 h, nematodes are dehydrated on a cellular 

level, requiring uptake of the rehydrating soaking solution by all cells. Thus, desiccation 

prior to soaking seems to be the most efficient enhancer among the three techniques 

tested in P. davidi.  

Optimal dsRNA uptake is not only defined by maximal uptake but also by minimal 

lethality. In order to analyze adverse effects of each of the three soaking techniques, 

the numbers of active and inactive nematodes were determined. The results show that 

in general more strongly fluorescent nematodes were less active. Nematodes 

desiccated prior to soaking showed the strongest fluorescence but also the highest 

inactivity (32%). However, a positive correlation between desiccation rate and survival 

was observed, with slow desiccated nematodes showing a curling behaviour resulting 

in higher activity. This observation is consistent with that by Wharton and Barclay 
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(1993) which indicates P. davidi is a slow desiccation strategist. Controlled slow 

desiccation was used to further improve nematode activity of this soaking enhanced 

RNAi technique. 

4.4.2 Gene expression analysis 

Gene expression analysis of desiccated and soaked samples demonstrated a 

significant and consistent decrease in mRNA levels of two of four genes tested. 

Compared to the control, the mRNA levels of Pd-rps-2(RNAi) treated nematodes was 

reduced by 85% and that of Pd-tps-2a(RNAi) treated nematodes by 25%. 

Reproducibility of mRNA decrease was confirmed for both genes by performing two 

independent experiments for each of the genes tested. 

The down-regulation of two of four genes indicates that dsRNA preparations and 

culture conditions used are capable of silencing a target gene. Thus, desiccation prior 

to soaking seems to force the nematode to take up the dsRNA-containing soaking 

solution at a cellular level. The fact that desiccation-enhanced soaking reduced the Pd-

rps-2 level significantly and repeatedly shows its stronger penetrance compared to the 

feeding technique.  

However, the fact that only two genes were down-regulated indicates that 

although the RNAi pathway is functional and RNAi under certain conditions is possible, 

not all genes are susceptible. Limited success of environmental RNAi has been shown 

in other nematode species. In H. contortus two of 11 tested genes were successfully 

silenced and in O. ostertagi it was five of eight (Geldhof et al., 2006; Visser et al., 

2006). Visser et al. (2006) demonstrated that some genes are more sensitive to RNAi 

than others due to factors such as different locations, stability, transcript level and/or 

secondary structure of the mRNA. 

In C. elegans, the two transmembrane proteins SID-1 and SID-2 have been 

shown to be responsible for dsRNA uptake and spread. Species such as C. briggsae, 

lacking functional SID-1 and SID-2, have been shown to be recalcitrant to 

environmental RNAi (Winston et al., 2007). A recent screening of the P. davidi genome 

did not confirm the presence of these proteins, possibly explaining the limited efficiency 

of RNAi (Thorne et al., 2014). However, Kushwaha et al. (2012) reported that B. malayi 

genes can be efficiently silenced by RNAi despite the lack of SID-1 and SID-2 in this 

species, suggesting the involvement of other genes. This alternative entry and spread, 

however, might not be as efficient and possibly also explains the varying RNAi 

efficiency in P. davidi. 
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In addition to the factors mentioned above, RNAi also depends on technical 

variations such as dsRNA concentration, base composition and dsRNA position on the 

target gene as well as dsRNA sequence length (Tan et al., 2013). After desiccation-

supported soaking resulted in a significant down-regulation of two of four genes tested, 

a possible trend became apparent. The RNAi effect seems to be positively correlated 

with the percentage of the total gene sequence covered by the dsRNA construct. This 

is highlighted by Pd-rps-2, which shows the strongest RNAi effect as well as the 

highest dsRNA coverage.  

To confirm this positive correlation, a sequence coverage of 75% of the Pd-tps-2a 

gene was achieved by targeting two sequence areas in one RNAi soaking experiment 

(double knockdown). However, a sequence coverage of 75% of the Pd-tps-2 gene only 

resulted in a knockdown of 32%, which is similar to the 25% knockdown achieved by 

the 35% sequence coverage. Thus, there seems to be no correlation between the 

RNAi efficiency and clone coverage in P. davidi. 

 

4.5 Conclusion 

The down-regulation of two of four genes indicates that dsRNA preparations and 

culture conditions used are capable of silencing a target gene. Thus, desiccation prior 

to soaking forces the nematode to take up the dsRNA-containing soaking solution on a 

cellular level. The fact that desiccation-enhanced soaking reduced the Pd-rps-2 level 

significantly and repeatedly shows it has stronger penetrance compared to the feeding 

technique. However, the fact that only two genes were down-regulated indicates that 

the RNAi pathway is functional and RNAi under certain conditions possible, but only on 

a limited number of genes. This means that it is important that the down-regulation of 

each gene targeted by RNAi is confirmed by qPCR in order to know whether or not 

RNAi was successful. Thus, the desiccation-enhanced soaking technique presented 

here, can be used - in conjunction with qPCR - to start screening for genes involved in 

the remarkable cold adaptation of P. davidi. 
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5 Chapter 5: Investigating candidate genes 

5.1 Introduction 

5.1.1 Genes up-regulated during acclimation 

In the previous chapter I established a molecular approach for functional analysis 

in Panagrolaimus davidi using a desiccation-enhanced soaking technique. In order to 

apply this newly developed RNAi technique on genes involved in cold tolerance of P. 

davidi, candidate genes had to be investigated. In this chapter I use quantitative PCR 

to refine gene-specific expression of candidate genes obtained from transcriptomic 

data of P. davidi, provided by Michael Thorne (British Antarctic Survey, Cambridge). 

The transcriptomic and genomic information was used to determine gene structure and 

design gene-specific primers. 

As reported in previous studies, genes for trehalose metabolism, aquaporins, 

fatty acid desaturases, chaperones and antioxidants have been identified in the P. 

davidi dataset (Thorne et al., 2014). Trehalose protects membranes and proteins by 

replacing structural water and forming an intracellular glass (Crowe et al., 1998). 

Aquaporins regulate water flow across membranes, possibly reducing desiccation-

induced osmotic stress (Kruse et al., 2006). Desaturases are involved in changing 

membrane fluidity via fatty acid composition (Kayukawa et al., 2007). 

Heat shock proteins (HSP) are inducible or constantly-expressed chaperones 

that assist protein folding during environmental stresses. In the beet armyworm 

Spodoptera exigua, hsp-70 is induced 100-1000 fold in response to temperature stress 

and RNAi of hsp-70 significantly decreased stress survival, suggesting its important 

protection role (Choi et al., 2014). However, it is just as essential for hsp to be absent 

at normal temperatures, allowing normal development. Thus, hsp-70 not only 

contributes to enhanced cold tolerance but also provides a secondary mechanism to 

assure developmental arrest in unfavorable environments (Choi et al., 2014). 

Desiccation stress is accompanied by oxidative stress probably due to altered 

function of the mitochondria, resulting in generation of reactive oxygen species (ROS). 

ROS cause oxidative damage to proteins, lipids, DNA and other macromolecules, 

requiring antioxidants for rapid neutralization. Glutathione peroxidase (GPX) catalyses 

the reaction in which toxic hydrogen peroxide and other ROS are directly neutralized by 
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glutathione. It is specially involved in protection of biological membranes by reducing 

membrane hydroperoxides (Cornette et al., 2010). 

