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Abstract 
 
During the smoltification the Atlantic salmon (Salmo salar) develop different adaptations to 
survive in oceanic environment. One of the most important adaptations is the ability to excrete 
the surplus of salt through the gills. The excretion is controlled by an enzyme called Na+/K+-
ATPase which is produced in an α -subunit by two gene isoforms called α1a and α1b. 
Enzyme activity is increasing during the smoltification process and is a strong indicator for 
that the process is taking place. The aim of this study was to investigate a landlocked strain of 
Atlantic salmon and see how the enzyme activity is developing in comparison with the gene 
expression of the mRNA that is coded for the enzyme. The study was carried out between 
March and May in the hatchery in Brattfors, Värmland. Fish were sampled at four occasions. 
The enzyme activity was compared between two groups of salmon where one group had full 
ration of food, 100% and the other group had a 15% food ration. The enzyme activity for the 
100% group was then compared with the gene expression from the same group. The 
hypothesis was that food availability should effect smoltification and that the 15% group 
would have a faster increase in activity compared with the 100% group. There should also be 
some correlation between enzyme activity and gene expression. Na+/K+-ATPase enzyme 
activity showed no major differences between the groups except for a significant difference at 
the last sampling. Both groups had a large increase in activity from the second to the third 
sampling with a peak on 3.16 µmol ADP/mg/h at most. This was followed by a drop in 
activity at the last sampling date. The gene expression showed a fast increase of the α1b gene 
over the study with drop in the last sampling and the α1a gene had a constant increase from 
the first to the last sampling. The comparison with enzyme activity and gene expression 
showed a weak correlation. Compared with studies done on anadromous salmon and the land 
locked salmon in this study had a different development in gene expression. This could be 
explained that the different life strategies play an important role how the genes are expressed.       
 
Sammanfattning 
 
Under smoltifieringen utvecklar atlantlaxen (Salmo salar) olika anpassningar för att överleva i 
havsmiljö. En av de vikigaste anpassningarna är att utsöndra överskott av salt via gällarna. 
Exkretionen är kontrollerad av ett enzym som heter Na+/K+-ATPas som produceras i en  
α-subenhet av två isoformer av gener som heter α1a och α1b. Enzym aktiviteten ökar under 
smoltifieringen och är en stark indikator på att processen sker. Målet med denna studie var att 
undersöka en sjövandrande stam av atlantlax och se hur enzymaktiviteten utvecklas i 
jämförelse med gen expressionen av mRNA som kodar för produktionen av enzymet. Studien 
genomfördes vid fiskodlingen i Brattfors, Värmland där prover togs vid fyra tillfällen. 
Enzymaktiviteten jämfördes mellan två grupper av lax där en grupp fick full matranson 100 % 
och en grupp fick 15 % matranson. Senare jämfördes enzymaktiviteten för 100 % gruppen 
med gen expressionen inom samma grupp. Hypotesen var att tillgängligheten på mat skulle 
påverka smoltifieringen och att 15 % gruppen skulle ha en snabbare ökning i jämförelse med 
100 % gruppen. Det skulle också vara en viss korrelation mellan enzymaktivitet och gen 
expression. Na+/K+-ATPas enzym aktiviteten visade inga större skillnader mellan grupperna 
förutom vid sista provtagningen. Båda grupperna hade en stor ökning från den andra till den 
tredje provtagningen med den högsta aktiviteten på 3.16 µmol ADP/mg/h. Detta följdes av ett 
fall i aktivitet vid sista provtagningen. Gen expressionen visade en snabb ökning av α1b 
genen över studien med en nedgång vid sista provtagningen och α1a hade en konstant men 
mindre ökning från första till sista provtagningen. Jämförelsen mellan enzymaktivitet och gen 
expression visade på en svag korrelation. Det fanns en skillnad i gen expression mellan 
studier gjorda på anadrom lax och sjövandrande lax i denna studie. Detta kan förklaras av att 
de olika livsstrategierna spelar en betydande roll i hur generna uttrycks.                        
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Introduction  
 
