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Abstract 

Natterins are a recently discovered gene family from the venom gland of Thalassophryne 

nattereri. Natterin proteins contain a lectin-like domain and a pore-forming toxin-like domain 

and can cause edema and pain due to their kiniogenase activity. Several natterin-like genes 

have been found in non-toxic fish species and this indicates other functions of natterin in fish 

than toxicity. Recently, natterin was found in Arctic charr during a transcriptome study on the 

different morphs from Lake Thingvallavatn (South Iceland). This species is highly 

polymorphic and in Lake Thingvallavatn four phenotypic morphs have evolved (small benthic 

(SB), large benthic (LB), Murta (limnetic, M) and piscivorous limnetic (PI) morph). The 

transcriptome data revealed that natterin is differentially expressed between the different charr 

morphs and this lead us to investigate its role in charr in more detail. Charr was found to have 

at least three natterin paralogues and primers binding the conserved region (general natterin) 

as well as the different paralogues were designed to examine natterin expressions using 

quantitative real-time PCR(qPCR). We found that natterin (both general and paralogues) was 

expressed during embryonic development and the expression was significantly different 

between morphs (highest in SB) and timepoints (highest in early stages). While general 

natterin was highest expressed in SB at the early timepoints, the expression of paralogues 1 

and 3 was constitutive and the expression of paralogue 2 increased in the later stages in SB. In 

adult fish tissues the expression of general natterin was highest in the gills whereas natterin 

paralogue 1 was highest expressed in the kidney and paralogues 2 & 3 in the skin. Natterin 

paralogue 2 showed the highest expression level during development and in adult fish 

compared to the other paralogues. However, the observed expression differences of general 

natterin could not be explained by the differentially expressed paralogues, suggesting the 

presence of other natterin paralogues or genes in Arctic charr. These results indicate a role of 

natterin both during Arctic charr embryonic development and in adult fish. 
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Útdráttur 

Natterin er fjölskylda gena, sem fannst fyrst sem prótín í eiturkirtli Thalassophryne nattereri. 

Natterín prótín hafa tvö hneppi, lektín (lectin-like) og götunarhneppi (pore-forming toxin-like) 

og geta valdið bjúg og sársauka. Nokkur gen skyld natterin hafa fundist í fiskum sem ekki 

teljast eitraðir, sem bendir til að prótínin gegni öðrum hlutverkum. Nýleg rannsókn á tjáningu 

alls erfðamengisins (transcriptome) í bleikjum afhjúpaði mikinn mun í natterin tjáningu á 

milli þroskastiga og afbrigða. Bleikjan í Þingvallavatni er mjög fjölbreytt, í vatninu finnast 

fjögur form; dvergbleikjan (e. small benthic: SB), murta (e. small limnetic: M), 

kuðungableikja (e. large benthic: LB) og sílableikja (e. piscivorous limnetic: PI). Gögn benda 

til að bleikjur hafi a.m.k. þrjú natterin gen. Með því að raða saman genunum, er hægt að 

hanna vísa sem eru sértækir og almennir fyrir þessi þrjár gerðir natterins. Tjáning genanna var 

metinn með magnbundnu PCR hvarfi á cDNA, (quantitative real-time PCR: qPCR). 

Niðurstaða verkefnisins er sú að natterin er mismikið tjáð í gegnum þroskaferil bleikunnar, 

tjáningin er mest snemma í þroskun. Einnig er munur á tjáningu milli afbrigða, hún er mest í 

dvergbleikjunni. Mikill munur var á tjáningu mismunandi natterin gena milli tímapunkta. 

Natterin 1 og 3 voru jafntjáð í gegnum þroskunina, en tjáningin á natterin 2 jókst, sérstaklega í 

dvergbleikjunni, þegar á leið. Í fullorðnum fiskum var einnig munur á tjáningu milli vefja. 

Almennt voru natterin gen mest tjáð í tálknum. En þegar litið var á ólíkar gerðir, þá var 

natterin 1 mest tjáð í nýrum og natterin 2 og 3 í húð. Tjáningin á natterin 2 var áberandi meiri 

en hinna genanna tveggja, en hún nær samt ekki að útskýra mikla tjáningu í tálknum. Það 

bendir til að fleiri natterin gen séu í bleikjunni. Mismunandi tjáning natterin bendir til 

mögulegs hlutverks gensins bæði í þroskaferli og í vefjum bleikjunnar. 
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1 Introduction 

Natterins are a recently discovered class of proteins that were first found in the venom gland 

and skin of the tropical toxic fish species Thalassophryne nattereri (Magalhães et al. 2005a + 

b). From the venom gland of T. nattereri five major natterin genes have been identified which 

are named natterin 1-4 and natterin P. Natterin 1 and 2 have a sequence identity of 84% 

whereas natterin 3 and 4 are to around 40% identical with natterin 1 and 2. Natterin P has 

84% sequence identity to natterin 4 (Magalhães et al. 2005a). Additionally, several natterin-

like genes have been described in other fish species which show sequence identities from 20-

47% to the major natterin genes 1-4 and P (Tamura et al. 2011, Xue et al. 2012). From the 

skin of oriental catfish (Plotosus lineatus) two natterin-like genes have been extracted which 

show 20% sequence identity with natterins 1-4 and are found to cause pain and edema in 

Swiss mice (Tamura et al. 2011). Natterin-like genes have also been extracted from the blood 

and several tissues of lamprey (Lampetra japonica). They are shown to have 41-47% 

sequence similarity with natterins 1-4 (Xue et al. 2012). Furthermore, the sequences of several 

natterin-like genes of northern pike, blue catfish, zebrafish and Atlantic salmon can be found 

in NCBI database. 

On the structural level it has been shown that natterin 

proteins contain a mannose-binding lectin-like domain 

(Jacalin-domain) which is also known from plants (e.g. 