5.1.2 lea genes 

Late embryogenesis abundant (LEA) proteins are hydrophilic intrinsically 

disordered proteins, first identified during late embryogenesis in cottonseeds in 1981 

(Dure et al., 1981; Galau and Dure, 1981). Among other functions, LEA act as 

molecular shields inhibiting protein aggregation, as antioxidants protecting membranes 

from damaging phase transitions during freezing and as an hydration buffer to slow 

water loss during desiccation (Tunnacliffe and Wise, 2007; Hand et al., 2011). 

Furthermore, LEA have little secondary structure in the hydrated stage, but become 

structured and processed into small polypeptides upon drying, to increase the number 

of available antiaggregants (Goyal et al., 2005; Reardon et al., 2010). 

Most animal LEA belong to group 3, group 1 is to date only described in Artemia 

(brine shrimp) and one tardigrade species (Tyson et al., 2012). Toxopeus et al. (2014) 

demonstrated significantly decreased desiccation and freezing survival after lea-1 

silencing in Artemia franciscana, underlining its role in stress tolerance. Furthermore, 

lea can confer increased stress resistance when introduced into yeast (Goyal et al., 

2005). Within the P. davidi dataset, both contigs and EST reads were searched for 

potential lea with at least 26 individual reads or contigs found, clustering into up to nine 

different lea-type genes (Thorne et al., 2014). 

5.1.3 Aims 

The aim of this study is to refine gene-specific expression of candidate genes 

obtained from transcriptomic data of P. davidi, by using quantitative PCR. Among the 

genes most up-regulated during desiccation and freezing, I chose trehalose-6-

phosphate synthase 2 (tps-2), lea-1, gpx-1 and hsp-70. Genes significantly up-

regulated during acclimation at 5 °C were further examined. tps-2 activity was 

investigated by measuring the trehalose level itself using gas chromatography. 

Furthermore, the contribution of each of the five lea-1 members was investigated using 

specific primer designs. 
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5.2 Methods 

 

Figure 5.1: General outline of the experimental design. A total of 10 biological replicates were 

first incubated at 20 °C for 3 d. Five replicates were then kept at 20 °C (non-acclimated control 

samples), and 5 replicates were transferred to 5 °C (acclimated test samples). Aliquots of all 

replicates were snap frozen after 1 d for RNA extraction and qPCR. The remainder was snap 

frozen after 4 d for sugar extraction and gas chromatography. 

5.2.1 Choosing candidate genes 

Candidate genes were selected using two different sources: a study on Plectus 

murrayi (Adhikari et al., 2009) and transcriptomic data on P. davidi. At the time of gene 

selection only preliminary transcriptomic data for P. davidi was available. Among the 

genes most up-regulated in both, P. murrayi and P. davidi, I chose tps-2, lea-1, gpx-1 

and hsp-70. 

5.2.2 Nematode temperature treatment 

Nematodes were collected as described (see 2.2.1.2) and then plated out in five 

replicates on NGM agar plates in an exact equal volume. To further reduce biological 

variation within replicates, plates were positioned next to each other on the bottom of a 

sealed container. This container was first incubated at 20 °C for three days and then 

transferred to 5 °C, where it was incubated for another 24 h for RNA extraction and 
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qPCR or for 4 d for sugar extraction and gas chromatography. After acclimation, 

nematodes were re-collected and snap frozen in a mixture of dry ice and ethanol. Snap 

frozen samples were short-term stored on dry ice or long-term stored at -80 °C. 

5.2.3 Primer design for Pd-lea-1 

To test the response of Pd-lea-1 to cold stress, two questions were asked: is Pd-

lea-1 up-regulated in response to cold and if so, do members of the lea-1 gene family 

contribute equally to this up-regulation or are some more strongly involved than others? 

To answer these questions two types of primer sets were designed: one primer set 

targeting a conserved region within the lea-1 genes (binding all five lea-1 members) 

and one primer set targeting distinct regions of each gene (binding each lea-1 member 

individually). Sequences for lea-1 members were kindly provided by Michael Thorne. 

Sequences of lea-1 members were analyzed using the Geneious 8.0.5 Software. This 

software enables the alignment of multiple sequences, so that overlaps and differences 

can be easily identified.  

To target the lea-1 group, overlapping sequence areas were identified and 

primers designed, that bind to the sequences of all five lea members. For each lea-1 

member, sequence specific differences were identified and primers specific to these 

differences were designed (Fig.5.2). Sequence differences between lea-1 members 

were as little as one base pair. Primers were designed using Primer3web 

(http://primer3.ut.ee/), potential primers were analyzed for possible dimer formation by 

using Beacon Designer Free Edition 

(http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1) and for specificity by using 

NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (see 2.2.2.2). All 

lea-1 primers are listed above (see 2.2.2.2). Difficulties in primer design was due to 

high sequence similarity and resulted in temperature dissimilarity of some primer pairs. 

5.2.4 qPCR and data analysis 

qPCR was performed using the BioRad CFX96 System. BioRad SSoFast EVA 

Green Supermix with Low Rox was used for all instances of qPCR. A 20 µl reaction 

contained 5 µl sample (total of 50 ng cDNA), 10 µl SYBR green mix, 1.2 µl primer mix 

and 3.2 µl water. The reaction was loaded into BioRad Multiplate®, sealed and briefly 

centrifuged. All preparations for qPCR were done in a UV chamber and filter tips were 
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used at all times. qPCR settings were controlled using the BioRad FCX Manager. The 

following qPCR program was used:  

 

a) 1 min at 95 C 

b) 5 s   at 95 C   

c) 30s   at 60 C  40 cycles 

d) data collection  

e) 10s   at 95 C  

f) 65  C to 95 C 

 

qPCR data were analyzed using the BioRad FCX Manager and means, standard 

deviations, P-values and fold changes of the normalized fold expression values were 

calculated in MS Excel. 

5.2.5 Sugar extraction 

Sugar extraction was performed by using a modified technique from Wharton et 

al. (2000). Sugar was extracted to compare trehalose levels from samples kept at 20 

°C (non-acclimated) and 5 °C (acclimated). All samples were plated out on NGM agar 

plates and incubated for 72 h, to allow enough time for changes in trehalose levels. 

After incubation, samples were collected (see 2.2.1.2) and snap frozen in a mixture of 

dry ice and ethanol.  

To ensure the breakdown of the nematode cuticle, dry iced samples were first 

pulverized using a melted 1 ml pipette tip before water was added to fill up the 

suspension to 110 µl. A 10 µl sub-sample was transferred to a pre-weighed aluminium 

foil pan, dried at 60 °C for 1 h and then reweighed for dry weight determination. 0.25 ml 

of homogenization mix (0.8 ml cold chloroform, 0.3 ml methanol) was added to the 

sample and homogenization was continued. Dulcitol (24 µl) was added as an internal 

standard to the rest of the homogenization mix, which was then added to samples.  

After homogenization, samples were left on ice for 15 min and mixed by 

inversion. An 0.1 ml  aliquot of water was added and the samples centrifuged at 1000 g 

for 10 min. The aqueous portion (top layer), containing everything but lipids, was 

collected and passed through a preconditioned Bond Elut SCX column (Varian SPP) 

and the eluate collected. The column was washed with 0.5 ml water, which was added 
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to the eluate. Samples were transferred to chromatography vials and dried in a 

SpeedVac®SC110 (Savant) until completely dry and stored at -80 °C. 