 
Like many species of salmonid fish Atlantic salmon (Salmo salar) has the ability to migrate 
from freshwater to the sea. They are referred to as being euryhaline; species that is, or can be 
adapted for a life in both sea and freshwater (D´Cotta et al. 2000). Salmonids have adapted to 
different life history strategies depending if the fish migrates to the sea or not. The fish that 
migrates to the sea is called anadromous and the ones that do not are called nonanadromous. 
As a preparation for the migration an adaptation to seawater is developed during a process 
called smoltification and this development occurs in both anadromous and nonanadromous 
populations. The anadromous salmon perform a migration to the sea as a part of their 
reproduction cycle. This migration takes place when the salmon have reached a certain stage 
in their physiological development when the fish is called smolt. No salmonid species is 
however completely marine, all salmonid species spend time in freshwater at some point in 
their life cycle (Boeuf 1993). All salmonid species also return to the same waters where they 
were born to reproduce new offspring. The nonanadromous salmon does as well undergo the 
parr-smolt transformation, but does not perform any migration to the sea, they rather migrate 
to the bigger lakes in connection to their native river or stream. These are also commonly 
referred as “landlocked” salmon and are separated from the sea by natural barriers (Nilsen et 
al. 2002).  
 
In order to make a migration to the sea the salmon must undergo some morphological and 
physiological changes to meet the demands of the migration. Smoltification is an energy 
demanding process because of the major physiological and morphological changes the fish 
undergo. The migration is therefore a compromise between increasing need of energy and risk 
of predation to the significance of reproducing. During smoltification some of the inner 
organs for homeostasis develop such as the heart and the liver. The muscles are also 
developed for better locomotion capabilities. The outer morphology is also changed to a more 
streamline shaped body and the color is changed from a greenish-grey to a more silvery color 
to blend in to their new environment. These changes are seen in both anadromous and 
landlocked salmon populations and are clearly fundamental changes for all salmon 
populations. The initiation of the process is triggered by the endocrine system and is to some 
extent also affected by environmental factors like the photoperiod, water temperature, water 
turbidity etc. The process is also affected by food availability and a limited food source makes 
the fish more eager to migrate to find new habitats with better resources. (Boeuf 1993, 
McCormick et al 1998).  
 
An important physiological change that takes place during the smoltification is the 
development of the gills ability to excrete the surplus of salt in form of chloride ions (Cl-) 
from seawater that the anadromous salmon gather while being in an oceanic environment. As 
for most organisms high levels of salt may be fatal, so this development is a crucial step for 
the salmon to acclimatize to marine life. In freshwater the uptake of necessary salt is 
conducted through the gills, facilitated by an electrochemical gradient over the gill filaments 
called osmoregulation (McCormick et al. 2001, Evans 1999). While living in the sea, the 
anadromous salmon is always provided with the salt required and excrete any surplus of salt 
from the gills. The process of salt secretion is regulated by the enzyme Na+/ K+-ATPase, 
located in the lower parts of the gill filaments (Schulte et al. 2006). Na+/ K+-ATPase is 
composed of three subunits; α, β, and γ where the α- subunit is the most important subunit for 
ion transport which has sites for binding Na+, K+ and ATP (Mackie et al. 2005). So far, five 
different α -isoforms (α1a, α1b, α1c, α2 and α3) and four β-isoforms (β1a, β1b, β2 and β3b) 
have been identified in salmonids (Richards et al., 2003). Studies on rainbow trout 
(Oncorhynchus mykiss; Richards et al., 2003), Atlantic salmon (Nilsen et al. 2007) and Arctic 
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char (Salvelinus alpinus; Bystriansky et al., 2006) suggest that the regulation of  the two α-
isoforms α1a and α1b may play an important role in the regulation of gill Na+/ K+, ATPase 
during smoltification in salmonids. These isoforms work independently from each other and 
have some difference in activity, depending on salmonid species and if the fish is anadromous 
or not (Bystriansky et al. 2006). The activity of the α1b isoform has been found being 
triggered in the presence of seawater and the increasing expression of this isoform is an 
indication that the fish is adapting to marine life. The role of α1a is still not fully understood, 
but it has been suggested that the α1a isoform plays a more important role in salt uptake 
where the α1b isoform is mostly active in salt secretion (Richards et al. 2003).   
 