Artocarpus heterophyllus (jackfruit); Fig. 1). Jacalin is 

known to stimulate functions of T- and B-cells and therefore 

can play an important role for immune system functions 

(Jeyaprakash et al. 2002). In fish, the immune defensive role 

of lectin-like proteins is already known. Especially mannose-

binding lectins are important pathogen recognition proteins 

(antibodies) and therefore are important parameters of the 

acute phase response of fish on infectious species 

(Magnadóttir 2006, 2010). Furthermore, natterin proteins 

have a pore-forming toxin-like domain which shows 

Fig. 1: 3-dimensional     

structure of natterin-like 

protein in L. japonica 

(Xue et al. 2012) 
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similarity to the aerolysin-domain belonging to aeromonas spp. (Xue et al. 2012).  

On the functional level natterins are shown to have a kininogenase activity and therefore are 

able to activate inactive kiniogens into active kinins (Facó et al. 2003, Lopez-Ferreira et al. 

2006). In humans the kinin/kininogen system plays an important role for inflammation, blood 

pressure control and the perception of pain (Skidgel et al. 2003).  Therefore, natterins have 

been determined to be the major compound in the venom of T. nattereri that are responsible 

for symptoms as local pain, edema and inflammation which often occur after accidental 

contact of humans with T. nattereri. Furthermore, natterins are myotoxic (toxic effects on 

muscle cells) and cause injury in the vascular system since they have cytolytic effects on 

endothelial cells (Magalhães et al. 2005b, Skidgel et al. 2003). 

Recently, natterin-like genes have also been identified in Arctic charr (Salvelinus alpinus) by 

the research group of Sigurður S. Snorrason at the Faculty of Life and Environmental Science 

of the University of Iceland (Háskóli Íslands)( “charr group”). Arctic charr is a thoroughly 

studied system due to trophic polymorphism in fish (Sigursteinsdóttir & Kristjánsson 2005). 

In Lake Thingvallavatn in the South of Iceland, there exist four residential morphotypes of 

Arctic charr (Fig. 2). A small benthic (SB) and a large benthic (LB) morph can be 

differentiated from two limnetic morphs (a piscivorous (PI) and a planctivorous Arctic charr 

morph (PL)/Murta (M). The morphotypes differ in diet and behavior as well as in life history 

and morphology (Sandlund et al. 1992, Sigursteinsdóttir & Kristjánsson 2005). 
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In 2010 a transcriptome analysis of Arctic charr has been performed in order to detect genes 

which are differentially expressed in different morphotypes of Arctic charr during their 

embryonic development. In this analysis the transcriptome of the small benthic morph (SB) 

was compared to aquaculture Arctic charr (AC) from Hólar (North Iceland) in different 

embryonic stages (different time points after the fertilization of the fish eggs). The study 

showed that Arctic charr contains natterin-like genes which are very similar in protein 

sequence to the natterin-like gene of Atlantic salmon and also have a high protein sequence 

identity with the zebrafish natterin-like gene from NCBI database (Fig. 3). The Arctic charr 

natterin also contains the two domains (lectin-like domain and pore-forming domain) that 

have been described for the major natterin genes 1-4 and P (Facó et al. 2003, Lopez-Ferreira 

et al. 2006) what can be used to identify the charr natterin as member of the natterin family. 

 

Fig. 2: Comparison of the four different morphotypes of Arctic charr in Lake Thingvallavatn in south 

Iceland; LB = large benthic, SB = small benthic, PI = limnetic piscivorous, PL/M = limnetic 

planctivorous/Murta 

LB 

 

SB 

 

PI 

 

PL/M 



4 

 

 

 

Moreover, the transcriptome data showed that the natterin-like genes in Arctic charr are one 

of the most differentially expressed genes in general between small benthic Arctic charr and 

aquaculture Arctic charr (AC) during embryonic development (Fig. 4). The natural morph 

from Thingvallavatn (SB) showed higher expression values in all investigated time points 

during development than the aquaculture charr.  

Fig. 3: Alignment of the protein sequence of the natterin-like gene in Arctic charr and natterin-like sequences 

of  Atlantic Salmon and zebrafish; stars mark similar amino acids in all three sequences; red boxes mark 

lectin-like and pore-forming toxin-like domains 

Pore-forming toxin-like domain 

Lectin-like domain 
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141 163 200 433 141 163 200 433 genes in  Salmo salar

3.78 7.84 23.75 33.92 0.23 0.29 1.82 13.81  Natterin-like protein putative 

8.70 24.35 13.16 57.61 0.73 0.29 2.97 12.82 lysozyme 

0.80 1.74 2.13 43.15 25.29 109.06 10.97 32.53 Cytochrome c oxidase subunit VIb isoform 1 putative 

6.83 10.97 5.52 6.95 40.59 42.05 27.36 28.24  ATPase inhibitor, mitochondrial precursor putative 

0.51 1.96 2.87 4.15 0.18 0.29 0.17 0.86  unknown large open reading frame 

5.94 21.48 14.35 57.61 1.02 0.43 4.22 15.22 lysozyme

3.34 4.58 5.67 2.86 63.88 15.71 46.32 2.94  Chondroitin beta-1,4-N-acetylgalactosaminyltransferase 2 (cgat2)

4.83 8.69 26.53 22.02 1.11 0.22 2.76 12.79 alkaline phosphatase 

0.13 1.33 1.46 1.73 0.00 0.13 0.09 0.05  GTPase IMAP family member 7 putative 

57.63 55.09 62.69 77.40 5.77 3.36 27.09 39.24  Myeloperoxidase precursor putative

3.20 1.68 0.95 0.97 16.39 18.08 4.12 1.81  Histone H1 putative 

0.00 0.00 0.04 3.42 0.00 0.00 0.00 0.00  Interleukin-20 receptor alpha chain precursor putative

0.25 0.05 0.20 0.23 2.93 2.93 0.63 0.42 CMRF35-like molecule 8 precursor putative 

8.40 17.78 22.94 22.53 2.84 0.85 5.32 11.15  Myelin protein zero-like protein 2 precursor putative

0.77 0.74 0.91 1.87 0.00 0.07 0.00 0.62  Proteasome subunit beta type-6 precursor putative 

411.09 1261.11 2989.82 4736.09 139.38 6.56 1214.83 3252.66 collagen 1a 

148.26 128.97 169.50 117.32 19.69 23.44 70.00 56.84  homeobox protein HoxC10ab (hoxc10ab)

23.80 20.97 27.34 19.91 3.03 3.83 10.09 10.09  MHC class I (UBA) mRNA, UBA*0801 allele

11.37 51.62 146.26 300.97 5.76 0.62 46.83 160.03  fibromodulin

Dwarf/SB Aquaculture

 

 

 

 

This suggests that natterin could play a role during embryonic development of Arctic charr 

which could be different between the different morphotypes and therefore is of particular 

interest for further investigations. 

