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Summary - Until the last decade, globin 1 was thought to be the only globin present in 

C.elegans. Recently however, the presence of 33 globins was identified with in silico and qPCR 

analysis of the complete genome by Hoogewijs et al., 2004. The need for such a huge variety of 

globin genes in an organism as small as 1mm is unknown. In this research project, the possible 

function of these globins during anoxia and recovery of the nematode was analyzed. The 

proposed function is that the majority of the anoxia responsive globins act as oxygen sensors. 

The RNAi and qPCR analysis of the complete set of globin genes proved that globins 8, 14, 26, 

27, 29 and 33 are anoxia responsive, which is in agreement with the study by Hoogewijs et al., 

2007. In addition, globins 13, 21, 26 and 27 also showed an anoxia response in both experiments 

of this study. Finally, by analysing the metabolic heat production in relation to a selected set of 

anoxia responsive globin genes, we showed that globin 24 might be involved in regulating the 

metabolism. An overall function of oxygen sensing is proposed for the majority of the anoxia 

responsive globin genes with the present study. 

Key words - Anoxia, metabolic heat production, oxygen sensing, globins, C.elegans. 

Caenorhabditis elegans is one of the most studied model organisms. This nematode lives in the 

soil and compost material and feeds on bacteria (Hope, 1999). These habitats have the possibility 

of becoming anoxic or hypoxic at frequent intervals and the animal has to cope with these 

oxygen concentration changes (Baumgartl et al., 1994). C. elegans, needs at least a few periods 

of aerobic respiration for the completion of its lifecycle (Bolla, 1980). 

Organisms apply a variety of adaptations to overcome oxygen deprivation conditions, including 

development of circulatory and respiratory system for the efficient transport of oxygen, synthesis 

of oxygen binding molecules and even behavioural adaptations (Childress & Seibel, 1998). 

Small respiratory proteins, called globins, can serve as oxygen transporters and reservoirs in 
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vertebrates (Berg et al., 2002). In addition, the functions of non-vertebrate globins can be much 

more diverse compared to vertebrate globins. They can have peroxidase and oxidase activity, 

function as scavengers or reservoirs of sulphate or be involved in oxygen sensing (Weber & 

Vinogradov, 2001). The identification of the specific functions and action pathways of these 

proteins involved in oxygen metabolism would provide better understanding of anoxia induced 

diseases like stroke (White et al., 1984), apoptotic cell death (Nystul & Roth, 2004), cancer and 

cerebral ischemia and hence the cure. 

In this study we have analyzed the role of the entire globin family, consisting of 33 members 

(Hoogewijs et al., 2004), of C. elegans during anoxia. A list of all the 33 globins and their main 

name and GenePairs name are given in Table 1. The study by Hoogewijs et al., 2007 has shown 

6 globins to be anoxia responsive and 4 as likely-anoxia responsive. As a follow-up of this study, 

the role of all globins in anoxia survival and expression changes during anoxia and recovery was 

assessed in this study. The study was conducted as three parts.  

In the first part of the study, the RNA interference (RNAi) technology was applied to knock-

down the 33 globins individually after which the survival following an anoxia exposure was 

assessed. In the second part, the Quantitative polymerase chain reaction (qPCR) technique or 

real-time reverse transcription polymerase chain reaction (real-time RT-PCR) was applied to 

check the expression pattern of these 33 globins at normoxia, anoxia and recovery and hence 

their role in the anoxia response. In the final part of the study, RNAi was used to reduce 

expression of specific globins, after which the effect on metabolic heat production and body size 

was assessed. Metabolic heat production was correlated to total protein content, to account for 

differences in body mass. In conclusion, the goal of this study was to analyze the involvement of 

the C.elegans globins in the anoxia response, and their effect on anoxia. 