5.2.6 Gas chromatography 

Sugars were converted to their trimethylsilyl derivates by adding 20 µl Sylon 

(Supelco) with a Hamilton syringe. Sugars were derivatized for 5 min at room 

temperature, and 15 µl of samples were injected into the column of an Agilent 6890N 

Network gas chromatograph equipped with a flame ionization detector. To reduce 

variation between replicas caused by the injection technique (due to selective 

evaporation), hot needle injection after Barwick (1999) was performed. Briefly, after 

insertion into the injection zone, the needle is allowed to heat up for five seconds (to 

allow full evaporation). The sample is then rapidly injected by pushing down the 

plunger and the needle is withdrawn quickly from the inlet within one second. Sugars 

were then identified and quantified using reference standards. 
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Figure 5.2: Section of aligned lea-1 genes showing primers designed around small sequence 

differences (light blue) between lea-1 members. The regions between primer pairs are shown in 

dark blue. 
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5.3 Results 

5.3.1 Gene expression analysis of candidate genes 

In order to directly confirm up-regulation of selected stress genes, quantitative 

PCR was performed on P. davidi samples kept under two different physiological 

conditions (20 °C and 5 °C). Gene expression analysis showed a significant up-

regulation of two of four tested genes (Fig.5.3). Shown is the fold change of the 5 °C 

samples relative to the 20 °C samples (control) normalized to the value of 1. Pd-tps-2 

(fold change = 3.8, P = 0.01) and Pd-lea-1 (fold change = 3.4, P = 0.004) were 

significantly up-regulated in the 5 °C samples. Pd-gpx-1 was slightly but non-

significantly up-regulated in the 5 °C samples compared to the 20 °C samples (fold 

change = 1.3, P = 0.05). In contrast, Pd-hsp-70 was slightly but non-significantly down-

regulated (fold change = 0.7, P = 0.2).  

 

 

Figure 5.3: Gene expression analysis by qPCR of Pd-tps-2a, Pd-lea-1, Pd-gpx-1 & Pd-hsp-70 

after acclimation at 5 °C for 24 h. Each value represents the mean±s.d. of 5 biological 

replicates. Shown is the fold change of the 5 °C samples relative to the 20 °C samples (control) 

normalized to the value of 1. Significant differential expression (assessed using t-test) is 

indicated by asterisks (P = <0.05). 
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Since Pd-tps-2 was significantly up-regulated upon acclimation in P. davidi, the 

question arose whether the level of trehalose, the product of TPS-2 activity, was also 

increased. To test this possibility, sugars were extracted from acclimated and non-

acclimated (control) samples after 4 d of incubation and trehalose levels were 

measured by using gas chromatography. The trehalose level was significantly higher in 

acclimated samples than in non-acclimated nematodes (fold change = 4.4, P = 2.3E-

06) (Fig.5.4 and Appendix 2). A strong variation between replicates was observed after 

the first round of gas chromatography, even after re-injecting the same sample. 

Improving the injection technique by performing hot needle injection after Barwick 

(1999), decreased sample variation. 

 

 

Figure 5.4: Trehalose level in µg/mg (dry weight) measured by gas chromatography in 

Panagrolaimus sp. samples incubated for 4 d at 5 °C (acclimated) and 20 °C (non-acclimated 

control). Each value represents the mean±s.d. of 4 biological replicates. Significant differential 

expression (assessed using t-test) is indicated by asterisks (P = <0.05). 
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5.3.2 Gene expression analysis of lea-1 members 

The lea-1 group in P. davidi consists of five members, each exhibiting specific 

sequence differences. To target lea-1 as a group, overlapping sequence areas were 

identified and primers designed, that bind to the sequences of all five lea-1 members 

(Fig.5.2). Since the lea-1 group was significantly up-regulated upon acclimation in P. 

davidi (Fig.5.3), the question arose whether all lea-1 members are contributing equally 

to this up-regulation or whether some are more strongly involved than others. To test 

whether the lea-1 members differ in their gene expression, primers specific to 

sequence differences within the members were designed. Figure 5.5 shows, that all 

five lea-1 genes were significantly up-regulated in the 5 °C samples compared to the 

20 °C samples. There was no significant differential expression of one lea-1 member 

over any other, indicating that all five lea-1 members are contributing equally to the 

significant up-regulation of the lea-1 group.  

 

 

Figure 5.5: Gene expression analysis by qPCR of lea-1 members in P. davidi samples in 

response to acclimation. All five lea-1 members show significant up-regulation upon acclimation, 

but no significant difference among the lea-1 family. Each value represents the mean±s.d. of 6 

biological replicates. Shown is the fold change of the 5 °C samples relative to the 20 °C 

samples (control) normalized to the value of 1.  
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5.4 Discussion 

5.4.1 Gene expression analysis of candidate genes 

Candidate genes were selected according to the literature (Adhikari et al., 2009) 

and (at the time of gene selection preliminary) transcriptomic data of P. davidi. Among 

the genes most up-regulated during desiccation and freezing, tps-2, lea-1, gpx-1 and 

hsp-70 were chosen. RNA was extracted from nematodes kept under two different 

physiological conditions (20 °C and 5 °C) and qPCR performed using gene specific 

primers designed for the selected transcripts. The results showed a significant up-

regulation of Pd-tps-2a, Pd-lea-1, while Pd-gpx-1 and Pd-hsp-70 showed no significant 

change in mRNA levels. 

The observation that Pd-tps-2a and Pd-lea-1 are significantly up-regulated upon 

acclimation, indicates that these two genes are cold-inducible and therefore likely to be 

involved in cold adaptation of P. davidi. However, Pd-gpx-1 and Pd-hsp-70 remained 

nearly unchanged, indicating that they could be constitutively expressed in cold 

adaptation of P. davidi. Similar expression patterns in response to desiccation (but not 

to freezing) have been demonstrated in other nematode species. In P. murrayi, Pm-tps 

and Pm-lea were highly up-regulated, while Pm-gpx was slightly up-regulated and Pm-

hsp-70 remained unchanged (Adhikari et al., 2009). Similarly, in P. superbus, Ps-lea 

was highly up-regulated, while Ps-gpx was slightly up-regulated and Ps-hsp-70 

remained unchanged.  

While many species have shown an up-regulation of tps and lea in response to 

stress, hsp-70 seems to be up-regulated (inducible) in only some species (Choi et al., 

2014) and unchanged (constitutive) in others (Tyson et al., 2012). In P. murrayi hsp-70 

is constitutively expressed, contributing to enhanced stress resistance overall. 

Generally, hsp are not constitutively expressed but are expressed in response to stress 

due to incompatibility with normal metabolism. However, P. murrayi may have evolved 

mechanisms to maintain HSP function during normal metabolism in order to survive in 

an unpredictable environment like Antarctica, with sudden exposure to a variety of 

stressors (Adhikari et al., 2009). Survival of P. davidi may also depend on maintaining 

constitutive expression of this molecular chaperone. 

Oxidative stress is experienced by organisms undergoing a wide range of abiotic 

stressors, probably due to malfunctioning mitochondria, resulting in generation of 

reactive oxygen species (Reardon et al., 2010). An oxidative stress response has been 
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defined as part of the environmental stress response (Gasch et al., 2000), as well as 

part of the minimal stress response (Kültz, 2005). In P. davidi the antioxidant gpx-1 was 

slightly but not significantly up-regulated, indicating a minor role or a constitutive 

expression. gpx-1 has been demonstrated to be up-regulated in other nematode 

species in response to desiccation (Adhikari et al., 2009; Reardon et al., 2010; Tyson 

et al., 2012). Furthermore, in Aphelanchus avenae gpx-1 was 32-fold up-regulated in 

response to desiccation and RNAi of gpx-1 reduced desiccation survival in P. superbus 

(Reardon et al., 2010). 