However, from the analysis of the charr transcriptome not only one but several natterin-like 

sequences have been identified which are possibly different paralogues of one natterin-like 

gene. Therefore, a member of the charr group performed a previous study in order to clone 

and sequence these paralogues. In this study three different natterin-like paralogues have been 

identified (Fig. 7) which are called natterin (paralogues) 1, 2 and 3 in the following text. 

So far, little is known about natterin in teleost fish and no information exists on its expression 

in Arctic charr. Therefore, we wanted to determine differences in general expression of 

natterin between different morphotypes during embryonic development in this study in order 

to confirm the results from the former performed transcriptome study. Furthermore, we 

wanted to investigate the expression of the three identified natterin paralogues during 

embryonic development in the different morphotypes. In addition, the expression of natterin 

(in general and specific paralogues) in different tissues was studied in adult Arctic charr in 

order to determine its tissue distribution. Finally, the expression levels of the specific natterin 

Fig. 4: Transcriptome data 2010 (not yet published;) Differential expression of several genes at 4 

timepoints during development from contrasting morphotypes (SB and AC), sequences from whole 

embryos at 141, 163, 200 and 433 daydegrees (days after fertilization); Numbers = Reads per million 

aligned per kilobase - RPMK; red box marks charr natterin as most differentially expressed gene between 

different morphotypes 
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paralogues were compared to the expression of natterin in general in order to determine if the 

paralogue expressions match to the expression of general natterin.  

 

 

 

The aims of the present study were: 

 

 

1. Examine natterin expression during embryonic development in small benthic (SB), Murta 

(M) and aquaculture Arctic charr (AC) 

2. Examine natterin expression in different tissues of AC (skin, heart, liver, gill, spleen, 

intestine, kidney) 

3. Examine expression of different natterin paralogues during embryonic development  

4. Examine expression of different natterin paralogues in different tissues of adult fishes 

(AC) 
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2 Material & Methods 

2.1 Sampling 

The samples used for the investigation of the developmental expression of natterin were taken 

from whole embryos of small benthic charr (SB) and Murta (M) from Lake Thingvallavatn in 

Iceland (Fig. 5) as well as from aquaculture charr (AC) from VERIÐ Hólaskóli (Háskólinn á 

Hólum) in Hólar in North Iceland (Fig. 6). Both male and female adult fishes were fished 

from Lake Thingvallavatn in south Iceland in 2010. The eggs were pooled and fertilized using 

milt from several males (same morphotype). Eggs were reared at approximately 5°C in a 

hatching tray (EWOS, Norway) under constant water flow and in complete darkness at the 

Hólar University College experimental facilities in VERIÐ, Sauðárkrókur. The water 

temperature was recorded twice daily and the average was used to estimate the relative age of 

the embryos using tau-somite (τs) units defined as the time it takes for one somite pair to form 

at a given temperature (Pashay Ahi et al. 2013). Embryos were collected directly into RNA-

later solution (Ambion) at the indicated relative age ( daydegrees (timepoints)) and stored 

at -20°C.  

               

 

 

For the investigation of different tissues of adult aquaculture charr (AC) from Hólar (fish size 

20-25 cm) were used. Six randomly selected fishes were killed (cutting though spinal cord) 

  

Iceland 

Fig. 5: Area of Sampling (right: http://www.vamostravel.com/iceland/coach_tours/iceland_complete_tour/ 

images/ic_map.jpg; left: Sigursteinsdottir & Kristjansson 2005) 

 

Hólar 
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and dissected and samples were taken from the skin, heart, liver, gills, spleen, intestine and 

kidney of each fish. The samples were placed in RNA-later solution (Ambion) and stored at -

20 °C. 

   

 

2.2 RNA extraction and quality control 

The RNA of the fish samples was extracted using TRI® reagent (Sigma-Aldrich) RNA 

isolation reagent. Either the whole charr embryos (2-3 individuals or single individuals for the 

later developmental stages) or small pieces (ca. 2 mm
2
) of the different fish tissues were 

homogenized in TRI® reagent. For the RNA extraction the embryos were dechorionated 

under the light microscope (Leica S6E) and the yolk was discarded in order to decrease the fat 

content in the samples (Pashay Ahi et al.2013). The RNA extraction was performed regarding 

the manufacturer´s protocol.  

After the ethanol precipitation the quantity of the RNA was measured using NanoDrop® ND-

1000 UV/Vis-Spectrophotometer. The RNA was treated with DNase I in order to eliminate 

the remaining genomic DNA as done previously in the lab (Pashay Ahi et al. 2013). After the 

digest the samples were further diluted to a final concentration of 100 ng/µl and kept at -80°C. 

To determine the quality of the extracted RNA before and after DNase digestion Agarose gel 

electrophoreses (Fig. 8) was performed (results). 

2.3 cDNA amplification 

The extracted RNA (1000 ng (10 µl) per reaction; reaction volume 20 µl) was reverse 

transcribed into cDNA using high capacity cDNA RT kit (Applied Biosystems) following the 

Fig. 6: VERIÐ Hólaskoli (left), aquaculture fish tanks (right); http://www2.holar.is/index.php? 

option=com_content&view=article&id=76&Itemid=69 
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manufacturer´s protocol. To confirm the absence of genomic DNA random samples were 

prepared without addition of reverse transcriptase (-RT)(Pashay Ahi et al. 2013). After the 

cDNA amplification 30 µl of RNase-free MilliQ water were added to dilute each sample 1,5 

fold for the following quantitative real-time PCR (RT-qPCR). 