Earlier studies have shown that during smoltification the enzyme activity reaches a peak when 
the production of the enzyme is at maximum. This occurs mostly in April-May when the 
salmon is ready to migrate, a phase called the “smoltification window” (McCormick et al. 
1998). In addition, it has been observed that there is a difference between anadromous and 
landlocked populations in the levels of Na+/ K+- ATPase and the rate of the increase during 
the smoltification. Tests on anadromous salmon acclimatization capability to seawater have 
showed that the changes in expression of the α1a and α1b isoforms been the opposite of 
landlocked salmon. Exposure to seawater resulted in an increase the α1b isoform expression 
and a decrease in α1a transcripts (Bystriansky 2006 et al.).  
 
The aim of this study was to measure Na+/ K+- ATPase activity and mRNA expression of the 
two α1a and α1b isoforms in two year old landlocked salmon from river Klarälven at four 
different occasions between March and May during the period of parr-smolt transformation.  
Samples were taken from two different groups of salmon which were raised under two 
different feeding regimes to see how this affects the development of smolt characteristics and 
enzyme activity. The hypothesis was that the change of Na+/ K+- ATPase activity in some 
extent correlates to the changes of the mRNA levels and follow the same pattern during 
smoltification. It is also expected that the transcript expression of the α1b gene should be 
higher over the whole smoltification period in comparison with the α1a gene. This kind of 
comparison was the reason that samples used were only taken from the high fed group. As a 
comparison between the two groups the low fed group is also expecting to have a faster 
increase of enzyme activity levels than the high fed group.  
 
 
Materials and Methods 
 
 
Fish 
 
The fish was provided by Fortum hatchery in Brattfors, Värmland where the fish from the 
river Klarälven strain were hatched and raised under natural light and temperature conditions. 
In December 2006 the fish were divided into two groups, individually tagged and raised under 
a 100% or 15% feeding regime until May 2007 when the fish were released into the 
Klarälven. At four occasions 19th and 30th of March, 20th of April and 17th of May a group 
of fish from each treatment group was sampled. The smoltification status was confirmed 
based on the changes in morphology and overall appearance, rating from 0 (undeveloped) to 3 
(fully developed with all smolt characteristics). Length (fork-length) and weight of the fish 
was measured on every occasion and condition factor (CF= W/L^3) was calculated. In the 
middle of June, additionally 14 individuals of wild salmon were sampled. These individuals 
had been caught during their downstream migration in a fish trap located at the river 
Klarälven near the community of Deje. The purpose of this extra sampling was to make a 
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comparison between wild and hatchery reared smolt. Differences in enzyme activity and 
transcript expression of the Na+/K+-ATPase subunits between the wild and the hatchery fish 
could then compared in the later part of the smoltification process.  
 
Sampling 
 
On the four sampling occasions the fish were anesthetized (MS-222) and biopsy was made on 
eight individuals taken at random from the different groups. For the RNA analysis, about  
0.5 cm big tissue samples from each individual were taken from the upper gill arch of the fish, 
preserved in 100 µl of RNAlater solution (Ambion) and kept on ice. The sampling for 
Na+/K+- ATPase enzyme activity measurements was carried out the same way as for the RNA 
except that the gill filament was stored in 200µl SEI buffer (150 mM sucrose, 10mM EDTA, 
50 mM imidazole, pH 7.1) and was immediately deep-frozen on dry-ice and then stored at  
-80oC. For the two first samplings, biopsy was made on the same 8 individuals from each 
group. For the third sampling completely new individuals were sampled at random. On the 
fourth and last sampling occasion all individuals that previously been sampled were sampled 
again. 
 