In P. davidi, trehalose accumulation has been shown to correlate with an 

increase in survival after exposure to freezing. Trehalose may thus play a role in the 

freeze tolerance of P. davidi by protecting membranes against harmful effects of 

freeze-induced dehydration (Wharton et al., 2000). Since Pd-tps-2 was significantly up-

regulated upon acclimation in P. davidi, the question arose whether the level of 

trehalose, the product of TPS-2 activity, was also increased. Sugars were extracted 

from acclimated and non-acclimated (control) samples after 4 d of incubation and 

trehalose levels were measured by using gas chromatography. The results showed 

that the trehalose level was significantly higher in acclimated samples than in non-

acclimated nematodes. 

A strong variation between replicates was observed after the first round of gas 

chromatography, which was thought to be caused by the sugar extraction technique. In 

order to reduce this variation, steps during the sugar extraction technique (e.g. 

homogenization), were further improved. However, this did not lead to any decline of 

variation within replicates. Variation was even detected after re-injecting the same 

sample and the injection technique was identified as the cause of the variation. 

Improving the injection technique by performing hot needle injection after Barwick 

(1999), finally decreased sample variation. The trehalose level was significantly higher 

in acclimated samples than in non-acclimated nematodes, which is consistent with the 

observation of Wharton et al. (2000), where the accumulation in trehalose is correlated 

with an increase in survival after exposure to freezing. 

5.4.2 Gene expression analysis of lea-1 members 

LEA proteins are known to act as a molecular chaperone or shield to prevent 

protein aggregation. Desiccation associated LEA prevent protein aggregation through 

molecular shield function and stabilization of trehalose glasses, suggesting a 

synergistic effect of LEA and trehalose (Goyal et al., 2005). LEA are hydrophilic 
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intrinsically disordered proteins initially found during late embryogenesis of cotton 

seeds in 1981 (Dure et al., 1981; Galau and Dure, 1981). Animal LEA all belong to 

group 3, group 1 is to date only described in Artemia and one tardigrade species 

(Tyson et al., 2012). Multiple LEA may be required for targeting different organelles and 

protect different cellular components (Hand et al., 2011). In P. davidi, searching the 

dataset resulted in 26 individual reads or contigs found, clustered to as many as nine 

different lea-type genes (Thorne et al., 2014). 

To test whether the lea-1 members differ in their gene expression, primers 

specific to sequence differences within the lea-1 family members were designed. 

Quantitative PCR was also done on constructs corresponding to all five lea-1 

members. There was no differential expression of one lea-1 member over any other, 

indicating an equal contribution of each member. Toxopeus et al. (2014) performed the 

first in vivo study of group 1 lea proteins in animals (A. franciscana), demonstrating 

significantly lower survival after desiccation and freezing of RNAi treated samples. The 

RNAi caused dramatic transcript reduction of many group 1 lea, likely due to their 

conserved repetitive sequences (Toxopeus et al., 2014). In contrast, in P. superbus 

only one out of three group 3 lea proteins was up-regulated upon desiccation, 

indicating an unequal contribution of individuals within this group (Tyson et al., 2012). 

 

5.5 Conclusion 

The observation that Pd-tps-2a and Pd-lea-1 are significantly up-regulated upon 

acclimation, indicates that these two genes are cold inducible and therefore involved in 

cold adaptation of P. davidi. The importance of tps-2 was further confirmed by an 

increased level of trehalose, the product of TPS-2 activity, which has been correlated 

with an increase in survival after exposure to freezing, making it an ideal candidate for 

further examination via RNAi. The fact that no differential expression of one lea-1 

member over any other has been detected, indicates an equal contribution of each 

member. In contrast to Pd-tps-2a and Pd-lea-1 which are significantly up-regulated 

upon acclimation Pd-gpx-1 and Pd-hsp-70 remained nearly unchanged, indicating that 

they could be constitutively expressed in cold adaptation of P. davidi. Thus, it is likely 

that P. davidi uses a set of inducible as well as constitutively-expressed genes in order 

to survive in its extreme habitat, where sudden environmental changes are very 

common. 
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6 Chapter 6: RNAi on the candidate gene tps-2 

6.1 Introduction 

6.1.1 The cryoprotectant trehalose 

In previous chapters I demonstrated a significant up-regulation of Pd-tps-2a in 

cold acclimated samples compared to non-acclimated samples using qPCR (see 

Fig.5.3). Furthermore, gene expression analysis showed a slight but significant down-

regulation of Pd-tps-2a(RNAi) treated samples compared to the non-treated samples 

(fold change = 0.72, P = 0.01) (Fig.4.6). In this chapter I further investigate the effect of 

tps-2 silencing on the trehalose level itself and on the survival of nematodes after 

exposure to freezing. 

One of the best characterized metabolic change during acclimation in 

anhydrobiotic organisms is the accumulation of the disaccharide trehalose. Trehalose 

protects membranes and proteins from desiccation by replacing structural water 

(Crowe et al., 1984; Carpenter et al., 1987) and by forming cellular glass (Crowe et al., 

1998). Trehalose accumulation has been associated with anhydrobiosis in nematodes 

such as Aphelenchus avenae (Madin and Crowe, 1975), Anguina tritici and Ditylenchus 

dipsaci (Womersley and Smith, 1981).  

In some species, such as A. avenae, trehalose accumulation seems to be 

essential but not sufficient for anhydrobiosis (Higa and Womersley, 1993; Browne et 

al., 2004) In others, such as some anhydrobiotic rotifer and tardigrade species, 

trehalose accumulation seems to be not essential (Lapinski and Tunnacliffe, 2003; 

Hengherr et al., 2008). Trehalose accumulation in organisms in response to 

desiccation and freezing is an excellent example for the link between these two 

adaptation mechanisms (McGill et al., 2015). 

While some species tolerate desiccation in every stage of their life cycle, C. 

elegans has only one stress resistant stage, the dauer larva. This slow desiccation 

strategist shows 10% survival after exposure to 0% relative humidity (RH), following 

acclimation at 98% RH. Double-deletion mutants (ΔΔtps) lacking genes for two 

enzymes involved in trehalose synthesis (tps-1 and tps-2) have reduced desiccation 

survival (Erkut et al., 2011). In contrast, a knockdown of two trehalose genes (tps and 

tre) via RNAi in C. elegans adults had no obvious phenotype, even after exposure to 

freezing (Pellerone et al., 2003). 
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6.1.2 Trehalose in Panagrolaimus davidi 

The work described in the previous chapter showed a strong induction not only of 

tps-2, but also trehalose, the product of TPS-2 activity, in response to cold acclimation 

of P. davidi, making it a promising candidate for further analysis via RNAi. Wharton et 

al. (2000) observed that the accumulation of trehalose is correlated with an increase in 

survival after exposure to freezing. During freezing, trehalose and other carbohydrates 

act as cryoprotectants and decrease the amount of ice and reduce the cellular 

desiccation caused by freeze concentration effects (Wharton et al., 2000). To confirm 

the role of trehalose and other cryoprotectants, a genetic approach including gene 

knockdown was developed. 