2.4 Quantitative Real-Time-PCR (RT-qPCR) 

For the measurement of the relative expression of natterin-like genes RT-qPCR was 

performed using PowerSYBRgreen® PCR Master Mix as recommended in the 

Manufacturer´s protocol (Applied Biosystems). The RT-qPCR was conducted on 96well-PCR 

plates with 10 µl volume using an ABI 7500 real-time PCR System (Applied Biosystems). 

The reactions were run in duplicates and with non-template controls (NTC) in each run and 

for each gene. The RT-qPCR was started with 2 min hold at 50°C followed by a 10 min hot 

start at 95°C. Subsequently the amplification was performed with 40 cycles of 15 sec 

denaturation at 95°C and 1 min annealing/extension at 60°C. For each sample a dissociation 

step (60°C-95°C) was performed at the end of the amplification phase to identify a single 

specific melting temperature for each primer set. 
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The primer sequences to detect the general natterin in the different developmental stages and 

the different fish tissues were previously designed by a member of the charr group (Ehsan 

Pashay Ahi) from the conserved regions of the nattering-like sequence from the transcriptome 

study. The primers for the 3 specific natterin paraloges were designed according to the clones 

of the sequences from the transcriptome study in Arctic charr (Fig. 7). Therefore, primer-3-

software was used (available in the internet) and the designed primers were checked for self-

annealing, heterodimers etc. according to the MIQE guidelines. In addition to natterin as used 

target gene, β-Actin (ACTB) and Initiationfactor 5α (IF5a) were used as reference genes. 

Fig. 7: Sequences of three different natterin paralogues in Arctic charr (DNA clones) at the position of the 2nd 

exon region; stars mark identical bases, red boxes = primers for RT qPCR (primers were designed from 

regions with most sequence differences)  

Intron 

Foreward 

Primers 

Reverse 

Primers 

Exon 2 
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These have recently been validated to be suitable reference genes during charr development 

(Pashay Ahi et al. 2013). 

The threshold values for the different genes were set automatically by the software and the 

resulting CT-values should be in the range of 20 and 30 for optimal results. 

2.5 Primer efficiency 

To determine the efficiency of the natterin primer used in the RT-qPCR a dilution series was 

made. For this, RNA samples of different developmental stages of whole Arctic charr 

embryos were pooled and the dilution series was performed from a dilution of 1:2 up to 

1:2048.  

The CT-values resulting from the performed RT-qPCR of the dilution series were plotted 

against the decadic logarithm (log10) of the original RNA input. Based on the slope of the 

linear regression line the efficiency of the amplification of the natterin gene was calculated by 

using the following equation: 

                                                                 
slopeE

1

10


        (equation 1) 

2.6 Data analysis 

The raw data from all experiments were combined in a new study in order to set the same 

threshold and baseline for all studies. With the CT-values of the target genes (general natterin 

and each natterin paralogue) and the geometric mean of the both reference genes (ACTB, 

IF5a) the ∆CT-values were calculated for each biological replicate from one sample (e.g. SB 

200 (daydegrees) or liver): 

           ΔCT = mean CT (both reference genes) – mean CT (target gene)          (equation 2) 

Relative expressions (relative quantity = RQ) were then calculated based on these data 

according to the ΔΔCT-method: 

                                            ΔΔCT = ΔCT (control) – ΔCT (treatment)         (equation 3) 

                                                      Relative Expression (RQ) = TC
2         (equation 4) 
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The expression values for the different embryonic stages were set relatively to the 161 

daydegree stage of AC ( “control”) and the expression values for the different tissues were 

calculated relatively to the samples of the heart ( “control”) since the heart contained the 

lowest level of natterin. The relative expressions of general natterin and of the 3 natterin 

paralogues were compared between the different morphotypes during embryonic development 

(different stages)(Fig. 11 + 12). In adult charr the relative expression of general natterin and 

of the natterin paralogues was compared between the different tissues (Fig. 14 + 15). In 

addition to the relative expression the expression levels (RQ-values) of the 3 different 

paralogues were compared to each other in the different morphotypes (embryonic 

development) and in the different tissues (Fig. 13 + 16). Finally, the expression levels (∆CT-

values) of the different paralogues were compared to the expression level of general natterin 

in the embryos and tissues (Fig. 17) in order to determine differences. 

The statistical analysis of all data was performed using the ∆CT-values in order to determine 

significant expression differences. Therefore, a two-way ANOVA was performed for the 

expression data during embryonic development (factor 1: morph; factor 2: timepoint) and 

one-way ANOVA for the data of the tissue expression (factor: tissue). For all data normal 

distribution were confirmed. 
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3 Results 

3.1 RNA quality control 

The Agarose gel electrophoresis which was performed in order to check the quality of the 

extracted RNA showed that the samples had a good RNA quality and the DNA was 

degenerated after digest. 

 

 

 

 

 

 

Fig 8: Agarose gel electrophoresis of different tissue samples from adult aquaculture fish 

(quality control of DNase digested samples vs. undigested samples 

G
ill

 (
d
ig

e
s
te

d
) 

 G
ill

  
(d

ig
e

s
te

d
) 

 K
id

n
e
y
 

 S
k
in

 

 S
k
in

 

 S
k
in

 (
d

ig
e
s
te

d
) 

 S
k
in

 (
d
ig

e
s
te

d
) 

 G
ill

 

 G
ill

 

 S
p
le

e
n

 

 S
p
le

e
n

 

 S
p
le

e
n
 (

d
ig

e
s
te

d
) 

 K
id

n
e
y
 (

d
ig

e
s
te

d
) 

 K
id

n
e
y
 

 S
p
le

e
n
 (

d
ig

e
s
te

d
) 

 K
id

n
e
y
 (

d
ig

e
s
te

d
) 

 

after digest before digest after digest before 

digest 
DNA 

18s rRNA 

28s rRNA 

mRNA 

tRNA 

28s rRNA 

18s rRNA 

mRNA 

tRNA 



14 

3.2 Melting curves & Primer Efficiency 

 

 

 

The melting curve analysis showed that all used primers amplified a single product in the 

different samples and therefore were specific. Extensible primer dimers did not form either. 