 
Enzyme activity   
 
Na+/K+-ATPase activity was measured according to the methods of McCormick (1993) and 
Schrock (1994). This method is based the ability of Na+/K+- ATPase to dephosphorylize ATP. 
A light absorbing reagent (malachite green reagent) was used to determine the Na+/ K+- 
ATPase activity, measured with a spectrophotometer at 650 nm. ADP-concentration was 
calculated as difference in inorganic phosphate concentration in presence and absence of 
ouabain which works as an inhibitor of the dephosphorylsation process. The tubes containing 
the frozen gill filaments were thawed on ice and the original SEI-buffer was removed and 
replaced with 200µl SEID-buffer (0.3 M sucrose, 0.02 M EDTA, 0.05 M imidazol and 2.4 
mM Na-Deoxycholate). The gill filaments were homogenised in the tube with a tissue grinder 
and then centrifuged in 5000 rpm for 30 seconds at 4oC. 120 µl of the supernatant was 
transferred to a new tube and kept on ice for up to 30 minutes. The solutions necessary for the 
analysis was made according to the instructions of Schrock (1994) and Zaugg (1982) and 
could be used as long as 3 months. Every day a solution of malachite green reagent was 
prepared consisting of 5.72 g/100ml ammonium molybdate in 6 M HCl, 2.32 g/100ml 
polyvinyl alcohol and 0.0812 g/100ml malachite green oxalate and deionised H2O in the 
relation 1:1:2:2. The solution was placed in the light to mature for one hour and then kept in 
the dark. The reaction mixtures mix A and a mix B was prepared. Mix A consisted of 155 
mM NaCl, 75 mM KCl, 23 mM MgCl2 and 115 mM imidazol (pH 7.0). Mix B was the same 
as mix A with the addition of 0.6 mM ouabain. For the analysis of phosphorous content a 
standard curve (0, 0.25, 0.5, 1.5 nmol PO4

- /µl) was prepared using a stock solution of 25 mM 
K2HPO4 as reference. 
 
For the enzyme activity measurements a 96-microwell plate was used. During the whole 
procedure the plate was kept on ice with the exception of incubation. On every plate 4 µl of 
the phosphorous standard was applicated in the first and second column with all 
concentrations in duplicates. To these wells 65µl of mix A was added in every well of the first 
column and 65µl of mix B in the second column. 4 µl supernatant of each sample was 
applicated on the plate in duplicate for totally eight wells. In four of the wells 65µl of mix A 
was applicated and in the other four wells 65µl of mix B. The plate was then shaken on a 
shaking-table for 3.5 minutes at room temperature (25 ºC) to allow the solutions to mix. 10 µl 
of 30 mM ATP solution was then added in all the wells containing either standard or sample 
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and the plate was shaken again for one minute at room temperature. The plate was then 
incubated at 37 ºC for exactly 10 min. After the incubation 225 µl of malachite green reaction 
solution was added to all wells. The plate was shaken for four minutes and then the plate was 
allowed to mature for another six minutes before being read in a spectrophotometer at 650 nm 
wavelength. The concentration of phosphate in the samples were calculated from the standard 
curve (r2 were between 0.99 and 1.00) 
 
Protein measurement 
 
The protein content of the samples was measured with med a Bicinchoninic Acid Protein 
Assay Kit from SIGMA-Aldrich. The samples were diluted 1:5 with deionised water and then 
applicated on a 96 microwell plate in 4 replicates. A protein standard was diluted to (0, 200, 
400, 800 and 1000 µg protein/ml) from a stock solution of 1000 µg protein/ml for the 
samples, 25 µl of the standard was applicated in duplicates on the plate. A reagent mixture 
containing Reagent B (Copper (II) Sulfate Pentahydrate 4 % Solution) and A (Bicinchoninic 
Acid Solution) was prepared in the relations 1:50. When the solution had developed a light-
green colour, 200 µl of the solution was added to all the wells. The plate was then incubated 
in 37 ºC for 30 minutes and then read in the spectrophotometer at a wavelength of 550 nm. 
Na+/ K+- ATPase activity was calculated as µmol hydrolysed ATP/mg protein/hour. 
 
 
Gene expression  
 
Gene expression of the Na+/ K+- ATPase  α1a and α1b isoforms was measured  by Real- time 
PCR using the Sybr green dye on a Mx3000P PCR (Stratagene) PCR machine.  
 