Materials and method 

To acquire a synchronised nematode culture, a culture of gravid hermaphrodites was exposed to 

a strong alkaline bleach to digest the nematode's body while retaining the eggs intact. These eggs 

were incubated in S-buffer at 17º C in a rotary shaker at 120rpm overnight for hatching. 

Synchronised nematode cultures were used for all three experiments and bleaching was carried 

out before the start of each replica of each experiment. All experiments were repeated on at least 

3 independent time points. 

(I) RNAi - SURVIVAL 
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The RNAi-hypersensitive C.elegans strain VH624 was used for each RNAi experiment. RNAi 

was applied conform the method of Timmons et al. (2001). The RNAi bacterial cultures were 

initiated on the same day as when the nematodes were bleached. Bacteria Escherichia coli 

HT115 with plasmid L4440 were used as a control. The globin-specific RNAi bacteria had the 

specific C.elegans globin mRNA inserts in the plasmid. A bacterial culture of 2ml LB with 

antibiotics tetracycline (12.5µg/ml) and ampicillin (100µg/ml) was initiated and grown overnight 

at 37º C in a shaker of 200rpm. The next day, cultures were diluted 1:100 times in LB medium 

with antibiotics tetracycline (12.5µg/ml) and ampicillin (100µg/ml) and grown at 37º C in a 

shaker at 200rpm until an OD595 of 0.4 was reached. The RNAi was then induced by adding 

IPTG to a final concentration of 0.4 mM. This was incubated at 37 º C in a shaker for 3h, after 

which another 100µg/ml ampicillin, 12.5µg/ml tetracycline and IPTG to a final total 

concentration of 0.8mM were added. The bacterial cultures were then seeded on NGM plates 

with the same concentration of ampicillin, tetracycline and IPTG to form a uniform lawn. Two 

plates for each globin gene were prepared (one for each temperature preconditioning). Along 

with the bacteria, ~2000 nematodes were seeded onto the plates, after which the plates were 

incubated at 17º C for ~3days. When the nematodes reached the L4 stage, FUdR to a final 

concentration of 300 µM was added to stop further cell division. The plates were then transferred 

to the specific temperature preconditioning (20º C and 25º C) and incubated for 24 h. To start the 

anoxia experiment, the nematodes were washed off the plates and washed with buffer to remove 

the bacteria adhering to the cuticle, after which they were incubated in anoxic condition at 25º C 

for 20 h. Anoxia was created in closed airtight 2ml vials, by submerging about 1000 nematodes 

in S-buffer with a low amount of oxygen. This S-buffer was made by running pure nitrogen gas 

through the liquid for 30 minutes, so as to remove any oxygen in the buffer. Following the 

anoxia exposure, about 200 nematodes were transferred to nutrient agar plates (NA) and 

incubated at 20ºC for 24h, after which the number of live and dead nematodes was counted.  

(II) QPCR 

The wild type strain N2 was used for expression analysis. A synchronised culture of L1’s was 

seeded on NA plates with an E. coli OP50 lawn and incubated at 17ºC for ~2 days, until they had 

reached the L4 stage. FUdR was added and plates were switched to specific preconditioning 

temperatures for 24 h. After the incubation, 3 samples (100µl each) were frozen at -80ºC and 

used as normoxia samples. The remaining nematodes were exposed to anoxia (as specified in the 
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RNAi-survival part) at 25 ºC for 8h. A sample of 100µl was taken immediately after anoxia and 

frozen at -80ºC. The remaining nematodes were brought on NA plates with OP50 for recovery at 

20º C for 6h. After recovery, 3 samples of 100µl each, were taken and frozen at -80ºC. 

mRNA was purified and isolated from the samples with the Qiagen - RNeasy
®

 Mini Kit (50), 

after which it was used for cDNA synthesis with the Fermentas – RevertAid
™ 

H Minus First 

strand cDNA synthesis kit. qPCR was carried out on samples from the three different conditions 

(normoxia, anoxia and recovery) for two preconditioning temperatures (20º C and 25º C) with 

specific primers for the 33 globins . The Invitrogen - Platinum
®
 SYBR

® 
Green qPCR SuperMix-

UDG kit was used for qPCR analysis. 

