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Introduction  

In recent years fish catches have been stagnating or declining all over the world and at the 

same time the demand for fish and fish products has been increasing. Aquaculture therefore is 

becoming more and more important. As of 2004 almost 2 million tons of Atlantic salmon 

(Salmo salar L.) and related species are produced in aquaculture per year (Pulvenis de Séligny 

et al., 2006). Atlantic cod (Gadus morhua L.) is already considered to be an endangered 

species in the north-west Atlantic but is still being caught commercially, mainly in the north-

east Atlantic with catches declining in the last 30 years (Jørstad et al., 2007). However, 

commercial production of cod in aquaculture has only recently been established and has to 

deal with problems such as high mortality rates of early larvae, which are at least partly due to 

infections. 

Fish are in intimate contact with their environment which can contain high concentrations of 

bacteria and viruses (Ellis, 2001), especially under conditions common in commercial 

aquaculture. Diseases represent the largest single cause of economic losses in aquaculture 

(Meyer, 1991). Bacteria may be present in large numbers on the surface of fish eggs and 

during first feeding yolk-sac larvae are subjected to massive inflow of bacteria from the live 

feed organisms (Samuelsen et al., 2006) This happens long before the maturation of lymphoid 

organs that are essential for the adaptive immune response (Lovoll et al., 2007). Immunisation 

in this period fails to significantly increase the specific antibody response (Magnadottir et al., 

2001). 

Even later in life Atlantic salmon needs several weeks to build up antibody responses (Ellis, 

2001). Adult cod has high levels of natural antibodies but whether it is able to produce a 

specific antibody response has been disputed (Pilström et al., 2005; Solem and Stenvik, 2006). 

The innate immune response is largely temperature independent, in contrast to the adaptive 

immune response and provides a fast and unspecific defence against infections. Therefore fish 

maintain a healthy state by a complex system of innate immune defence mechanisms (Ellis, 

2001). These mechanisms are both constitutive and inducible (Ellis, 2001) and are of vital 

importance for the disease resistance of many fish species (Magnadottir et al., 2004). Bony 

fish rely solely on this system in the first weeks of development. 

Studies have shown that natural antibodies (such as IgM) are absent in early cod larvae and 

complement factor levels were low but increasing with time (Magnadottir et al., 2004). So far 

nothing has been published about expression of antimicrobial peptides during fish 

development. 
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Antimicrobial peptides of the cathelicidin family are important innate immune factors in 

humans and other mammals and are evolutionary conserved. They are cationic (Zanetti et al., 

2002) and synthesized as pre-pro-proteins containing a signal-sequence, the highly conserved, 

acidic cathelin domain and the hypervariable peptide region (Zhu and Gao, 2008). The mature 

peptide has been shown to have multiple functions in mammals, where cathelicidins are best 

studied, including host defence through antimicrobial activity. 

In vitro antimicrobial activity of cathelicidins in hagfish (Uzzell et al., 2003) and rainbow 

trout (Chang et al., 2006) has been shown using synthetic peptides. Atlantic cod has at least 

three different cathelicidin genes. The predicted peptides are unusual in being very cationic 

and rich in arginine, serine and glycine and this suggests a strong antimicrobial activity 

(Maier et al., 2008). 

Two cathelicidin genes have been identified in Atlantic salmon (Chang et al., 2006) and 

belong to two different structural classes due to the absence or presence of two cysteine 

residues in the predicted mature peptides (Maier et al., 2008). Transcript levels of lysozyme, 

pentraxin and LGP2, important innate immune factors, have been shown to increase during 

development in Atlantic cod (Mennen et al., 2008). 

One aim of this study was therefore to determine levels of Atlantic cod and Atlantic salmon 

cathelicidins during ontogeny using quantitative real-time PCR. This technique is of growing 

importance in the study of gene expression during larval development (Saele et al., 2009) and 

in general represents a sensitive and powerful tool for analyzing levels of specific RNA. 

An assessment of the quality of any RNA preparation used for quantification is essential 

(Nolan et al., 2006) and all efforts should be made to obtain high-quality RNA samples that 

reflect the natural state most reliably. Successful quantitative real-time PCR involves 

correction for experimental variations (Freeman and Gioia, 1999). In order to obtain 

trustworthy gene expression data using quantitative real-time PCR it is necessary to normalize 

the data with internal control or reference genes. Every examination therefore requires that 

one or even two reference genes are quantified and their expression stability is evaluated in 

order to normalize the expression data (Olsvik et al., 2008). 

Ubiquitin and ribosomal protein S9 (RPS9) have been suggested as reference genes to be used 

for various Atlantic cod tissues (Olsvik et al., 2008). Ubiquitin was also found to be the best 

single gene for normalization for quantitative real-time PCR data in whole Atlantic cod 

larvae, RPS9 being also a strong candidate (Saele et al., 2009). Elongation factor 1 alpha 

(EF1-α) is a stable reference gene in Atlantic salmon (Ingerslev et al., 2006; Jorgensen et al., 

2006; Olsvik et al., 2005). Ribosomal protein S20 (RPS20) expression was intermediately 
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stable in immune relevant tissues (Ingerslev et al., 2006) but among the most stable genes 

(after EF1-α) during the smoltification (adaptation from fresh- to seawater) of juvenile salmon 

(Olsvik et al., 2005). 

A correction for amplification efficiency of every primer pair used in quantitative real-time 

PCR is recommended and results in a more reliable estimation of the real expression 

compared to no efficiency correction (Pfaffl et al., 2008) and was performed in this study. 