 
RNA extraction 
 
Total RNA was isolated using Trizol reagent (Invitrogen) as described by the manufacturer. 
The gill samples were transferred from the RNAlater solution to new tubes containing 200 µl 
of Trizol reagent solution and were homogenised with a tissue grinder. After allowing the 
samples to stay in room temperature for five minutes 40µl of chloroform was added in the 
tubes. The tubes were shaken by hand for a few seconds, allowed to rest for another five 
minutes before being centrifuged for 20 min at 14000 n x min-1 at  4°C. Centrifugation 
separates the samples in two phases and the upper aqueous phase was removed and 
transferred to new tubes. In these tubes 1 µl of glycoblue was added to be able to visualize the 
pellet and 100 µl of icy (-20°C) isopropanol was added and the tubes were vortexed. The 
samples were allowed to rest at room temperature for 10 min and centrifuged for 17 minutes 
at 14000 n x min-1 at 4°C. After the centrifugation a blue colored pellet was formed in the 
bottom of the tubes containing the RNA and the pellets was washed two times with icy (-
20°C) 70% ethanol with centrifugation for 10 min at 10000 n x min-1 at 4°C in every wash. 
The pellets were set to dry in the tubes for a few minutes and then the pellets were dissolved 
in 12.5 µl of nuclease free water. 1.5 µl of 10X TURBO DNase buffer and 1 µl of TURBO 
DNase was added to the tubes. The samples were then incubated for 30 minutes in 37°C and 
instantly 1.5 µl of DNase Inactivation Reagent was added. The tubes were mixed and placed 
at room temperature for two minutes and centrifuged 10.000 n x min-1 for 1.5 min at 4ºC. The 
supernatant was transferred to new tubes and was stored at -80°C. 
 
 
 
 



 6 

 
Spectrophotometric measurement of RNA concentration 
 
One µl of the RNA solution was diluted 1/100 and the samples were measured in duplicates 
with a spectrophotometer at 260 nm wavelength and the concentration of the RNA was 
calculated with the formula: ABS (absorption value) * (40 ng/µl) * 100 (dilution).   
 
 
RT (Reverse Transcription) 
 
500 ng of total RNA were reverse transcribed into cDNA.  Total RNA was mixed with  0.5 µl 
random primer (100 ng) and 0.5 µl dNTP (10mM) solution and nuclease free H2O was added 
to a total volume of 6.5 µl. The tubes were incubated at 65°C for 5 min and then placed on 
ice. 3.5 µl of an RT mix, containing 2 µl Buffer 5X, 0.5 µl RNase out, 0.5 µl DTT 0,1 M and 
0.5 µl Superscript III (Invitrogen) reverse transcriptase were added to each tube and carefully 
mixed by gently pipeting up and down. The tubes with a total volume of 10 µl, were then 
placed in a programmable heating block with three different heating intervals: 25°C for 13 
min (primer annealing), 50°C for 60 min (reverse transcription) and 70°C for 15 min (enzyme 
denaturation). The tubes were then stored at -20°C.  
 