(III) METABOLIC HEAT PRODUCTION/BODY SIZE 

The RNAi-hypersensitive C.elegans strain VH624 was grown feeding on RNAi containing 

bacteria for two generations. After the first generation, L1s were isolated and transferred to new 

NGM plates with the same specific RNAi bacteria. These plates were incubated at 20ºC until the 

cultures had developed into adults. This second generation was washed off the plates and 

samples were taken for metabolic heat production, protein and body size analysis. For the 

metabolic heat production analysis, 300µl of sample was transferred to a vial containing 1200µl 

of axenic medium and mixed well. 1ml of this well mixed sample was transferred to TAM tubes 

together with the antibiotics tetracycline and ampicilline and used for metabolic heat production 

analysis. For the protein analysis the Thermo – BCA
™

 Protein Assay kit was used. Samples of 

nematodes suspended into formaldehyde and subjected to heat for 10 minutes were used for 

analysis of body size using a RapidVUE shape and size particle analyzer.  

(IV) STATISTICAL ANALYSIS 

For statistical analyses t-tests were used. 

To remove the variation within one strain over the different replica’s, data were rescaled. 

For the selection reference genes in qPCR, the method of Goossens et al., (2005) was used 

together with GeNorm software. 

For the analysis of qPCR results the method of Willems et al., (2008) was used. 
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Results 

RNAi 

During anoxia exposure, the worms went into a state of suspended animation, in which the 

worms looked completely stretched and paralyzed. This can be seen in Fig.1.1.  
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Fig 1.1. The stretched and paralyzed phenotype of C.elegans on exposure to anoxia. 

The RNAi survival results showed a considerable amount of variation, and no statistically 

significant results were found at 20⁰C preconditioning. For 25⁰C preconditioning, nematodes 

grown on RNAi for globin 9 (C28F5.2) showed an increase in survival compared to the control 

RNAi with a p-value less than 0.05, whereas for globin 1 (ZK637.13), 13 (F19H6.2), 14 

(F21A3.6), 21 (R102.9) and 29 (Y17G7B.6) an increase in survival compared to the control 

RNAi was observed with a p-value between 0.05 and 0.1. In addition, for globin 11, 25, 26, 27 

and 31 the corresponding RNAi had the same effect on survival at 20⁰C and 25⁰C 

preconditioning. However, at both temperatures the data was not significantly different 

compared to the control RNAi (Fig.1.2). 
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QPCR 

Real-time RT-PCR was used to analyze the expression pattern of the 33 globins at normoxia, 

anoxia and recovery following anoxia. With preconditioning at 20⁰C, there was a significant 

difference in globin expression levels between normoxia and anoxia treatments in globins 4 

(C09H10.8), 13, 21, 24 (R90.5), 26 (T22C1.2), 28 (Y15E3A.2) and 33 (Y75B7AL.1). All 7 

globins were down-regulated in anoxia compared to their expression level in normoxia. The 

difference in expression level between normoxia and recovery treatment, at 20⁰C 

preconditioning, was significant in globins 1, 4, 8 (C26C6.7), 19 (F56C4.3), 22 (R11H6.3), 30 

(Y22D7AR.5), 33. Of these globins, globins 8, 30 and 33 were up-regulated and globins 1, 4, 19 

and 22 were down-regulated (Fig 2.1). 