The cod genome of a haploid size of 340 Mbps has not been sequenced yet, but major efforts 

are being made in this direction. However, whole gene sequences including regulatory 

sequences of Atlantic cod cathelicidins are not unpublished. BACs were isolated from a 

whole genomic BAC library made from Atlantic cod blood by screening with cDNA probes 

for the conserved region of cathelicidin. The second aim of this project was to characterise 

these BACs to then select some of them for sequencing. This would give us whole gene 

sequences, data about gene organization and regulatory sequences. 
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Methods 

2.1 Fish rearing conditions and sampling 

Atlantic cod larvae were reared at the Marine Institute’s Experimental Station in Staður, 

Grindavík, Iceland. Water temperature was kept constant at 7 to 8 °C. Larvae started 

feeding at 4 days post hatch (dph) on rotifers. Rotifers were given until 35 dph. On 20 dph 

enriched Artemia were introduced and added until 60 dph. From 45 dph onwards 

commercial dry feed was given. Between 1 and roughly 50 larvae (depending on size) 

were taken at different time points, put into TRI Reagent® (Ambion, Austin, TX, USA) 

and kept at 4 °C. 

Atlantic salmon egg and larvae were reared at Stofnfiskur (Vogavík). Water temperature 

was 5.2 °C during the first 4 weeks. It was then altered to at 7.9 °C until after hatch (~80 

days post fertilization) and finally switched to 5 °C. Samples were taken from 10.4 day-

degrees (after fertilization and water-hardening) onwards. Larvae hatched at around 500 

day-degrees. All samples were immediately put into RNAlater® (Qiagen, Hilden, 

Germany) and stored at 4°C for several days before being frozen.  

 

2.2 RNA preparation 

Atlantic cod larvae were homogenized with a PELLET PESTLE® Cordless Motor 

(Kimble-Kontes, Vineland, NJ, USA) and RNA was extracted using TRI Reagent® 

(Ambion, Austin, TX, USA). 

For the extraction of total RNA from Atlantic salmon eggs, the TRI Reagent® step was 

repeated with the aqueous phase of the first extraction to get rid of fatty contamination. 

RNA from TRI Reagent® extraction was further purified using the column-based (Boom 

et al., 1990) NucleoSpin® RNA II kit (Macherey-Nagel, Düren, Germany) including a 

DNase I digest on column with a modified protocol (see Appendix). 

Remaining genomic DNA had to be eliminated by an additional DNase I (New England 

Biolabs, Ipswich, MA, USA) digest performed in solution, followed by ethanol-

precipitation of pure RNA. 

 

2.3 RNA quality control 

Quantity and quality of resulting RNA was assessed using NanoDrop® ND-1000 UV/Vis-

Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The quantity 

(ng/µl) was calculated as 40 times the absorption at 260 nm. Basic quality control included 

calculation of A260/A230 and A260/A280 ratios. The first should be around 2.0 for 
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uncontaminated RNA, the latter 1.8 or higher to exclude protein contamination. Integrity 

of RNA was evaluated via agarose gel electrophoresis. If yields permitted, 1.000 ng of 

total RNA of each sample were loaded on gels. RNA was considered to be undegraded if 

rRNA bands were visible and sharp. 

 

2.4 cDNA synthesis 

500 ng of RNA were reverse transcribed into cDNA using First Strand cDNA synthesis kit 

#1612 (Fermentas, Vilnius, Lithuania) according to manufacturer’s protocol. 

 

2.5 Quantitative real-time PCR 

The relative expression of cathelicidins was measured with a quantitative real-time 

approach using SYBRgreen® (Applied Biosystems) chemistry with two reference genes 

in each species as endogenous controls.  

Quantitative real-time PCR reactions were performed on 96 well-PCR plates in 10 µl 

volumes on a ABI 7500 real-time PCR System (Applied Biosystems). Sequences for 

primers used for detection of reference genes were taken from the respective publications 

(see table 1). Primers for cod and salmon cathelicidins were designed using PerlPrimer 

software to fulfill quantitative real-time PCR standards and to cover exon-exon 

boundaries, where possible, to prevent amplification of trace amounts of genomic DNA. 

 

primer   sequence (5’����3’) amplicon 
length 

NCBI 
number 

Atlantic cod     
ubiquitin1 5’�3’ GGCCGCAAAGATGCAGAT 69 bp EX735613 

 3’�5’ CTGGGCTCGACCTCAAGAGT   
RPS91 5’�3’ TCTTTGAAGGTAATGCTCTGTTGAG 84 bp EX726043 

 3’�5’ CGAGGATGTAATCCAACTTCATCTT   
cathelicidins 5’�3’ GGTTGAAACTGTCTATCCAGAGG 69 bp EU707291 

 3’�5’ GACATTCCCTGCACAAGAGTT  
Atlantic salmon     

EF1-α² 5’�3’ GCTGTGCGTGACATGAGG 88 bp AF321836 
 3’�5’ ACTTTGTGACCTTGCCGC   

RPS20² 5’�3’ AGCCGCAACGTCAAGTCT 104 bp BT043768 
 3’�5’ GTCTTGGTGGGCATACGG   

asCath1 5’�3’ GAAGATGCTATGCAGAAGATTCGG 67 bp AY728057 
AY728901  3’�5’ CACCATTGCCTCTGGAGC  

asCath2 5’�3’ TACTGAGCACTCAGAAGATTCGGA 79 bp AY360357 
AY542961  3’�5’ TCT TTACTACCCATCTTAGAGCCC  

Table 1: quantitative real-time PCR primer sequences, amplicon sizes and GenBank 
accesion number. 1OLSVIK  et al. ²INGERSLEV et al. 