There was no amplification observed in –RT controls confirming that the amount of genomic 

DNA in the samples was negligible and therefore did not affect the measured amplification. 

Fig. 9: Exemplary dissoziation (melting) curves of general natterin for the amplified 

qPCR-products from various samples of SB and M (one peak = one qPCR-product; all 

peaks similar =primer  specificity) change in fluorescence plotted against temperature 
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The general natterin primer showed a primer efficiency of 90,5%. The primer efficiencies for 

the different natterin paralogues were not yet determined. The efficiencies of the used 

reference gene primers ACTB and IF5a were determined in the study of Pashay Ahi et al. 

2013. Both efficiencies lie inside the range of 90-110%. 

 

3.3 Real-Time qPCR results 

The relative expression of general natterin and of the three natterin paralogues were plotted 

both for the different developmental stages of the different morphs and for the different 

tissues of adult aquaculture fish (Fig. 11 + 12, 14 + 15). Furthermore, the expression levels of 

the three paralogues were plotted both for the different morphotypes (embryonic 

development) and for the tissues in order to determine level differences. Finally, the 

expression levels of the paralogues were compared to the level of general natterin in 

development and tissue. 

 

Fig. 10: Primer efficiency of natterin primer, CT-values plotted against decadic logarithm (log10) of the 

original RNA input, linear regression line and equations included for efficiency calculation 
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3.3.1 Developmental Expression - Natterin (general) 

 

 

 

 

In Fig. 11 the relative expression of general natterin is plotted for the different embryonic 

developmental stages for the different morphs AC, M and SB (expression relative to the 

160/161 stage of AC). The graph shows that general natterin is expressed in all morphotypes 

with the highest relative expression in small benthic charr followed by Murta and the least 

expression in aquaculture embryos (the expression in SB and M is significantly higher 

compared to AC (p(Murta) < 0,001; p(Small Benthic) < 0,001)). There are also significant differences 

in expression of natterin between the different timepoints (p(200) = 0,0055; p(256/315/360/437) < 

0,001). In the stages 160/161 and 200 SB shows the highest expression of general natterin 

relative to AC at stage 160/161. These stages also show the highest expression differences 

between the morphs (SB and M express more natterin than AC) which confirms the data from 

the former transcriptome study (Fig. 4). However, the expression values show variations in all 

morphs during time. 

 

Fig. 11: Relative expression of general natterin during embryonic development (different timepoints after 

fertilization, τs) of different Arctic charr morphotypes (AC = aquaculture, M = Murta, SB = small benthic); 

values are relative to 160/161 stage of AC; error bars have been calculated based on the standard error, X = 

no data point  
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3.3.2 Developmental Expression - Natterin (paralogues) 

 

 

Fig. ... shows the relative expression of the three different natterin paralogues in several 

developmental stages for the three morphotypes AC, M and SB (relative to AC 160/161). All 

three natterin paralogues show significant differences in relative expression both between the 

different morphotypes (natterin 1: p(morph) < 0,001; natterin 2: p(morph) < 0,001; natterin 3: 

p(morph) < 0,001) and the different stages/timepoints (natterin 1: p(timepoint) = 0,0089; natterin 2: 

p(timepoint) < 0,001; natterin 3: p(timepoint) = 0,024). Natterin paralogue 1 shows the highest 

expression in M, especially at the 160/161 stage (relative to AC 160/161) whereas natterin 

paralogue 2 and 3 are relatively highest expressed in SB. The relative expression of natterin 2 

(relative to AC 160/161) increases in SB during development whereas natterin 1 and 3 remain 

almost stable and show only low fold changes (expression differences between different 

stages of different morphs highest in natterin 2 compared to natterin 1 and 3). 

Fig. 12: Relative expression of the different 

natterin paralogues (natterin 1, 2 and 3) for 

developmental stages (τs) of the AC, M and SB 

with error bars based on standard errors; values 

are relative to 160/161 stage of AC; X = no data 
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3.3.3 Developmental Expression - Expression levels 

 

 

 

The specific levels of expression for the three different paralogues compared to each other in 

the three morphotypes are shown in Fig. 13. In all morphs the expression levels of the 

different natterin paralogues 2 and 3 are significantly different from natterin 1 (p(natterin 2) < 

Fig. 13: Expression levels of natterin paralogues compared to each other in the three different morphotypes 

AC, M and SB; different Y-axis scales to show differences in detail; error bars based on standard error 
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0,001; p(natterin 3) < 0,001). In all morphs natterin 2 shows a higher expression level than 

natterin 1 and 3 and generally it shows the highest expression level in SB. especially in SB. 

The expression level of natterin 1 is intermediate compared to the other paralogues but it is 

highest expressed in M. Natterin 3 is least expressed in all morphs. 

 

3.3.4 Tissue Expression - Natterin (general) 

 

 

 

 

Fig. 14 shows the relative natterin expression (general) between different tissues of 

aquaculture Arctic charr. The highest expression of natterin - compared to the expression in 

the heart - is in the gills (p < 0,001) followed by the kidneys (p < 0,001). Skin and spleen also 

show high expression values (p(skin/spleen) < 0,001) whereas the expression in liver and intestine 

is relatively low but still significantly higher than in the heart (p(liver) < 0,001; p(intestine) = 

0,0027). 

 

Fig. 14: Relative expression of general natterin in adult aquaculture fish tissues (skin, heart, liver, gill, 

spleen, intestine, kidney); values are relative to the sample of the heart; error bars have been calculated 

based on the standard error 
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3.3.5 Tissue Expression - Natterin (paralogues) 

 

 

The relative expression of the natterin paralogues 1, 2 and 3 in the investigated tissues (skin, 

heart, liver, gill, spleen, intestine, and kidney) of adult aquaculture Arctic charr are shown in 

Fig. 15. All three paralogues show differences in expression between different tissues. 

Natterin 1 is significantly higher expressed in the spleen (p = 0,0055) and highest in the 

kidney (p < 0,001) compared to the heart. Natterin 2 shows a significantly higher expression 

in the skin (p = 0,0039), the liver (p = 0,0419) and in the gills (0,0213) compared to the heart. 