In P. davidi two enzymes are directly involved in trehalose synthesis: trehalose-6-

phosphate synthase (TPS) and trehalose-6-phosphate phosphatase (GOB), with 

trehalase involved in trehalose breakdown (Thorne et al., 2014). Transcripts with 

sequence similarity to tps were identified in the P. davidi dataset: these seemed to be 

two non-overlapping portions of the same gene. However, searching the genomic 

scaffold indicates, that they may come from different regions of the genome and may 

represent a duplication. These two regions were termed tps-2a (showing a larger 

alignment) and tps-2b (showing a smaller alignment). Sequences matching tps-1 were 

not found, but potential duplicates of the trehalase gene were identified in the dataset 

(Thorne et al., 2014). 

6.1.3 Aims 

This study aims to further investigate the role of trehalose as well as the genes 

involved in trehalose synthesis in P. davidi. In chapter 4 I have demonstrated that tps-

2a(RNAi) decreases the mRNA level by 28%. In this chapter, I first investigate whether 

this decrease has an effect on the trehalose level itself by using gas chromatography. 

Second, the involvement of other trehalose synthesis genes (tps-2b and gob-1) was 

investigated using qPCR and RNAi. Third, the freezing survival of tps-2(RNAi) treated 

nematodes was compared to that of non-treated controls. Finally the contribution of 

desiccation prior to RNAi soaking to tps-2 increase was investigated. 
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6.2 Methods 

 

Figure 6.1: General outline of the experimental design.  A total of 6-8 biological replicates were 

acclimated at 5 °C following desiccation-enhanced soaking without dsRNA (3-4 non-treated 

control replicates) or with Pd-tps-2 dsRNA (3-4 RNAi-treated test replicates). Aliquots of all 

replicates were snap-frozen after 1 d for RNA extraction and qPCR, and after 4 d for sugar 

extraction and GC. The remainder was used for the freezing survival experiment. 

6.2.1 Sugar extraction and gas chromatography 

Sugar extraction was performed by using a modified technique from Wharton et 

al. (2000) (see 5.2.5 for detailed description). Sugar was extracted to compare 

trehalose levels from non-treated and Pd-tps-2(RNAi) treated samples acclimated at 5 

°C. All samples were plated out on NGM agar plates and incubated for 72 h, to allow 

enough time for changes in trehalose levels. After incubation, samples were collected 

(see 2.2.1.2) and snap frozen in a mixture of dry ice and 100% ethanol.  

Sugars were converted to their trimethylsilyl derivates by adding 20 µl Sylon 

(Supelco) with a Hamilton Syringe. Sugars were derivatized for 5 min at room 

temperature, before 15 µl of samples were injected into the column of an Agilent 6890N 

Network gas chromatograph. To reduce variation between replicas caused by the 

injection technique, hot needle injection after Barwick (1999) was performed. Briefly, 

after insertion into the injection zone, the needle is allowed to heat up for 5 seconds. 
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The sample is then rapidly injected by pushing down the plunger and the needle is 

withdrawn quickly from the inlet within one second. Sugars were then identified and 

quantified using the standards as a reference. 

6.2.2 Freezing survival 

The freezing survival experiment was performed after Smith et al. (2008). 

Following RNAi soaking (see 4.2.2) triplicates of both, non-treated and Pd-tps-2(RNAi) 

treated nematodes were washed three times with water, to remove the soaking buffer. 

To acclimatise nematodes and induce Pd-tps-2 expression, nematodes were plated out 

on NGM agar plates and incubated at 5 °C for 72 h. After preconditioning, nematodes 

were washed off the plates and 50 µl of nematode suspension was transferred into 0.5 

ml microcentrifuge tubes. Samples were transferred to a cooling block (Wharton et al., 

2004), the temperature of which was controlled by the fluid from a refrigerated 

circulator (Haake Phoenix 2/C35P) (Fig.6.2). Samples were then cooled from +1 °C to -

15 °C at 0.5 °C min-1. Freezing was seeded by adding a small ice crystal at -1 °C. 

Samples were held at -15 °C for 30 min and then warmed back up to 1° C at 0.5 °C 

min-1.  

 

 

Figure 6.2: Photograph showing the equipment used for the freezing survival experiment. The 

temperature of the cooling block was controlled by a refrigerated circulator. The temperature 

of the samples was monitored using thermocouples interfaced to a Macintosh 

computer via a PowerLab A/D converter. 
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Sample temperatures were monitored using thermocouples attached to a 

PowerLab A/D converter (Analog Digital Instruments, London) interfaced to a 

Macintosh computer. Temperature records were analyzed using Chart version 3.2.7 

(Analog Digital instruments Ltd., London) (Fig.6.3). The resulting exotherm (the latent 

heat released during the freezing) was monitored on the computer to ensure that the 

samples had frozen. Samples were transferred to water in watch-glasses and 

incubated for 24 h at 20 °C. Survival of nematodes was determined by counting the 

proportion of moving nematodes. To perform statistical analysis 3 × 100 nematodes 

were counted for each of the three replicates of non-treated and Pd-tps-2(RNAi) 

treated samples. Control samples consisted of 50 µl nematode suspension in 0.5 ml 

microcentrifuge tubes, kept at 20 °C for the duration of the experiment.  

 

 

Figure 6.3: Graph showing freezing in one out of six samples (triplicates of both non-treated 

and Pd-tps-2(RNAi) treated nematodes). The high temperature peak at the beginning indicates 

the insertion of the sample into the cooling block. The arrowhead indicates the exotherm (the 

latent heat released during the freezing), caused after adding a small ice crystal at -1 °C. 
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6.3 Results 

6.3.1 Does tps-2 silencing decrease the trehalose level? 

Before performing phenotypic analysis on Pd-tps-2(RNAi) treated nematodes, I 

decided to confirm the Pd-tps-2 reduction by a second independent method. Therefore, 

gas chromatography was performed to measure the level of trehalose, the product of 

TPS-2 activity, directly. Sugars were extracted from Pd-tps-2a(RNAi) treated and non-

treated (control) samples after 4 d of incubation at 5 °C and trehalose levels were 

measured. No significant difference in the trehalose level between Pd-tps-2a(RNAi) 

treated and non-treated samples was detected (fold change = 0.9, P = 0.4) (Fig.6.4 and 

Appendix 2).  

The lack of decrease in the trehalose level indicates that tps-2 is not efficiently 

silenced, either in terms of intensity (mRNA reduction of only 25%), or in terms of 

integrity (targeting tps-2a but not tps-2b). It is also possible, that the half life of 

trehalose, as a product, is longer than the RNAi effect, exacerbating the detection of a 

decrease in trehalose levels.  

 

 

Figure 6.4: Trehalose level in µg/mg (dry weight) measured by gas chromatography in Pd-tps-

2a(RNAi) treated and non-treated (control) samples after acclimation at 5 °C for 4 d showing no 

significant difference between samples. Each value represents the mean±s.d. of 4 biological 

replicates. 
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6.3.2 Are other genes involved in trehalose synthesis? 

In P. davidi two enzymes are directly involved in trehalose synthesis: TPS and 

GOB. Transcripts with sequence similarity to tps were identified in the P. davidi 

dataset, but appeared to be two non-overlapping portions of the same tps-2 gene, tps-

2a and tps-2b. However, searching the genomic scaffolds indicates that they may 

come from different regions of the genome, and therefore represent a potential 

duplication (Thorne et al., 2014). 