 



 8 

 

 

Figure 1: Exemplary logarithmic plot of relative fluorescence against cycle number. 

CT-values are obtained from amplification curves in exponential phase (appearing 

linear in the logarithmic scale) at the point where the threshold value of relative 

fluorescence is reached. 

 

Threshold values for each gene were set automatically by the software and were kept 

constant for analysis of all experiments. Since CT-values should be between 20 and 30 to 

get optimally reliable results, dilution of templates was adjusted accordingly. Atlantic cod 

larvae cDNA was diluted 1:100 prior to adding to the reaction mix. Atlantic salmon 

cDNA was diluted 1:20 for reference genes. cDNA from Atlantic salmon used for 

detection of cathelicidin expression was diluted 1:2 due to the low expression levels in 

early egg samples. 

 

After amplification melting curves were obtained and PCR products were identified via 

gel-electrophoresis to verify specific amplification. 

 

 

Threshold 
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2.6. Calculation of relative expression based on real-time PCR data 

CT-values (cycle were threshold was reached) were obtained using constant threshold 

values for the respective genes in all experiments. Relative quantities (or fold increase) 

were then calculated based on these data according to the ∆∆CT-method:  

 

∆CT = mean CT (reference gene) – mean CT (target gene)          (equation 1) 

 

∆∆CT = ∆CT (control) – ∆CT (treatment)                   (equation 2) 

 

fold increase = TC∆∆−2                                 (equation 3) 

 

Where reference genes were ubiquitin and RPS9 in cod and EF1-α and RPS20 in salmon 

and the target genes were in both species the cathelicidin(s). Expression level of 

cathelicidin in Atlantic cod larvae sampled at day 2 post hatch were used as “control”, all 

other samples were considered to be “treated”. In Atlantic salmon one sample at 201 day-

degrees was used as “control. 

 

In order to determine the PCR efficiencies it is recommended to use various dilutions in 

triplicate from a pool of all available cDNAs. This ensures best estimation of PCR 

efficiency (Pfaffl et al., 2008). For Atlantic cod larvae cDNA of two mixed RNA samples 

(56 and 57 dph) was used to perform this. A mixture of cDNA from infected and 

uninfected tissue samples (liver and kidney infected and uninfected, heart uninfected and 

intestine infected with Aeromonas salmonicida) was used for Atlantic salmon. For each, 

cod and salmon, 2-fold dilution series of cDNA reaching from 1:2 to 1:256 were prepared. 

The resultant CT-values were plotted against the log10 of RNA input. The efficiency of 

amplification was calculated based on the slope of linear regression lines for the respective 

genes. The efficiency of amplification was calculated using the following equation: 

          
slopeE

1

10
−

=                                            (equation 4) 

 

These efficiencies are needed to use the efficiency-corrected “Pfaffl-method” of 

calculating relative expression: 

)(

)(arg
arg

treatmentcontrolreferenceC
reference

treatmentcontrolettC
ett

T

T

E

E
increase −∆

−∆

=                   (equation 5) fold 
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The data obtained from the dilution series experiments was also used to determine whether 

it was necessary to use the “Pfaffl-method”. If efficiencies of target and reference gene are 

similar, the ∆∆CT-method can be used, else the “Pfaffl-method” has to be used, to take 

those different efficiencies into account and get reliable results. Moreover, the same 

applies, if more than one reference gene is used, all efficiencies have to be similar. 

Otherwise the “Pfaffl-method” has to be used. 

The stability of the reference genes was assessed by comparison of CT-values and relative 

expression for reference genes over all. Reference genes were considered stable, which is 

essential for their use as endogenous control in quantitative real-time PCR, if the CT-values 

are stable for all samples or, more importantly, the relative expression of reference genes 

compared to each other were constant. 
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2.7  BAC DNA preparation 

A whole genomic BAC library of Atlantic cod has been constructed in pcc1BACs hosted 

in Escherichia coli DH10B (Amplicon express, Pullman, WA, USA). The average insert 

size is 120 kbps, the vector has a size of 8.1 kbps. The cloning was done using the HindIII 

restriction enzyme. The BACs include the copy-control system and are therefore inducible 

from single to multiple copy number. Single copy number ensures high stability, whereas 

multiple copy number facilitates isolation and purification (Wild and Szybalski, 2004). 

In order to extract and purify BAC DNA from an Atlantic cod whole genomic BAC 

library, different techniques were applied. Glycerol stocks were established of 15 clones 

from the library that had previously been identified to be positive for the conserved region 

of cathelicidin.  E. coli containing the BAC inserts were taken from glycerol stocks, grown 

in LB containing chloramphenicol for 16-18 hours. Then BACs were induced from single 

copy number to multiple copy number by adding of L-arabinose to 0.01% (w/v) end 

concentration and further incubation for 2 hours with vigorous shaking. BAC DNA was 

isolated using different techniques, based either on Plasmid Mini (modified, see appendix 

I) or Maxi Kit (QIAGEN, Hilden, Germany). 

 

2.8 BAC characterisation 

To characterise the different clones of BACs obtained from the library (5 times coverage of 

the genome) different techniques were used. First of all conventional PCR was performed 

using different primer combinations with primers specific for all or only one Atlantic cod 

cathelicidin and primers specific to regions in the vector (SP6, T7). Products of these PCRs 

were analysed by gel electrophoresis. 