The relative expression of natterin 3 is highest in the gills (p < 0,001) and in the skin (p < 

0,001) and also significantly higher in liver (p = 0,002), spleen (p = 0,038) and kidney (p < 

0,001) compared to heart. 

Fig. 15: Relative expression of the different 

natterin paralogues (natterin 1, 2 and 3) 

between different tissues of adult aquaculture 

Arctic charr with error bars based on standard 

errors; values are relative to the sample of the 

heart 

 



21 

3.3.6 Tissue Expression - Expression levels 

 

 

 

Fig. 16 compares the different expression levels of the three natterin paralogues in general in 

the different investigated tissues. The significantly highest expression levels shows natterin 2 

Fig. 16: Expression levels of natterin paralogues compared to each other in different tissues of adult 

aquaculture charr; different Y-axis scales to show differences in detail; error bars based on standard error 
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(p = 0,0041) in comparison to natterin 1 whereas the expression levels of natterin 3 are 

significantly lowest (p < 0,001). This indicates a role natterin 2 in adult Arctic charr as well as 

in embryonic development. 

 

3.3.7 Expression levels - Natterin general vs. paralogues 

 

 

 

In order to determine in how far the expression of natterin in general can be explained due to 

the expression of the different natterin paralogues the ∆CT-values of the single paralogues and 

general natterin were compared (lower ∆CT = smaller expression difference to reference gene 

(ACTB) = higher expression). Fig. 17 shows the specific expression levels based on the ∆CT-

values of the three different natterin paralogues compared to the expression level of natterin in 

general are shown for the embryonic stages and the tissue samples of adult fish in general. In 

the developmental stages the ∆CT-values of all paralogues were significantly higher than the 

∆CT-value of natterin in general (p(natterin 1/2/3) < 0,001). Therefore, the expression levels of all 

paralogues were lower than the expression of natterin in general. Also in the tissues of adult 

fish the ∆CT-values were significantly higher than the ∆CT-value of general natterin (p(natterin 1) 

< 0,001; p(natterin 2) < 0,0072; p(natterin 3) < 0,001) and therefore their expression levels lower than 

general natterin. This indicates that both in the embryonic stages and in the adult fish tissues 

the expression level of general natterin seems to be due to more than the expression of the 

three identified natterin paralogues. 

Fig. 17: Expression (∆CT - values) of the three identified natterin paralogues 1, 2 and 3 compared to the 

expression of general natterin; low ∆CT = only small expression difference to reference gene (ACTB) = 

high expression; error bars based on standard error 
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4 Discussion 

These results show that general natterin is expressed both in embryonic stages of the different 

investigated morphotypes (AC, M and SB) of Arctic charr and in the different tissues of 

aquaculture Arctic charr (skin, heart, liver, gill, spleen, intestine and kidney). This suggests a 

role of natterin both during embryonic development and in adult Arctic charr. So far, little is 

known about the function of natterin but interestingly it is present in many different fish 

species. It is present in some tropical species as toxin but since it has also been found in 

species that are known to be not toxic is seems have also other functions in fish in addition to 

the toxicity.  

One theory how natterin (the two domains that were shown to be characteristic for natterin) 

can occur in different fish species that are not closely related could be the transfer of genes 

between species via transportable elements or due to long-term association with e.g. 

endosymbionts (Gladyshev et al. 2008). Horizontal gene transfer could already be described 

for several genes in other species (e.g. rotifers) that appear to have their origin in bacteria (e.g. 

E. coli), fungi and plants. The aerolysin-domain of Aeromonas spp. e.g. is found in many 

vertebrate species. Since the (Jacalin-) lectin-like domain of natterin seems be originated in 

plants and the pore-forming toxin-like domain shows a high sequence identity with the 

aerolysin-domain of Aeromonas spp., horizontal gene transfer could also be a possible 

explanation in the case of natterin occurring in several very different fish species (Gladyshev 

et al. 2008). 

During embryonic development differences of the general natterin expression could be 

determined both between the different morphotypes and the different tested timepoints. SB 

showed the highest natterin expression, especially at the earlier timepoint (161 and 200 days 

after fertilisation). This confirms the results of the transcriptome study in which natterin was 

found in embryonic stages of Arctic charr (SB and AC) for the first time (Fig. 4). However, 

the expression of general natterin showed variations over time in all tested morphotypes. 

Since the natterin in Arctic charr seems to consist of not only one natterin gene but of at least 

three different paralogues of this gene which could be identified from the transcriptome study 



24 

the variations in expression of the general natterin could possibly be explained by differences 

in expression of each paralogue during embryonic development. 

 

Significant expression differences between the morphs and between the different timepoints 

were also detected for all natterin paralogues. The expression level of natterin paralogue 2 

was highest in all morphotypes. These differences in paralogue expression in the morphotypes 

can be a partly explanation for the observed variation in general natterin expression over time 

during the embryonic development of the different morphotypes. However, the expression of 

natterin 2 as highest expressed paralogue is still lower than the expression of general natterin. 

Therefore, the general natterin expression cannot be only due to the already identified natterin 

paralogues but could probably be due to even more paralogues or even genes of natterin in 

Arctic charr which have not yet been identified. 

For the tested tissues of adult fish the expression of natterin in general was highest in the gills 

whereas natterin paralogue 1 was highest expressed in the kidney and paralogues 2 and 3 in 

the skin. The highest expression level overall showed again natterin paralogue 2. 