In order to test the up-regulation of each gene involved in trehalose synthesis in 

acclimated samples, gene expression analysis was also performed on the second tps-2 

gene (Pd-tps-2b) and Pd-gob-1. Figure 6.5 shows the relative gene expression of all 

three trehalose synthesis genes. Compared to tps-2a (fold change = 3.8, P = 0.01), 

tps-2b was even more strongly induced upon acclimation (fold change = 4.7, P = 0.01), 

while gob-1 was more weakly induced (fold change = 2.3, P = 0.002).  

 

 

Figure 6.5: qPCR of Pd-tps-2a, Pd-tps-2b and Pd-gob-1 in P. davidi acclimated at 5 °C for 24 h. 

Each value represents the mean±s.d. of 5 biological replicates. Shown is the fold change of the 

5 °C samples relative to the 20 °C samples (control) normalized to the value of 1. Significant 

differential expression (assessed using t-test) is indicated by asterisks (P = <0.05). 
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Since P. davidi seems to have two non-overlapping portions of tps-2, targeting 

both portions in one RNAi experiment could lead to a significant decrease in trehalose 

level, measurable by gas chromatography. To test whether RNAi has the same effect 

on both tps-2 genes, a Pd-tps-2b single as well as a Pd-tps-2a&b double knockdown 

was performed. In contrast to Pd-tps-2a, gene expression analysis of Pd-tps-2b(RNAi) 

treated samples showed no significant down-regulation compared to the non-treated 

samples (P = 0.3) (Fig.6.6).  

 

 

Figure 6.6: Gene expression analysis by qPCR of Pd-tps-2b(RNAi) treated and non-treated 

(control) samples after acclimation at 5 °C for 24 h. Each value represents the mean±s.d. of 3 

biological replicates. Shown is the fold change of the Pd-tps-2b(RNAi) treated samples relative 

to the non-treated samples (control). 
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6.3.3 Does silencing of tps-2 decrease freezing survival? 

To investigate whether the reduced expression of tps-2 affects freezing survival a 

phenotypic analysis of non-treated (control) and Pd-tps-2a&b(RNAi) treated nematodes 

was done. Nematodes were exposed to a freezing regime following acclimation at 5 °C 

for 24 h. Nematodes were cooled from 1 °C to -15 °C at 0.5 °C min-1 with freezing 

seeded at -1 °C, held at -15 °C for 30 min and warmed back up to 1 °C at 0.5 °C min-1 

(Smith et al., 2008). Nematodes were incubated at 20 °C for 24 h and the proportion of 

moving nematodes counted. There was no statistical difference between the proportion 

of moving nematodes of non-treated samples compared to Pd-tps-2a&b(RNAi) treated 

samples (P = 0.4) (Fig.6.7). 

 

 

Figure 6.7: Freezing survival of non-treated (control) and Pd-tps-2a&b(RNAi) treated samples. 

To perform statistical analysis 3 × 100 nematodes were counted for each of the 3 biological 

replicates of non-treated and Pd-tps-2a&b(RNAi) treated samples. Each value represents the 

mean±s.d. of the 3 biological replicates. 
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6.3.4 How does desiccation contribute to tps-2 induction? 

In order to test whether the 24 h desiccation prior to soaking had already affected 

Pd-tps-2 expression, a desiccation time series was performed on Pd-tps-2a. RNA was 

extracted from nematode cultures (three replicates) snap frozen before desiccation 

(non-desiccated control), after 4 h and after 24 h desiccation. This experiment should 

determine whether desiccation treatment prior to soaking already leads to an up-

regulation of Pd-tps-2a and whether the differential expression seen after acclimation 

of non-treated and RNAi treated samples is in addition to the effects of desiccation. 

Figure 6.8 shows a positive correlation between the mRNA level of Pd-tps-2a and the 

desiccation time. Compared to the non-desiccated control, the 4 h desiccated samples 

already show a 2.4 fold change (P = 0.001) and the 24 h desiccated samples a 4.8 fold 

change (P = 0.002).  

 

 

Figure 6.8: Gene expression analysis by qPCR of non-desiccated (control), 4 h and 24 h 

desiccated samples. Each value represents the mean±s.d. of 3 biological replicates. Shown is 

the fold change of the 4 h and 24 h desiccated samples relative to the non-desiccated samples 

(control), normalized to a value of 1. 
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These data show that desiccation prior to soaking leads to an increase in mRNA 

level of Pd-tps-2a by 4.8 times after 24 h of incubation. However, incubating the 

samples for 4 h at 98% relative humidity instead of 24 h only led to an increase by 2.4 

times. In order to test whether a decrease in desiccation time leads to an increase in 

differential expression after acclimation of non-treated and RNAi treated samples, RNAi 

was performed on nematodes desiccated for just 4 h (Fig.6.9). Gene expression 

analysis by qPCR showed no significant down-regulation of Pd-tps-2a in the RNAi 

treated samples compared to the non-treated samples (P = 0.3). 

 

 

Figure 6.9: Gene expression analysis by qPCR showing Pd-tps-2a expression after 4 h 

desiccation. Each value represents the mean±s.d. of 3 biological replicates. Shown is the fold 

change of the Pd-tps-2a(RNAi) treated samples relative to the non-treated samples (control). 
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6.4 Discussion 

6.4.1 RNAi affects tps-2 expression but not trehalose synthesis 

Gene expression analysis by qPCR showed a significant up-regulation of Pd-tps-

2 in acclimated samples compared to non-acclimated samples. Furthermore, the level 

of trehalose, the product of TPS-2 activity, is increased 4.4 fold in response to 

acclimation (Fig.5.4). Therefore, Pd-tps-2 was chosen for further analysis by RNAi. 

Gene expression analysis by qPCR showed a slight but significant down-regulation of 

Pd-tps-2a(RNAi) treated samples compared to the non-treated samples. 

However, no significant difference in the trehalose level between Pd-tps-

2a(RNAi) treated and non-treated samples was detected. The lack of decrease in the 

trehalose level could be due to the down-regulation of the Pd-tps-2a gene of only 25%. 

According to Pellerone et al. (2003), less than 100% knockdown of tps expression 

could provide enough enzyme activity to allow residual trehalose metabolism. Thus, a 

significant reduction in mRNA may not alter the amount of the enzyme enough to 

detect a phenotype, although RNAi might have technically worked. It is also possible, 

that the half life of trehalose, as a product, is longer than the RNAi effect, exacerbating 

the detection of a decrease in trehalose levels.  

Furthermore, P. davidi seems to have more than one tps gene, which could 

compensate for each other. In C. elegans, a reduction in trehalose level of > 90% 

(confirmed by qPCR) was achieved after a double knockdown of both tps genes. 

However, no loss-of-function phenotypes were observed (Pellerone et al., 2003). Thus, 

it is questionable whether a phenotype, such as a decrease in survival after exposure 

to freezing, will be observable in P. davidi, given that the trehalose level was not 

decreased after Pd-tps-2a knockdown. 

6.4.2 P. davidi has multiple genes for trehalose synthesis 

In contrast to Pd-tps-2a, gene expression analysis of Pd-tps-2b(RNAi) treated 

samples showed no significant down-regulation compared to the non-treated samples. 

The fact that Pd-tps-2a is sensitive to RNAi but Pd-tps-2b is not, is interesting and 

indicates that these genes act differently. They have either evolved different features or 

are expressed in different tissues with different accessibility to environmental RNAi. 

Expression in different tissues has been described for trehalase genes, where 
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membrane associated and soluble tre activities have been observed (reviewed in 

Behm, 1997). 