Additionally, BAC DNA was digested using two different restriction endonucleases 

together (double digest) and products were also analysed using gel electrophoresis to 

possibly group clones according to their restriction fragment length patterns. 
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Results 

3.1 RNA quality control 

The spectrophotometric measurements returned good values for cod and salmon larvae 

samples. In salmon eggs, however, A260/A230 ratios were below 1.0 due to a high 

absorption at 230 nm due to an unknown component, but this did not seem to affect any of 

the subsequent steps. 

 

Furthermore, the integrity of all RNA samples was confirmed by gel-electrophoresis. 

 

 

Figure 2: Conformation of Atlantic cod larvae RNA integrity. 1.000 ng or less RNA 

were loaded on ethidiumbromide stained gel. Days post hatch are indicated for each 

sample. 
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Figure 3: Confirmation of Atlantic salmon egg and larvae RNA samples on 

ethidiumbromide stained gel. Samples are identified by day-degrees and letters 

indicating independent samples. Approximately 1.000 ng of RNA (measured 

spectrophotometrically) were loaded. DNA marker ran along as size indicators. 

 

RNA seemed to be of good integrity in most samples, but loaded amount didn’t seem to be 

constant. Probably the spectrometric measurements were less reliable than for other 

samples due to the high amount of contaminant absorbing at 230 nm. Larvae samples of 

600 day-degrees are perhaps moderately degraded, the samples of 625 day-degrees show 

rRNA bands comparable to those of tissue RNA (not shown). 

Moderately degraded samples with a degradation signature may still lead to reasonable 

quantitative real-time PCR expression profiles (Fleige and Pfaffl, 2006). The normalized 

expression differences measured are similar to those obtained from high-quality samples, 

only the non-normalized values show a correlation between RNA integrity and expression 

level (Fleige and Pfaffl, 2006). 

 

1.000 bp 
 

500 bp 
 
 
 

100 bp 

1.000 bp 
 
500 bp 
 
 
 
100 bp 
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3.2 Quantitative real-time PCR 

3.3.1 Confirmation of specific amplification 
 

 

Figure 4: Exemplary dissociation (melting) curves (change in relative fluorescence 

against temperature) of amplified products for various samples and replicates for 

cathelicidin in one representative quantitative real-time PCR experiment of Atlantic 

cod larvae samples. 

 

The dissociation curves in Figure 4 show the melting temperature to be constant for all 

samples thus indicating specific amplification of one product. This confirms that the 

product was specific, no primer dimers formed and the amount of genomic DNA was 

negligible and did not contribute to measured amplification. If multiple melting curves 

were observed and/or –RT controls showed amplification, these replicates or samples were 

discarded and experiments were repeated. 
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Figure 5: Visualization of representative quantitative real-time PCR products for 

Atlantic cod via gel-electrophoresis and staining with ethidiumbromide. 

 

Bands of sizes in agreement with predictions based on known EST sequences (69bp for 

cathelicidin and ubiquitin, 84bp for RPS9) were detected after 40 PCR cycles. No 

additional bands were observed. Therefore amplification was confirmed to be specific for 

the targeted sequence. 
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3.3.3 Stability of reference genes 

 

 

Figure 6: Distribution of average CT-values for both reference genes used as 

endogenous control for quantitative real-time PCR of Atlantic cod larvae samples 

(n=24). Mean CT-values were 22.08±1.58 (standard deviation) for ubiquitin and 

23.22±1.79 (SD) for RPS9. 

 

The distribution of these CT-values for the Atlantic cod larvae experiment (n=24) is given 

in Figure 6. The CT-values are relatively stable, but are still scattered over a range of about 

3 to 4 CTs (Figure 6). This could be due to varying amounts of cDNA between samples and 

replicates as well as other technical errors. To exclude that this is due to instability of 

reference genes average expression levels were calculated. 
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Figure 7: Distribution of values for relative expression (logarithmic scale) of indicated 

genes in Atlantic cod larvae (n=24). 

 

The expression of reference genes (relative to each other) used in Atlantic cod larvae is 

constant compared to the target gene expression (Figure 7). Therefore the data obtained 

using these reference genes is considered reliable. 
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Figure 8: Average CT-values measured for both genes used as references in Atlantic 

salmon samples (n=21). Mean and standard deviation were for EF1-α: 20.10±1.27 and 

for RPS20: 20.66±1.01. 

 

The CT-values for reference genes used in salmon vary over a narrow range (Figure 8). To 

decide whether reference genes are stable, relative expression levels should always be 

investigated. 
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Figure 9: Distribution of relative expressions (logarithmic scale) for indicated genes 

in Atlantic salmon and egg samples. The values for the reference genes in larvae 

samples are highlighted. 

 

In Atlantic salmon samples (n=21) relative expression of reference genes was 0.613±0.514 

(standard deviation) for EF1-α and 3.863±3.750 (SD) for RPS20. The values are 

distributed over a much broader range then they are for the reference genes used in 

Atlantic cod. It is notable, that the outliers mainly contributing to this all stem from the 

larvae samples (Figure 9). However, the target gene relative expressions are still 

distributed over an even broader range. 