 

With preconditioning at 25⁰C, only globin 33 showed a significant difference between normoxia 

and anoxia. A significant difference in expression was seen in globins 17 (F49E2.4), 21, 27 

(W01C9.5), 30, 32 (Y58A7A.6) and 33 of the nematodes between normoxia and recovery 

preconditioned at 25⁰C. All 6 globins were up-regulated in recovery (Fig 2.2). 
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Finally, a comparison of expression levels of globins in normoxia treatment at 20⁰C and 25⁰C 

preconditioning showed significant difference with globins 6 (C18C4.9), 8, 12 (C52A11.2), 15 

(F35B12.8) and 33. All 5 globins were up-regulated in nematodes preconditioned at 25⁰C 

compared to nematodes preconditioned at 20⁰C. An overview can be found in Fig 2.3. 

 

METABOLIC HEAT PRODUCTION/BODY SIZE 

From the globins which showed a significant response in either the RNAi-survival or qPCR 

analysis, a subset was selected to analyse the effect on metabolic heat production and body size 

following 2 generations of RNAi exposure. These were globins 4, 8, 13, 21, 24, 26 and 30. For 

only one globin a statistically significant difference was found in metabolic heat production 

between the control and the globin RNAi: nematodes fed with RNAi for globin 24 showed less 
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metabolic heat production compared to control RNAi (p<0.05) (Fig. 3.1). 

 

Discussion 

For over a decade, globin 1 was thought to be the only globin gene present in C.elegans (Kloek, 

Sherman, Goldberg 1993, Mansell et al., 1993). An in silico analysis of the genome of C. 

elegans showed the presence of a total of 33 globins (Hoogewijs et al., 2007). C.elegans is the 

second organism to have such a variety of globin genes. There is also an insect larva 

Chironomus, which has 40 genes (Green et al., 1998). The globins of C. elegans have been 

predicted to have a variety of functions. Usually, C.elegans dwels in soil , a habitat that can vary 

in the concentration of oxygen. Therefore, it is possible that some of these globins are used by 

the organism to sense specific concentrations of oxygen and induce a proper response. In the 

present study, all these 33 globins genes were analysed for their role during anoxia. This may 

provide us clues to the possible functions of such a huge variety of globins. The influence of 

preconditioning with elevated temperature was also analyzed. This type of preconditioning may 

play an influence in the anoxia response of the nematode, as they seem to be more resistant to 

anoxia exposure following this preconditioning (personal communication - De Henau S.). 

Therefore, the preconditioning at higher temperatures may cause a change in the expression 

levels of certain proteins, which may be involved in cell protection and life maintenance.  

RNAi 
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The influence of reduction of expression of a particular globin through RNAi on the survival of 

the nematode when exposed to anoxia could provide us information on the range of importance 

of that globin in the anoxia response. An anoxia exposure experiment was optimized, resulting in 

an anoxia exposure of 20h at 25⁰C and which led to an average viability rate of 50% to 70% 

(data not shown). In the present study and that of Hoogewijs et al. (2007), a recovery time of 24h 

proved to be suitable for the whole viable population to recover.  

A considerable amount of variation was seen in the RNAi survival results at both 

preconditioning temperatures. This may be due to variation in the formation and maintenance of 

anoxia, even though care was taken to standardise all experimental steps as much as possible. 

The method applied to create anoxia was by pelleting down the nematodes in a buffer with a low 

amount of oxygen, after which the nematodes would quickly consume any residual oxygen, if 

present. The rate of consumption of this residual oxygen and the influence of nitrogen which was 

used to eliminate oxygen from the buffer might have played an influence. In addition, another 

source of variation in this experiment could have been the strength of the RNAi treatment in 

between replicas. A possible enhancement of RNAi efficiency could be achieved by exposing the 

nematodes for 2 consecutive generations to a specific RNAi. In this experiment, worms were 

exposed to RNAi for only one generation.  