Conant and Wagner, (2004) found that mutational robustness is greatest for 

closely related gene duplicates. Since duplicate genes often have similar functions, the 

loss of one duplicate can be tolerated because others can buffer against this loss. 

Conant and Wagner (2004) also found a positive correlation between the amino acid 

distance (Ka) and the number of duplicates with different knockdown effects. Thus, the 

more distant two duplicates are, the more likely it is that one has a stronger knock-

down effect than the other. Asymmetric divergence, which probably increases with 

amino acid distance and divergence time, could explain why distantly related duplicates 

often show different mutational effects (Conant and Wagner, 2004). 

6.4.3 Freezing survival is not affected by tps-2 silencing 

There was no statistical difference between the proportion of moving nematodes 

of non-treated samples compared to that of Pd-tps-2a&b(RNAi) treated samples. The 

lack of freezing sensitivity in RNAi treated samples is not surprising, given that the 

trehalose level was not decreased and that there is a multiple backup system in P. 

davidi. It is also likely that genes other than those involved in trehalose synthesis are 

involved in freezing survival.  

Taken together, the characteristics of gene duplicates explain the different RNAi 

sensitivity between the two tps-2 genes in P. davidi as well as the lack of effects on the 

trehalose amount. The fact that not only the two tps-2 genes, but also gob-1 is involved 

in trehalose synthesis, indicates a multiple backup system in P. davidi, underlining the 

importance of this sugar as a cryoprotectant against environmental stressors common 

in Antarctica. 

6.4.4 tps-2 is induced by desiccation as well as cold acclimation 

The results show a positive correlation between the mRNA level of Pd-tps-2 and 

the desiccation time. Compared to the non-desiccated control, the 4 h desiccated 

samples already show a fold change of 2.4 and the 24 h desiccated samples a fold 

change of 4.8. This experiment shows that desiccation treatment prior to soaking 

already leads to an up-regulation of Pd-tps-2 and the differential expression seen after 

acclimation of non-treated and RNAi treated samples is additional. Thus, the 

desiccation time prior to soaking could be critical in order to see a maximum effect after 
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soaking and acclimation. Furthermore, this experiment also shows the connection 

between desiccation and cold tolerance in the case of Pd-tps-2a expression. 

Gene expression analysis by qPCR showed no significant down-regulation of Pd-

tps-2a in the RNAi treated samples compared to the non-treated samples. This 

suggests that 4 h desiccation prior to soaking is not enough to enhance a dsRNA 

uptake as effective as 24 h desiccation. Wharton and Barclay (1993) have shown that 

P. davidi has a drying rate of 0.3 ± 0.1%/hour (mean ± S.E.). According to this, P. 

davidi lost only 1.2% of its water content after 4 h desiccation, but 7.2% after 24 h. The 

higher water loss after 24 h desiccation might be critical to enhance dsRNA uptake 

sufficiently (Wharton and Barclay, 1993). 

 

6.5 Conclusion 

Acclimation of P. davidi (at 5 °C) leads to induction of all three trehalose 

synthesis genes tps-2a, tps-2b and gob-1, as well as to an increase in the trehalose 

level itself, indicating the importance of this sugar in the cold adaptation of P. davidi. 

The importance of trehalose is further underlined by the presence of tps-2 duplicates, 

which seem to have different RNAi sensitivity. They have either evolved different 

features or are expressed in different tissues with different accessibility to 

environmental RNAi. Taken together, the characteristics of gene duplicates explain the 

different RNAi sensitivity between the two tps-2 genes in P. davidi as well as the lack of 

effects on the trehalose level. The fact that not only the two tps-2 genes, but also gob-1 

is involved in trehalose synthesis, indicates a multiple backup system in P. davidi. 

Furthermore it underlines the importance of this sugar as a cryoprotectant against 

environmental stressors common in Antarctica. 
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Chapter 7: General Discussion 

7.1 Summary and Conclusions 

Gene silencing by RNAi is a powerful tool for functional genomics, but is not 

applicable to every nematode species due to an effector diversity within different 

species, as well as inappropriate culture methods or inappropriate dsRNA delivery 

(Dalzell et al., 2011). Since the RNAi response to external dsRNA evolved as a virus 

defense and gene regulation mechanism, differences within species could result from a 

different niche-specific selective pressure (Shannon et al., 2008). However, successful 

use of RNAi in the Antarctic nematode P. davidi would allow high throughput screening 

for candidate genes involved in its extreme freezing tolerance. 

Chapter 3 primarily aimed to investigate whether RNAi-feeding can be used as a 

reliable screening technique in P. davidi, since it is the most convenient and natural 

technique, allowing genetic analysis on a population level. Because feeding showed 

limited efficiency in other nematode species, microinjections were also investigated, 

using C. elegans as a positive technical control. In order to test whether P. davidi is 

sensitive to feeding and microinjection three different test genes were subjected to 

RNAi and their expression confirmed using quantitative PCR. 

The results show that the applied feeding technique is capable of inducing a 

phenotype in C. elegans and indicate a weak effect on P. davidi also. In contrast to C. 

elegans, which was used as a positive technical control and which showed a strong 

phenotype, the situation in P. davidi is less clear. Thus, feeding as the least invasive 

technique, might not fulfil the requirement of a reliable screening technique in P. davidi. 

On the other hand, the labour intensity involved in microinjection makes it impracticable 

as a high throughput technique, which is also required for the assessment of freezing 

tolerance in P. davidi. Therefore, a third method is needed, which is more penetrative 

than feeding, but less laborious than microinjection.  

Chapter 4 aimed to investigate whether P. davidi is sensitive towards RNAi-

soaking and whether this technique fulfils the criteria for a reliable and efficient 

screening method. To address this question a fluorescent dye was used to monitor 

uptake of three different soaking techniques (soaking-only, octopamine- and 

desiccation-enhanced soaking). Desiccation-enhanced soaking was then used to 

perform RNAi on four different genes in P. davidi and their down-regulation was 

confirmed using quantitative PCR. 
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Desiccation-enhanced soaking significantly and repeatedly down-regulated two 

of four genes, indicating that the dsRNA preparations and the culture conditions used 

are efficient. Thus, desiccation prior to soaking forces the nematode to take up the 

dsRNA containing solution on a cellular level, resulting in a stronger penetrance 

compared to the feeding technique. However, the fact that only two genes were 

affected indicates that the RNAi pathway is functional and that RNAi is possible under 

some conditions, but only on a limited number of genes. This stresses the importance 

of confirming the down-regulation of each target gene by qPCR in order to know 

whether or not RNAi has been successful. Thus, the desiccation-enhanced soaking 

technique presented here, can be used - in conjunction with qPCR - to start screening 

for candidate genes. 

Chapter 5 aimed to refine gene-specific expression of candidate genes obtained 

from a transcriptomic study in P. davidi by using quantitative PCR. Among the genes 

up-regulated during desiccation and freezing, trehalose-6-phosphate synthase 2 (tps-

2), late embryogenesis abundant 1 (lea-1) protein, glutathione peroxidase 1 (gpx-1) 

and heat shock protein 70 (hsp-70) were chosen. Genes significantly up-regulated 

during acclimation at 5 °C were further examined by measuring the gene product (in 

case of tps-2) or by evaluating group members (in case of lea-1). 