 20 

3.3.4 Primer efficiencies 

Atlantic cod 

 

Figure 10: Mean CT-values of triplicates for the 3 different primer pairs used for cod 

(cathelicidin, ubiquitin and RPS9) were plotted against the log10 of the total RNA 

input (in ng) into the cDNA-synthesis reaction. Linear regression lines calculated by 

Excel are shown for the respective genes and linear equations are given for each. 

 

gene efficiency (%) 

cathelicidin 120.4 

ubiquitin 138.0 

RPS9 121.0 

Tabel 2: Primer efficiencies in Atlantic cod larvae real-time PCR were calculated 

based on the data shown in Figure 10 using equation 4 (see 2.6). 

 

As was expected, efficiencies were somewhat higher than the theoretical 100%. Since there 

was a large difference in the efficiencies for ubiquitin and cathelicidin it was questionable 

if the ∆∆CT-method would be a convenient way to calculate relative expression based on 

real-time PCR data. 

To check for this, a test was applied to evaluate if the ∆∆CT-method was valid to be 

applied in our experiments. 
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    log10 of RNA input 

Figure 11: ∆CT-values for cathelicidin normalized with ubiquitin and RPS9 

respectively plotted against the log10 of RNA input (in ng). Linear regression lines and 

their respective linear equations as well as R2-values calculated by Excel are shown 

for both combination of genes. 

 

The ∆∆CT-method would be considered valid if the absolute slope of the linear regression 

line was < 0.1, which it was for RPS9 but not for ubiquitin. This suggests that the 

difference in amplification efficiency is too high and the “Pfaffl-method” of calculating 

relative expression should be applied to get more accurate results. 
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Atlantic salmon 

 

Figure 12: Mean CT-values of the 4 genes investigated in salmon (asCath1+2, EF-1α 

and RPS20) were plotted against the log10 of the total RNA input (in ng). Linear 

regression lines are shown for the respective genes and linear equations are given for 

each. 

 

The resultant efficiency for the four different primer pairs used according to this 

experiment were as given in Table 3. 

 

gene (%) 

asCath1 106.7 

asCath2 121.1 

EF1-α 123.6 

RPS20 106.1 

Table 3: Efficiencies of primers used for quantitative real-time PCR in salmon 

 

Again, it had to be tested if the ∆∆CT-method was valid to be applied and the same test as 

before for cod was used. 
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Figure 13: Mean ∆CT-values for all combinations of target and reference genes (as 

indicated on the right) plotted against the log10 of RNA input (in ng). Linear 

regression lines and their respective linear equations as well as R2-values calculated 

by Excel are shown for both combinations of genes. 

 
The test revealed that RPS9 would be valid to be used as a reference gene for asCath1, but 

not for asCath2, EF1-α on the other hand only for asCath2. But since it is preferable to use 

several reference genes for data normalization, the “Pfaffl-method” still had to be applied.
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3.3  Relative expression of fish cathelicidins 

 

 

Figure 14: Ontogenetic profile of relative cathelicidin expression during Atlantic cod 

larval development from 1 to 71 days post hatch (dph). Data normalized to 2 dph and 

calculated using ubiquitin and RPS9 as endogenous controls.  

 

Three phases of prominent increase in relative expression were detected during the first 71 

days post hatch (dph). The first starting at 4 dph, reaching the maximum of around 14-fold 

increase compared to 2 dph at 12 dph and then declining until 21 dph to a level of roughly 2-

fold. The second increase starts at this time and reaches a much higher expression, of almost 

40 times the basic level, at 32 dph. This is followed by a sharp decline to a relative expression 

of 5. The last increase begins at 46 dph and reaches slightly more than 20-fold expression on 

56 dph. Afterwards expression level drops again to around the value of 2 dph. 
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Figure 15: Relative expression levels of Atlantic salmon cathelicidins calculated for eggs 

and larvae. Columns represent mean values for 2 (383 day-degrees), 3 (153, 272, 327, 

600, 625 day-degrees) or 4 (201 day-degrees) analyzed samples. If error bars are given, 

they indicate standard deviations. 

 

In Atlantic salmon eggs mRNA of both cathelicidin types could be detected distinctly in eggs 

and larvae from 153 day-degrees and later. Levels of expression of both Atlantic salmon 

cathelicidins remained very low until 327 d°, were one analyzed individual showed strong 

increase in expression of both cathelicidins, but significantly increased in larvae. However, 

variation between biological samples was very high, especially for asCath2. Due to this the 

only statistically significant increase in expression compared to earlier eggs was in larvae at 

625 d° for asCath1. One sample of 383 d° had about 123 times increased expression and the 

other one had more than 5700 times increased expression in asCath2, corresponding to a 50 

times difference. 
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Figure 16: Relative expression levels shown for both Atlantic salmon cathelicidins, EF1-

α and RPS20 in all analyzed samples separately. Samples identified by day-degrees and 

single letters to distinguish between individuals.   

 

Huge individual variations are observed from 327 day-degrees onwards (Figure 16). Sample 

384 d° A was not included in the data shown above because of extremely outlying relative 

expression of reference genes. Reference genes in larvae are differently expressed than in 

eggs as can be seen by the increase of relative expression of RPS20 (and a proportional 

decrease in relative expression of EF1-α). 
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3.3.6 Atlantic cod larvae hatched in summer 

 
Figure 1: Atlantic cod cathelicidin expression in delayed maturing larvae 

 

Figure 17: Relative expression of cathelicidin in two groups of cod larvae. Larvae 

showing delayed maturation and slowed growth compared to the levels measured in 

normally developing larvae (same data as in Figure 12.) 