When exposed to anoxia, the nematodes went into a state of suspended animation in which they 

looked paralyzed and stretched. This may be due to the lack of oxygen for metabolism in the 

muscles and hence relaxation of the muscles. This observed phenotype is in line with the study 

of Menuz et al., 2009. For 25⁰C preconditioning, nematodes grown on RNAi for globin 9 

(C28F5.2) showed an increase in survival compared to the control RNAi with a p-value less than 

0.05, whereas for globin 1 (ZK637.13), 13 (F19H6.2), 14 (F21A3.6), 21 (R102.9) and 29 

(Y17G7B.6) an increase in survival compared to the control RNAi was observed with a p-value 

between 0.05 and 0.1. In addition, for globin 11, 25, 26, 27 and 31 the corresponding RNAi had 

the same effect on survival at 20⁰C and 25⁰C preconditioning, but this was not significantly 

different from the control RNAi. Out of both these groups, Hoogewijs et al., (2007) found that 

globin 11, 14, 26, 27 and 29 are anoxia-responsive, as a 2 fold increase of expression was seen 

when exposed to anoxia for 12h. This supports the hypothesis of a possible role for these globins 

in the anoxia response. This might be as an oxygen sensor, as all these globins except for globin 

1 and globin 26 are expressed in neurons (Hoogewijs et al., 2008). 
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Globin 1, which is of the same size as myoglobin and the first globin to be discovered in 

C.elegans is also an intracellular protein localized in muscle cells (Hoogewijs et al., 2008). 

Hoogewijs et al., (2007) showed that globin 1 was not anoxia sensitive. However, it is regulated 

by insuline/IGF-1 signaling, which might indicate that it is involved in stress response in general. 

The role of globin 1 in anoxia survival shown here strengthens this hypothesis. However, as a 

reduction of globin 1 results in an increase in anoxia survival, it is not clear what the exact role is 

of this protein in the anoxia response. A study by Bogaerts et al., (2010) indicates that this globin 

may also be involved in the immunity of C.elegans when infected with a gram-negative 

bacterium Aeromonas hydrophila.  

Preconditioning the nematodes at 25⁰C did not show significant survival compared to ones 

preconditioned at 20⁰C. Based on this result, we could not support the hypothesis that 

preconditioning at 25⁰C increases survival after anoxia exposure. 

QPCR 

The present study proved that all globin genes tested were expressed in all the three treatments 

(normoxia, anoxia and recovery) and in both preconditioning temperatures. A study by 

Hoogewijs et al., (2007), showed that in all stages of development of the animal, all globins were 

expressed, albeit at low or very low levels. The results of the present study, further supports the 

idea that all the 33 globins are expressed at least in minor amounts in all treatments exposed.  

With preconditioning at 20⁰C, globins 4, 13, 21, 24, 26, 28 and 33 showed significant down-

regulation in anoxia. Since all except one of these globins are expressed in neurons, a signalling 

function to respond to anoxic stress seems to be the most logical hypothesis. Globin 26 is the 

only one of these globins which is not expressed in neurons. The study of Hoogewijs et al., 

(2007) showed that globin 26 has a ten-fold higher expression in young adults compared to the 

majority of other globins and also it is down-regulated in L3s compared to young adults. 

Additionally, Hoogewijs et al. (2008) also showed that this globin is expressed in the stomato-

intestinal muscle, which is involved in defecation. Taking these results into account, globin 26 

might act as an oxygen carrier, and a down-regulation of globin 26 by anoxia exposure would fit 

with the severely reduced metabolism of the worm during this stress situation. However it does 

not fit with the observation that L3s have a high metabolism compared to adults. More tests will 

be needed to determine if globin 26 is involved in oxygen metabolism.  

With preconditioning at 25⁰C, only globin 33 showed a significant difference between normoxia 
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and anoxia. It could be that the higher preconditioning temperature influenced the expression of 

a number of globins, including those involved in the anoxia response. 

However, 25⁰C preconditioning in normoxia only led to an increased expression of several 

globin genes. These are globin 6, 8, 12, 15 and 33. However, no reduced expression of globins 4, 

13, 21, 24, 26, 28 and 33 (down-regulated in anoxia 20⁰C) was seen. It is thus currently unclear 

why an increased precondition temperature changes the expression response of the globin family 

in anoxia. 