Pd-tps-2a and Pd-lea-1 were significantly up-regulated upon acclimation, 

indicating that these two genes are cold inducible and therefore involved in the cold 

adaptation of P. davidi. The importance of tps-2 was further confirmed by an increased 

trehalose level, which has been correlated with an increase in freezing survival. The 

fact that no differential expression of one lea-1 member over any other has been 

detected, indicates an equal contribution of each member. In contrast to Pd-tps-2a and 

Pd-lea-1, Pd-gpx-1 and Pd-hsp-70 remained nearly unchanged, indicating that they 

could be constitutively expressed in P. davidi. Thus, it is likely that P. davidi uses a set 

of inducible as well as constitutively expressed genes in order to survive in its extreme 

habitat, where sudden environmental changes are very common. 

Chapter 6 further investigated the role of trehalose as well as the genes involved 

in trehalose synthesis in P. davidi. First, tps-2a was silenced by RNAi and the reduction 

of the mRNA level as well as the trehalose level itself was measured. Second, the 

involvement of other trehalose synthesis genes (tps-2b and gob-1) was investigated 

using qPCR and RNAi. Third, the freezing survival of tps-2(RNAi) treated nematodes 

was compared to that of non-treated controls. Finally the contribution of desiccation 

prior to RNAi soaking to the tps-2 increase was investigated. 
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This chapter shows that acclimation of P. davidi results in induction of all three 

trehalose synthesis genes tps-2a, tps-2b and gob-1, as well as in an increased 

trehalose level itself, indicating the importance of this sugar in the cold adaptation of P. 

davidi. The importance of trehalose is further underlined by the presence of tps-2 

duplicates, which seem to have different RNAi sensitivity. The characteristics of gene 

duplicates explain the different RNAi sensitivity between the two tps-2 genes in P. 

davidi as well as the lack of effects on the trehalose level. The fact that not only the two 

tps-2 genes, but also gob-1 is involved in trehalose synthesis, indicates a multiple 

backup system in P. davidi. Furthermore it underlines the importance of this sugar as a 

cryoprotectant against environmental stressors common in Antarctica. 

The overall aim of this thesis was to establish a molecular approach in P. davidi, 

which can be used to screen for genes involved in its adaptation to the extreme and 

unpredictable Antarctic environment. The first part of the thesis presents the testing of 

three different RNAi techniques and shows that desiccation-enhanced soaking can be 

used - in conjunction with qPCR - to screen for candidate genes. The second part of 

this study investigated several candidate genes and shows that P. davidi uses multiple 

trehalose synthesis genes as a backup system, underlining the importance of this 

sugar as a cryoprotectant. 

 

7.2 Suggestions for further research 

This study provides new insights into the molecular mechanisms involved in the 

extreme adaptation mechanisms of the Antarctic nematode P. davidi. However, the 

results presented in this study suggest further research to be conducted in order to 

improve our understanding of this remarkable organism.  

Although RNAi can be used to approach non-model organisms, it also has its 

limitations as shown in this study as well as in earlier studies (e.g. Geldhof et al., 2006; 

Lendner et al., 2008). The CRISPR/Cas9 system is an alternative method of gene 

silencing that has recently gained popularity (Kim et al., 2014). CRISP/Cas9 has 

already been used on the model C. elegans in several laboratories (reviewed by 

Waaijers and Boxem, 2014) and has now been shown to work in non-model 

nematodes also (Cho et al., 2013). The protocol developed by Cho et al. is 

independent from species specific components, possibly offering an alternative 

molecular approach to P. davidi. 



 Chapter 7: General Discussion   

92 

 

Candidate genes such as trehalose synthesis genes and lea-1 genes have been 

shown to be up-regulated and therefore inducible by acclimation of P. davidi. However, 

direct proof of a link between these genes and the remarkable survivability of 

intracellular ice is still missing. Therefore, further investigation of candidate genes at 

different temperatures by quantitative PCR, followed by further functional studies are 

recommended. Such a gene could be constitutively expressed and therefore not be 

identifiable by differential expression analysis. A comparative study of nematode 

species with and without freezing tolerance could help identify constitutively expressed 

candidate genes.  
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Appendix 1 

Efficiency tests 

 

Standard curves were performed for each individual gene (technical triplicates) 

using a dilution series of cDNA (1 x, 10 x, 100 x, 1000 x, 10000 x). For a qPCR assay 

the efficiency should be between 90% and 110%. This means that for every PCR cycle 

there is a doubling of the amount of product. Primers with efficiencies outside the 

acceptable range were discarded. qPCR primers and their efficiencies are listed in 

table 2.2 and efficiency assays are listed below.  

In each graph the amplification data is plotted with the log cDNA concentration on 

the x-axes and the threshold cycle on the y-axes. The threshold cycle is the cycle at 

which the fluorescence signal is first detected at higher than background levels. The 

software (BioRad FCX Manager) calculates efficiency (E), fit to the curve (R^2) and 

slope of the curve (Slope). A R^2 value between 0.95 and 1.0 indicates accurate 

efficiency measurement and a slope of -3.6 and -3.1 equals an efficiency of 90-100%. 

 

Specificity tests 

 

Melting curves (step f in the qPCR program) were also performed for each 

individual gene. They were analysed for primer specificity (indicated by a single melting 

peak) and are listed below. 
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Pd-act-1 

 

 

Pd-ama-1 

 

 

Pd-cdc-42 
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Pd-dhc 

 

 

Pd-duox-42 

 

 

Pd-gob-1 
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Pd-gpd-2 

 

 

Pd-gpx-1 

 

 

Pd-hsp-70 
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Pd-lea-1 

 

 

Pd-lea-1_1 

 

 

Pd-lea-1_2 
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Pd-lea-1_3 

 

 

Pd-lea-1_4 

 

 

Pd-lea-1_5 
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Pd-pmp-3 

 

 

Pd-rps-2 

 

 

Pd-tba-1 
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Pd-tps-2a 

 

 

Pd-tps-2b 
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Appendix 2  

 

Example chromatogram of a 20 °C sample (elution times: 17 = Glycerol, 40 = Dulcitol 

(internal standard), 58 = Trehalose) 

 

 

Example chromatogram of a 5 °C sample 
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Example of chromatogram of a non-treated acclimated (control) sample (elution times: 

17 = Glycerol, 39 = Dulcitol (internal standard), 58 = Trehalose) 

 

 

Example chromatogram of a Pd-tps-2(RNAi) treated acclimated sample 
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Appendix 3 

Mitochondrial annotation 

 

The P. davidi mitochondrial genome has been recently sequenced and 

assembled (Thorne et al, unpublished). Since the assembly remained incomplete in 

three areas, these three 'Gaps' were chosen to be amplified by PCR and sequenced, in 

order to confirm correct assembly of the mitochondrial genome (Fig.2). Bright bands for 

Gap1 and Gap2 (green) as well as Gap3_3 (orange) and the 2600bp control for Gap3 

(Gap1-r & Gap2-f) were finally obtained by lowering the extension temperature from 72 

°C to 65 °C (Fig.1). However, Gap3 (whole Gap3) as well as Gap3_1 and Gap3_2 

(parts of Gap3) could not be amplified due to an increased amount of AT-rich repetitive 

sequences (red). The PCR products for Gap1 and Gap2 were then purified, cloned and 

transformed. The colonies were screened and two colonies of each Gap were sent for 

sequencing. The sequencing results returned with a perfect match.  

 

 

Fig.1) PCR amplification of Gap1 & Gap2 (left), Gap3 & + control (middle) and Gap3_1-3 (right) 
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Fig.2) P. davidi mitochondrial genome (green = sequenced, orange = amplified, red = not amplified 