 

One batch of larvae hatched unusually in summer was analyzed. These larvae showed delayed 

maturation and slowed growth. Levels of cathelicidin expression were very similar in larvae 

hatched in spring and those hatched in summer during the first 5 days post hatch. The summer 

hatchlings were fed with rotifers from 4 dph onwards as normal but showed delayed 

maturation and slowed growth. Increase in cathelicidin expression was not observed during 

the next days. 

0

5

10

15

20

0 5 10 15

age of larvae (dph)

re
la
ti
v
e
 e
x
p
re
ss
io
n

normal
development

delayed
maturation



 28 

3.4 Characterisation of BACs 

3.4.1 PCR 

 

Figure 18: PCR performed with primers for conserved region of Atlantic cod 

cathelicidin (codF2, codR2) on BAC clones positive for cathelicidin. Plate number 

and coordinates in the BAC library are given for each clone. 

 

The BAC clones that were positively probed for the conserved cathelicidin sequence were 

confirmed to contain the sequence by PCR. Amplification was detected in all samples and 

the product is of the expected size. 
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Figure 19: PCR performed with vector T7 primer and reverse primer for the 

conserved region of Atlantic cod cathelicidin (codR2) on all BAC clones. 

 

Only one clone clearly showed amplification with any combination of primers including 

primers binding vector. The 15-A:21 BAC clone yielded a PCR product of about 800 bp in 

size with the combination of a T7-promotor-specific forward and a Atlantic cod 

cathelicidin conserve region specific reverse primer (codR2). In this BAC clone the 

cathelicidin-gene therefore seems to be located at the rim of the insert. 
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Figure 20: PCR performed with codF3, codR3 primers, which were designed to be 

specific for the Atlantic cod cathelicidin 1 gene. 

 

Most BAC clones positive for cathelicidin were also shown to be positive for cod 

cathelicidin 1 by PCR using primers specific for it. 

This was not expected since the library was made to cover every sequence in the cod 

genome about 5 times. Possible explanations could be that the genes for cathelicidin cluster 

together and therefore appear together on the BAC inserts or the primers were not specific 

for one but all cathelicidins. 
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3.4.2 Double digest 

 

Figure 21: Extracted and purified BACs digested with NotI and EcoRI. Restriction 

fragments were visualized by gel-electrophoresis. As expected most fragments are 

approximately 2 to 10 kbps long. Faint background smear indicates remaining trace 

amounts of genomic DNA in the preparations. 

 

Most BACs (except 61-I:8 clone) were successfully digested by the two enzymes used. 

However, 61-I:8 sample was not. Agarose gel electrophoresis analysis shows clear and 

distinct bands for the other samples with patterns that could be used to group the clones. 

Because most bands group in the range of 2 to 10 kbps length, it is not possible to identify 

the vector band of about 8 kbps that should appear in all digested samples. 

However, some clones could be grouped together according to identical or very similar 

restriction fragment patterns: 

Group 1: 15-A:21 and 68-D:2 

Group 2: 30-L:10, 50-I:5 and 69-E:3 

Group 3: 28-N:18 and 40-O:21 

Later double digested BACs were always too strongly contaminated with genomic DNA, 

contained too few BAC DNA or the double digest failed completely. 
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Summary and Discussion 

In this study fish cathelicidin expression was analyzed for the first time during ontogeny. 

A quantitative real-time PCR assay was established for the detection of cathelicidin mRNA 

levels in Atlantic cod larvae. The used reference genes ubiquitin and RPS9 showed to be 

stable and reliable in this system. 

This study clearly shows that Atlantic cod cathelicidin mRNA is present immediately after 

hatch in considerable amounts. Moreover, the expression level changes rapidly during larval 

development. These changes coincide with changes in feeding conditions, when larvae get in 

contact with many bacteria including possibly pathogenic strains through live feed. This 

hypothesis is strengthened by the finding that larvae that developed more slowly and probably 

started feeding later did not show increase in cathelicidin expression. Additionally, other 

factors, such as the developmental stage cannot be ruled out as possible causes for the 

increase in cathelicidin expression.  

In future experiments more samples of cod larvae at later stages should be analyzed. 

Experiments with altered feeding conditions could be performed to cast light on the effect of 

the feed. Also our experimental setup did not distinguish between the different types of 

Atlantic cod cathelicidins and design of specific primers suitable for real-time PCR showed to 

be very difficult. Nevertheless, it should be considered to use specific primers for future 

experiments. Last but not least the present expression data has to be supported with protein 

and peptide data. 

For Atlantic salmon eggs and larvae a quantitative real-time PCR assay was developed, but 

several problems were encountered. Since total RNA amount in early eggs was very low, 

several eggs have to be pooled in future experiments for those stages (up until around 150 

day-degrees). The present data suggests a trend of increase in cathelicidin expression in 

Atlantic salmon eggs in the phase just prior to hatch and in early larvae. However, high 

variation between samples was observed. This could be due to a different genetic background 

of the individuals, but we also observed a decrease in stability of the reference genes in 

samples of higher day-degrees. Again, the data is only preliminary and more samples have to 

be analyzed using the assay developed here. The stability of the reference genes should be of 

special concern, too, because it seems that one or perhaps even both of the reference genes 

used are not stable over the course of the experiment. Another explanation could be a change 

in amplification efficiency. Therefore the efficiencies should be determined using eggs and 

larvae instead of adult fish samples. 
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For future experiments it would be interesting to know the genetic background (family) of the 

individuals to possibly connect differences in cathelicidin expression levels to this. However, 

having in mind that salmon cathelicidins are probably important host defence molecules, the 

purpose could be the protection of the larvae against ubiquitous and pathogenic bacteria when 

they leave the egg and make contact with their environment. The increase of expression prior 

to hatch would then be due to developmental regulation and not a reaction to external stimuli. 