 
Real- time PCR 
 
For the PCR the target genes of interest were the two subunits α1a and α1b and a highly 
expressed gene called 18SRNA. This gene was used as an internal control gene for data 
normalization. A cDNA standard was made with the dilutions; 1/10, 1/50, 1/400, 1/3200 and 
1/12800 for the α1a and α1b genes and 1/50, 1/100, 1/800, 1/6400 and 1/25600 for the 18S 
gene. The samples from the RT were thawed and were applicated according to a chart on a 96 
well plate and all samples were tested for all the genes in duplicates. For the α1a gene 7.5 µl 
of SYBRgreen solution, 0.15 µl 100 nM FW and RW primer; α1a FW: 5'-
CTTGCTCCAAGGCAAAGAACATC-3'  α1a RV:  5'-GAAACCCAGCACTCTCTCTCC-3' 
with the addition of 6.2 µl nuclease free H2O in each tube. For the α1b there were 7.5 µl of 
SYBRgreen solution 0.3 µl 100 nM FW and RW primer; α1b FW:5'-
TCCTATGGATTGGTGCTATGC-3' α1b RV: 5'-CAACCCCCAGGTACAAATTATC-3'. 
For the 18SRNA 7,5 µl of SYBRgreen solution, 0,15 µl 100nM FW and RW primer; 18sRNA 
FW: 5'CTCAACACGGGAAACCTCAC-3' 18sRNA RV: 5'- 
AGACAAATCGCTCCACCAAC-3'  and 6.2 µl of nuclease free H2O. The total volume in 
every well ended up being 15 µl totally. A transparent optical film was put on the plate as 
cover and the plate was put in an Mx3000P PCR (Stratagene). The thermal cycle, as well as 
an overview plan of the whole plate setup for the PCR was done in the MxPro software 
(Stratagene). A complete PCR cycle is divided in three steps; denaturation, annealing and 
extension, the parameters for the real-time PCR were set at 95°C for 10 minutes followed by 
32-40 cycles (32 for 18S and 40 for α1a and α1b) at 60°C for 1 minute, 72°C for 30 seconds 
and 95°C for 30 seconds. After the PCR was finished, the correlation coefficients, R squared 
values (R2) was calculated from the standard curve with an efficiency variation between 
97.2% and 121.5%. The measurement of gene expression was then based on the registrated 
florescence of the genes made by the SYBRgreen solution. The concentrations of the genes 
α1a and α1b were divided with the corresponding concentrations of the 18S gene resulting in 
a relative value used to show the changes in gene expression. 
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Statistics 
 
The data from the weight and length measurements, condition factor (CF), the ATPase 
activity measurement were analyzed with two-way analysis of variance (ANOVA) and the 
gene expression were analyzed with one-way ANOVA. When needed a t-test was used to 
compare the groups with each other. The accepted level of significance was p<0.05. For the 
gene expression, a correlation test was used to compare the genes α1a-α1b and α1a, α1b - 
Na+/ K+- ATPase activity. All data in the result section are shown as means and standard 
error.     
 
 
Results 
 
 
There were no significant differences in length or weight over the whole period between the 
100% and the 15% group except for the last sampling in May (t-test, t=3.46, df=13, p<0.05). 
For the 100% group alone there was a significant increase in both length and weight over time 
(ANOVA, F=5.66, df=3, p<0.05), but for the 15 % group there was no significant change in 
either length or weight.  
 
 

 

 

 

 

 

 

 

 
 
 
 
 
During the early part of the study the fish showed the typical appearance of a parr with a dark 
to light greenish colour with red dots on the side, as described in numerous rapports (Schulte 
2006, Boeuf 1995). As the study proceeded, clear changes in appearance could progressively 
be noticed among the majority of the fish as the green colour was turning more silvery and the 
dots faded. These changes were more and more apparent after the third sampling, though in 
every group there were about 20% that did not develop these changes to the same extent as 
the majority of the fish. At the last sampling in May most of the fish in both groups had 
developed the typical colouration of scales and fins. Some of the fish however had not 
reached the typical signs of a smolt and still had the resemblance of a parr. The most 
noticeable differences between the 100% and the 15% group could be seen at the last 

Table 1  

Mean body length (fork length) (±SE) and weight of salmon fed at 100% and 
15% food ration measured March to May 2007 

 
           
       
Salmon 100%           

 N  
fork length 
(mm) 

total body mass 
(g)   

19 of March 8  200 (4.7) 99.4 (9.2)   
30 of March 8  202.4 (5.2) 101.1 (8.9)   
20 of April 8  210.4 (5.8) 112.7 (13.6)   
17 of May 16   225.8 (5.5)* 158.5 (13.6)     
       
Salmon 15%           

 N  
fork length 
(mm) 

total body mass 
(g)   

19 of March 8  210 (5.8) 103 (8.7)   
30 of March 8  209.8 (6.4) 101.8 (8.5)   
20 of April 8  210.4 (4.6) 102.8 (7.1)   
17 of May 16   206.8 (5.0)* 97.9 (8.2)     

*=significant difference p<0.05 
N =number of samples 
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sampling when the 15% group had approximately 65% higher average smolt status (based on 
observations of outer morphology development) than the 100% group.               
The condition factor (CF) showed small changes at the first three sampling data for both 
groups (see table 2). The 100% group showed a decrease over the first three samplings dates 
with an increase in the last sampling occasion in May. The CF for the 15% group remained 
unchanged over the whole study, except for an increase at the third sampling. 
 