These results are partly consistent with already known literature about the expression of 

natterin-like genes in tissues of other fish species. The high expression of natterin paralogues 

2 and 3 in the skin of Arctic charr is consistent with observed data for natterin in oriental 

catfish where the gene was also detected in the fish skin (Tamura et al. 2011). In lamprey a 

high expression of natterin was also seen in kidney and liver whereas the expression was least 

in heart (Xue et al. 2012) which is also consistent with the results for Arctic charr. However, 

no natterin expression could be detected in intestine and gill of lamprey whereas the 

expression of general natterin in Arctic charr was highest in the gills. As mentioned 

previously, natterin contains a pore-forming toxin-like domain as well as a lectin-like jacalin-

domain (Xue et al. 2012). This suggests a role both for general defence against potential 

predators and for immune defence mechanisms of fishes since jacalin is known for its 

stimulating functions on several compound of the immune system (Jeyaprakash et al. 2002, 

Xue et al. 2012). The defensive function against predator is an explanation for the high 

expression of natterin in the skin of fish. However, regarding its role in immune defence also 

the high presence in the gills is comprehensible since the gills of a fish are a potential entrance 

for many bacterial species.  
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In addition to the expression differences of general natterin between different tissues, the 

expression of the different paralogues in the investigated adult fish tissues showed significant 

differences. The paralogues can explain the high expression of general natterin in the gills 

(due to natterin 2 and 3), the kidney (due to natterin 1) and the skin (due to natterin 2 and 3). 

Therefore, the three identified paralogues of natterin in Arctic charr indeed seem to play 

different roles in different tissues of the fish. However, the high expression of general natterin 

in the gill cannot be completely explained only by the existence of the three paralogues since 

in both paralogues 2 and 3 have a higher expression in the skin (and paralogue 1 in the 

kidney) than in the gills. Therefore, the tissue investigation indicates that there might be 

several different paralogues or genes of natterin existent in Arctic charr which could be 

responsible for these observed differences in natterin expression. 

Furthermore, the comparison of the expression levels of all paralogues with the level of 

expression in general showed that general natterin is expressed significantly higher than all 

paralogues both in fish embryos and in adult fish tissue. This could be another indication for 

that the high expression of general natterin cannot be explained only by the three identified 

paralogues and that there must be even more natterins than the already identified paralogues. 

4.1 Conclusion 

To summarize the outcome of this study one can say that natterin is expressed in Arctic charr 

and that there are differences in expression of general natterin and of the natterin paralogues 

1, 2 and 3 both during embryonic development and in tissues of adult charr.  

In the different embryonic stages the expression of natterin is significantly different both 

between the different investigates morphotypes (AC, M and SB) and the different timepoints 

after fertilization. However, since the expression of the different paralogues cannot 

completely explain the expression variations of general natterin there could be even more 

different paralogues of natterin or even more natterin-like genes in Arctic charr.  

In adult fish, the expression of general natterin and of the different paralogues showed 

significant differences between different tissues as well. The high expression in the gills could 

be an indication for the importance of natterin for the immune system of Arctic charr. In 

tissue, the expression of general natterin can also just partly be explained by the expression of 
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the different paralogues what might indicate the existence of more natterin paralogues or 

genes.  

In both embryonic stages and adult fish tissues natterin paralogue 2 shows the highest 

expression level. This suggests that natterin 2 plays a role in development as well as in adult 

fish. Finally, the comparison of all expression levels showed a significantly higher expression 

of general natterin than of all three paralogues. Therefore, there are several indications for the 

existence of even more natterin paralogues or even more natterin genes in Arctic charr which 

have to be further investigated in occurrence and function for the fish. 

4.2 Outlook & Further Study Aims 

In order to specify the different natterins that are expressed in embryos of different Arctic 

charr morphotypes and adult Arctic charr the designed primers for the paralogue 1, 2 and 3 

should be checked on their specificity (cloning and sequencing of the qPCR-products). 

Furthermore, the different natterin sequences from the transcriptome analysis Arctic charr 

should be compared again in order design qPCR-primers that can differentiate between all 

possible different paralogues of genes of natterin (cloning qPCR-products, sequencing, new 

qPCR). The expression of all found natterin paralogues should be compared again to the 

expression of general natterin in order to determine in which case the expression of general 

natterin is due to which compound.  

Additionally, one could conduct further studies in order to differentiate between tissues where 

natterin is highly expressed and tissue in which the natterin protein might be transported after 

its expression. Therefore, an antibody should be designed in order to compare the distribution 

of natterin genes and the proteins. This would give new data about possible transport 

mechanisms for natterin on the one side and could further specify its function in different 

tissues. 

Furthermore, the result of the natterin expression in different tissues of adult aquaculture 

Arctic charr should be compared to tissues of the natural Arctic charr morphotypes from Lake 

Thingvallavatn in order to determine expression differences between each morph and the 

charr from aquaculture. The results could be compared to the observed genetic differences in 

embryonic development. 



27 

In order to further determine the function of natterin e.g. for the immune system in Arctic 

charr an infection study could be performed. The expression in infected and healthy fishes of 

the natural Thingvallavatn morphs should be compared to each other and furthermore to the 

aquaculture form of Arctic charr. If infected individual show a higher expression of natterin 

the study could be confirmed for the first time that it plays indeed an important role in 

immune defence of Arctic charr and knowledge about this protein could also be used in charr 

aquaculture. 

 

 



28 

References 

Facó, P. E., Havt, a, Barbosa, P. S., Nobre, a. C., Bezerra, G., Menezes, D., Fonteles, M., et 

al. (2003). Effects of Thalassophryne nattereri fish venom in isolated perfused rat kidney. 

Toxicon, 42(5), 509-514. doi:10.1016/S0041-0101(03)00229-0 

 

Gladyshev, E. a, Meselson, M., & Arkhipova, I. R. (2008). Massive horizontal gene transfer 

in bdelloid rotifers. Science (New York, N.Y.), 320(5880), 1210-3. 

doi:10.1126/science.1156407 

 

Jeyaprakash A.A., Geetha Rani P., Banuprakash Reddy G., Banumathi S., Betzel C., Sekar 

K., Surolia A., Vijayan M. (2002): Crystal structure of the jacalin-T-antigen complex and a 

comparative study of lectin-T-antigen complexes. Journal of Molecular Biology, 321 (4): 

637–45. doi:10.1016/S0022-2836(02)00674-5 

 

Lopes-Ferreira, M., Emim, J. A. D. S., Oliveira, V., Puzer, L., Cezari, M. H., Araújo, M. D. 

S., Juliano, L., et al. (2004). Kininogenase activity of Thalassophryne nattereri fish venom. 