With 20⁰C preconditioning, globins 8, 30 and 33 were up-regulated in recovery compared to 

normoxia, while globins 1, 4, 19 and 22 were down-regulated. These globins may too act as 

oxygen transporters or sensors of anoxia and in this case give the necessary signals to recover 

from the anoxic stress. Of the globins up-regulated, globin 8 and 33 were found to be anoxia 

responsive and likely anoxia responsive respectively, in the study by Hoogewijs et al., (2007). In 

addition, globin 33 has a chimeric structure consisting of a globin domain and a G-protein 

coupled receptor domain, which prompts of its role as an oxygen sensor, as proposed by 

Hoogewijs et al., 2007. 

The recovery at 25⁰C preconditioning showed difference in effect compared to 20⁰C in most 

part. In 25⁰C recovery, these genes showed increase in expression and reason for this difference 

in expression is again unknown. However, it seems that 25⁰C preconditiong could explain the 

difference in expression pattern for at least one globin. Globin 8, which shows an increased 

expression in recovery preconditioned at 20⁰C, also shows an increased expression after 25⁰C 

preconditioning in normoxia compared to 20⁰C. It could be that this increase in expression at 

25⁰C preconditioning makes it unnecessary for the nematode to further increase the expression 

of this globin during recovery from anoxic stress. 

Globins 1, 13, 21, 26 and 27 showed an anoxic response both in the RNAi and qPCR 

experiments (Table 2). Reducing expression of globin 1 shows more survival when 

preconditioned at 25⁰C, and shows a down-regulation in recovery samples preconditioned at 

20⁰C. This gives support to the hypothesis that globin 1 may be anoxia sensitive. It’s function 

however is currently unclear. Reduction of globin 13 and 21 showed an increased survival of the 

nematodes and a down-regulation during anoxia preconditioned at 20⁰C. Finally, globin 26 and 

27 showed an anoxia response in this study as well as in the study of Hoogewijs et al., (2007). 
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METABOLIC HEAT PRODUCTION/BODY SIZE 

The majority of globins in C.elegans are expressed in the neurons while only a few can be found 

in muscles. RNAi was used to reduce expression of a selected set of globins, which also showed 

an anoxia response, after which the effect on metabolic heat production and body size was 

assessed. Overview of the selected genes for this experiment and their localization from the 

study of Hoogewijs et al., (2007) is represented in Table 3. The influence of a reduced 

expression of these globins on the heat production would provide information about the role of 

these globins in metabolic rate.  

The results of the present study showed a significantly lower heat production for globin 24 in 

comparison with the control RNAi. This globin is expressed in the head and tail neuron and the 

nerve cord. This seems to indicate that this globin might be involved in regulating the 

metabolism by acting as an oxygen sensor, without necessarily acting as an oxygen carrier.  

Intriguingly, reducing the expression of the two globins expressed in muscles did not change the 

heat production. This could mean that they do not act as oxygen carriers, or otherwise that their 

effect is very limited.  

The body size analysis did not lead to statistically significant differences between the tested 

RNAis and the control. This seems to indicate that, if any of these globins are involved in 

metabolism, their effect on the nematode’s body volume is rather limited. 
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Conclusion 

For most globins, preconditioning at different temperatures caused an altered response, and the 

reason for this response is unknown. Globins 8, 14, 26, 27, 29 and 33 are anoxia responsive 

similar to study of Hoogewijs et al., (2007). Globins 13, 21, 26 and 27 showed a response both in 

the RNAi and qPCR experiments. For both groups, these data indicates that these globins are 

involved in the worm’s response to anoxia. All these globins best fit to be oxygen sensors, except 

for globin 1 and globin 26. Globin 24 seems to act in regulating the metabolism of C.elegans, 

without necessarily being an oxygen carrier. 
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