Similar as for Atlantic cod the expression data should be supported by data on the functional 

level with protein detection and antimicrobial assays. 

The characterization of 12 BAC clones gave limited results. It seems that almost all clones 

contain the cod cathelicidin 1 gene, which lead to the hypothesis that two or three cathelicidin 

genes lie close to each other within a cluster. We were able to propose some grouping of the 

clones according to the restriction fragment length patterns. This could facilitate sequencing 

because it would not be necessary to sequence all 12 but only 3 or 4 BACs. Additionally, this 

gel could have been Southern blotted and probed again with specific radioactive probes to 

confirm the presence of Atlantic cod cathelicidin genes in the restriction fragments. 

Unfortunately, this was not done and the result of this experiment was not reproducible. In 

order to isolate large amounts of BAC DNA, Maxi Kit preparation of half-litre cultures, 

should be used in future experiments. Further purification steps should be considered to clean 

the BACs from genomic DNA. 

In one BAC (15-A:21) the cathelicidin gene was found to be close to the vector and could 

therefore be used for end-sequencing of the cathelicidin gene. This would enable us to 

generate primers from within the sequence and continue sequencing into the gene, getting 

information on introns and possibly adjacent sequences, although not on the 5’ end. 
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Detailed methods 

5.1 RNA preparation 

5.1.1 TRI Reagent® (Ambion, Austin, TX, USA) RNA isolation Reagent 

1. homogenize sample in 1ml of TRI® Reagent with power homogenizer 

2. add 0.1 ml of bromochloropropane (BCP) to each tube, cap samples securely, mix 

vigorously for 15 s 

3. incubate at room temperature for 2 to 3 min 

4. centrifuge samples at 12.000 x g for 15 min at 4°C 

5. transfer colourless aqueous upper phase into fresh tube 

6. add 0.5ml of isopropanol to precipitate RNA 

7. incubate samples at room temperature for 10 min 

8. centrifuge with 12.000 x g for 10 min at 4°C 

9. remove supernatant completely 

10. wash with 75% ethanol 

11. mix vigorously, centrifuge with 7.000 x g for 5 min at 4°C 

12. repeat washing procedure once 

13. remove any leftover ethanol 

14. air dry RNA pellet for 10-15 min 

15. dilute RNA in 40 µl RNase-free water 



 35 

5.1.2 purification of previously extracted RNA using NucleoSpin® (Macherey-Nagel, Düren, 

Germany) 

1. fill up RNA samples smaller than 100 µl with RNase-free water to 100 µl 

2. prepare a RA1-ethanol premix with ratio 1:1 

for each 100 µl RNA sample mix 300 µl of RA1 and 300 µl of ethanol (96%) 

3. to 100 µl of RNA sample add 600 µl (6 volumes) of RA1-ethanol premix. 

Mix sample with premix by vortexing. 

4. for each sample take one NucleoSpin® RNA II Column (light blue ring) placed in a 

Collection tube. 

Load the RNA to the column. Centrifuge for 30 s at 11.000 x g 

Place the column into a new Collection Tube (2 ml). 

5. Add 350 µl MDB (Membrane Desalting Buffer) and centrifuge at 11.000 x g for 1 min 

to dry membrane. 

6. Prepare DNase reaction mixture in a sterile 1.5 ml microcentrifuge tube: for each 

isolation add 10 µl of reconstituted rDNase to 90 µl Reaction Buffer for rDNase. 

Mix by flicking the tube. 

Apply 95 µl DNase reaction mixture directly onto the centre of the silica membrane of 

the column. Incubate at room temperature for 15 min. 

7. Add 200 µl Buffer RA2 to the NucleoSpin® RNA II Column. Centrifuge for 30 s at 

11.000 x g. Place the column into a new Collection Tube (2 ml). 

8. Add 600 µl Buffer RA3 to the NucleoSpin® RNA II Column. Centrifuge for 30 s at 

11.000 x g. Discard flow-through and place the column back into the Collection Tube. 

9. Add 250 µl Buffer RA3 to the NucleoSpin® RNA II Column. Centrifuge for 2 min at 

11.000 x g to dry the membrane completely. Place the column back into a nuclease-

free Collection Tube (1.5 ml) 

10. Elute the RNA in 40 µl RNase-free water and centrifuge at 11.000 x g for 1 min. 
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5.1.3 Additional DNase I digest of purificated RNA 

1. add 10 µg of RNA in a 1.5 ml microcentrifuge tube 

2. add 10 µl of 10x DNase I reaction buffer 

3. add 2 µl DNase I 

4. adjust volume to 100 µl with RNase-free water 

5. mix gently 

6. incubate at 37°C for 10 min 

7. heat inactivate DNase I by incubation at 75°C for 10 min 

8. add 250 µl of ice-cold ethanol (96%) 

9. centrifuge for 15 min with 12.000 x g at 4°C 

10. discard supernatant 

11. air dry pellet 

12. dissolve in 20µl RNase-free water 

 

between preparations RNA samples are stored at -40°C 
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5.2 RNA quality control 