Biochemical pharmacology, 68(11), 2151-7. doi:10.1016/j.bcp.2004.07.037 

 

Magalhães, G. S., Junqueira-de-Azevedo, I. L. M., Lopes-Ferreira, M., Lorenzini, D. M., Ho, 

P. L., & Moura-da-Silva, a M. (2006). Transcriptome analysis of expressed sequence tags 

from the venom glands of the fish Thalassophryne nattereri. Biochimie, 88(6), 693-9. 

doi:10.1016/j.biochi.2005.12.008 

 

Magalhães, G. S., Lopes-Ferreira, M., Junqueira-de-Azevedo, I. L. M., Spencer, P. J., Araújo, 

M. S., Portaro, F. C. V., Ma, L., et al. (2005). Natterins, a new class of proteins with 

kininogenase activity characterized from Thalassophryne nattereri fish venom. Biochimie, 

87(8), 687-99. doi:10.1016/j.biochi.2005.03.016 

 



29 

Magnadottir, B. (2010). Immunological control of fish diseases. Marine biotechnology 

(New York, N.Y.), 12(4), 361-79. doi:10.1007/s10126-010-9279-x 

 

Magnadóttir, B. (2006). Innate immunity of fish (overview). Fish & shellfish immunology, 

20(2), 137-51. doi:10.1016/j.fsi.2004.09.006 

 

Pashay Ahi, E., Guðbrandsson, J., Kapralova, K. H., Franzdóttir, S. R., Snorrason, S. S., 

Maier, V. H., & Jónsson, Z. O. (2013). Validation of Reference Genes for Expression 

Studies during Craniofacial Development in Arctic charr. accepted (not yet published). 

 

Sandlund, O. T., Gunnarsson, K., Jónasson, P. M., Jonsson, B., Lindem, T., Magnússon, K. 

P., Malmquist, H. J., et al. (1992). The arctic charr Salvelinus alpinus in Thingvallavatn. 

Oikos, 64, 305–351. 

 

Sigursteinsdóttir, R. J., & Kristjánsson, B. K. (2005). Parallel Evolution, not Always so 

Parallel: Comparison of Small Benthic charr, Salvelinus alpinus, from Grímsnes and 

Thingvallavatn, Iceland. Environmental Biology of Fishes, 74(2), 239-244. 

doi:10.1007/s10641-005-0499-2 

 

Skidgel R.A., Alhenc-Gelas F., Campbell W.B. (2003): Relation of cardiovascular 

signaling by kinins and products of similar converning enzyme systems; prologue: kinins 

and related systems. New life for old discoveries. American Journal of Physiology and 

Heart Circular Physiology, 284:H1886-91 

 

Tamura, S., Yamakawa, M., & Shiomi, K. (2011). Purification, characterization and cDNA 

cloning of two natterin-like toxins from the skin secretion of oriental catfish Plotosus 

lineatus. Toxicon : official journal of the International Society on Toxinology, 58(5), 430-

8. Elsevier Ltd. doi:10.1016/j.toxicon.2011.08.001 

 

Xue, Z., Liu, X., Pang, Y., Yu, T., Xiao, R., Jin, M., Han, Y., et al. (2012). 

Characterization, phylogenetic analysis and cDNA cloning of natterin-like gene from the 

blood of lamprey, Lampetra japonica. Immunology letters, 148(1), 1-10. 

doi:10.1016/j.imlet.2012.08.005 



30 

Appendix A 

 

RNA preparation 

 TRI® Reagent (Sigma-Aldrich, St. Louis, USA) RNA isolation Reagent 

1. homogenize sample in TRI® Reagent with power homogenizer 

 embryos first in 300 µl, then 700 µl TRI® Reagent added; tissues homogenized in 

500µl TRI® Reagent 

2. add 0,1 ml of bromochloropropane (BCP) to each tube (embryos 0,2 ml), cap samples 

securely, mix vigorously for 15 s 

3. incubate at room temperature for 5 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 7.500 x g for 5 min at 4°C 

12. repeat washing procedure once 

13. remove any leftover ethanol 

14. air dry RNA pellet for 30-40 min 

15. dilute RNA in 40 µl RNase-free water 

 

DNase I digest of purified RNA 

 

1. measure RNA concentration in each sample using NanoDrop® Spectrophotometer 

(Thermo Scientific, Waltham, USA) 

2. in a 1,5 ml microcentrifuge tube prepare the following reaction for each sample: 
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 5 µl reaction buffer 

 10 µg RNA 

 ??? µl RNase-free water 

 2 µl DNase 1 

Total reaction volume = 50 µl 

3. mix gently 

4. incubate at 37°C for 15 min 

5. heat inactivate DNase I by incubation at 75°C for 5 min 

6. cool on ice & continue with quality control (NanoDrop) 

 

RNA quality control after DNase digest 

Measurement of RNA concentration and basic quality indicators 

1. measure RNA concentration again of digested samples (and check 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 ≈ 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. dilute samples to a final RNA concentration of 100 ng/µl 

6. store RNA samples at -80°C 

 

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 3 µl ethidiumbromide 

4. run electrophoresis for 60 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 
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cDNA synthesis 

using First Strand cDNA synthesis kit (Applied Biosystems) 

1. prepare mastermix of 2 µl reaction buffer, 2 µl Random Primers/Hexamers, 0,8 µl 

dNTP mix (conc) and 4,2 µl RNase free water 

2. add 9 µl of mastermix in each reaction tube and 10 µl of RNA sample (= 1000 ng 

RNA) 

3. add 1 µl Reverse Transcriptase/add 1 µl RNase free water for -RT controls 

4. use 4-block PCR for following steps 

5. incubate mixture at 25°C for 10 min 

6. incubate mixture at 37°C for 120 min 

7. incubate mixture at 85°C for 5 min to stop the reaction 

8. store product at -20°C 

 

Quantitative real-time PCR 

Reaction mix 

SYBR Green® Mix  5,0 µl 

forward primer (5µM)  0,5 µl 

reverse primer (5 µM)  0,5 µl 

RNase-free water   2,0 µl 

diluted cDNA template  2,0 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 