5.2.1 Measurement of RNA concentration and basic quality indicators 

1. measure RNA concentration, A260/A230, A260/A280 ratios and A340 using 

NanoDrop® Spectrophotometer (Thermo Scientific, Waltham, USA) 

2. A260/A230 indicates organic contaminations (e.g. phenol) and should be around 2 

3. A260/A280 indicates contamination with proteins and should be above 1.8 

4. A340 indicates undissolved particles and should be as low as possible 

 

5.2.2 Gel-electrophoresis of RNA 

1. wash gel-casting equipment thoroughly and rinse with RNase-free water 

2. prepare fresh TAE buffer and refill electrophoresis chamber 

3. load 1 µg of RNA on 1% TAE-agarose gel containing ethidiumbromide 

4. run electrophoresis for 30 min at 80 V 

5. image gel with UV-transilluminator 

6. mRNA appears as smear over most of the lane; tRNAs and other small RNAs form a 

diffuse band at around 100 bps size; rRNAs should be visible as sharp, distinct bands 

 

5.3 cDNA synthesis 

using First Strand cDNA synthesis kit #1612 (Fermentas, Vilnius, Lithuania) 

1. add 500 ng of uncontaminated, undegraded RNA in 200 µl 8-tube-strip 

2. add 1µl of random hexamer primers (0.2 µg/µl) to RNA 

3. adjust volume to 12 µl with RNase-free water 

4. mix gently and spin down in microcentrifuge 

5. incubate at 70°C for 5 min 

6. prepare mastermix of 4 µl 5x reaction buffer, 1 µl RiboLock™ Ribonuclease Inhibitor 

(20 u/µl), 2µl 10 mM dNTP mix 

7. place sample on ice and add 7 µl of mastermix 

8. incubate at room temperature for 5 min 

9. add 1 µl RevertAid™ M-MuLV Reverse Transcriptase (200 u/µl) 

10. use 4-block PCR for following steps 

11. incubate mixture at 25°C for 10 min 

12. incubate mixture at 42°C for 60 min 

13. incubate mixture at 70°C for 10 min to stop the reaction 

14. store product at -40°C 
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5.4 Quantitative real-time PCR 

Reaction mix 

SYBR Green® Mix 5.0 µl 

forward primer  0.5 µl 

reverse primer  0.5 µl 

RNase-free water  3.0 µl 

diluted template  1.0 µl 

 

Temperature cycle 

Holding stage: 50°C 2 min. 

   95°C 10 min. 

Cycling Stage: 95°C 15 sec. 

   60°C 1 min. 

40 cycles 
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5.5 BAC DNA preparation 

5.5.1 cultures 

1. prepare 7 ml LB-medium in 50 ml tubes 

2. add 7 µl 1.000x chloramphenicol stock to end concentration of 12.5 µg/ml 

3. inoculate culture from glycerol stock using sterile pipette tip 

4. incubate in shaking incubator at 37°C for about 16-18 h 

 

5.5.2 inducing to low-copy number 

1. add 7 µl 1.000x L-arabinose stock to end concentration of 0.1 mg/ml to culture 

2. incubate again at 37°C for 2 h with vigorous shaking 

 

5.5.3 BAC DNA extraction 

1. 1.5 ml cell suspension transferred to microcentrifuge tube 

2. centrifugation at 14.000 x g for 1min 

3. removing supernatant by vacuum aspiration 

4. add 1.5 ml culture � double amount 

5. centrifuge again at 14.000 x g for 1 min 

6. removing supernatant by vacuum aspiration 

7. resuspend pellet in 0.3 ml solution I (resuspension buffer) 

8. add 0.3 ml solution II, mix 

9. slowly add 0.3 ml 3 M potassium acetate (KOAc) pH 5.5, mix gently 

10. place on ice for 10 min. 

11. centrifuge at 14.000 x g for 10 min 

12. transfer supernatant to new microcentrifuge-tube containing 0.8 ml isopropanol 

13. mix gently 

14. centrifuge at 14.000 x g for 15 min 

15. carefully remove supernatant (don’t lose pellet) 

16. add 0.5 ml ethanol 70% 

17. invert tubes several times 

18. centrifuge at 14.000 x g for 5 min 

19. carefully remove as much supernatant as possible 

20. air dry pellet for 15 min (until pellet is translucent) 

21. dissolve pellet in TE buffer (40µl) 

22. store DNA at +4°C 
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5.6 characterisation of BAC DNA 

5.6.1 PCR of BAC DNA 

PCR reaction mix 

2.0 µl 10x Thermo buffer 

2.0 µl dNTPs 

0.4 µl TAQ polymerase 

0.8 µl 3’ primer 

0.8 µl 5’ primer 

1.0 µl template 

13.0 µl RNase-free water 

 

PCR program “chang”: 

94°C 5 min. 

60°C 45 s 

70°C 1 min. 

94°C 45 s 

cycle to second step 33 more times 

72°C 5 min. 

12°C forever 
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5.6.2 double digest 

reaction mix 

2.0 µl 10x buffer #2 (New England Biolabs) 

0.2 µl NotI restriction endonuclease 

0.2 µl EcoRI restriction endonuclease  

18.0 µl BAC DNA 

 

1. mix gently 

2. spin down shortly in small table centrifuge 

3. incubate overnight at room temperature 

 

5.6.3 gel electrophoresis 

PCR products 

1% Agarose gel, TAE buffer, ethidiumbromide 

30 min at 80V 

 

double digested BACs 

1.2% agarose gel, TAE buffer, ethidiumbromide 

4 h at 40V 
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