 

Condition factor (CF) for 100% and 15% salmon
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Statistic analysis showed that there was a significant difference for the 100% group over the 
whole period, but for the 15% group there was no significant difference in CF (ANOVA 
F=3.31 df=3 p<0.05). A comparison between the 100% and 15% group showed that there was 
a significant difference at all the samplings except in the third sampling (t-test t=1.79-9.99 
df=12-14 p<0.05).   
 
 
 
Gill Na+/K+-ATPase activity 
 
The statistical analysis showed that both groups had a significant change in Na+/ K+- ATPase 
enzyme activity (see table 3) throughout the whole study (ANOVA, F=4.80 df=3 p<0.05). 
There was no significant difference between the groups except for the last sampling in May 
when a difference was found (t-test t=4.00 df=14 p<0.05). The enzyme activity for the wild 
individuals showed a similar activity as for the last sampling for the 100% group. The fish 
from the 100% group had a drop in enzyme activity between the first and second sampling in 
March. This was followed by an increase at the third sampling were an almost 3-fold increase 
occurred up to 3.16 µmol ADP/mg/h in April. This point represented the highest level of 
enzyme activity and for the 100% group this increase was followed by a drop in activity at the 
last sampling in May. 

Figure 1. Condition factor CF (%) for the two groups of salmon fed at 100% and 15% food ratio. 
The data are showing the mean ±SE.  
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Na+/K+-ATPase activity 100% and 15% salmon

0

0,5

1

1,5

2

2,5

3

3,5

4

27-feb 19-mar 08-apr 28-apr 18-maj 07-jun 27-jun

Date

E
n

zy
m

e 
ac

tiv
ity

 (m
ic

ro
m

o
l P

/m
g

 h
)

100%

15%

Wild

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
For the 15% group there was a slow increase between the first two samplings and as for the 
100% group the enzyme activity increased after that and was almost doubled up to 2.87 µmol 
ADP/mg/h. In the third sampling in April enzyme activity had reached its peak and dropped 
to a lower level at the last sampling. 
 
 
 
Gene expression 
 
The isoforms α1a and α1b showed both a significant change in expression (see table 4) over 
the whole study (ANOVA F=7.42 df=3 p<0.05). Compared to each other, there was however 
no significant difference between the isoforms over the whole study (t-test). For the α1b 
isoform there was a continuous increase of expression from the first sampling in March to the 
third in April, with a fast decrease in expression at the last sampling. The α1a isoform had a 
continuous increase from the first to the last sampling in May. The result from the wild 
population showed a similar rate of expression for both α1a and α1b expression with a 
slightly higher expression α1a. In comparison, the expression for both isoform was a bit 
higher than the last sampling of the hatchery fish. A correlation test made on the expression of 
the α1a and α1b isoforms showed a very weak correlation (r=0.18) and confirmed that there 
were no relation in changes in expression between the isoforms. When compared with the 
results from the Na+/ K+- ATPase activity measurement a weak but not significant correlation 
was observed for  α1a (r=0.21) and α1b (r=0.26).  
 

Figure 2.  Na+/ K+- ATPase activity (µmol ADP/mg/h) for the groups 100% and 15%. The diagram show the 
mean values at every sampling ±S.E.  
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Figure 3. Gene expression of the isoforms α1a and α1b for the 100% group. The expression is showed in the diagram as a 
relative value. Results show the mean values at every sampling with S.E.  

Table 2 Mean values of relative gene expression at every sampling (±S.E) 
 From March to May for 100% and 15% salmon groups  
 and wild salmon.   
 (α1a and α1b isoforms are extracted from the same samples) 
α1a 
isoform* N   Relative gene expression  Ratio α1a -α1b  

19-mar 6  0.0365 (0.0346)  0.031 
30-mar 8  0.201 (0.0362)  0.123 
20-apr 8  0.457 (0.0404)  0.290 

17-may 8  0.742 (0.0787)  0.278 
α1b 
isoform* N   Relative gene expression   

19-mar 6  0.0673 (0.018)   
30-mar 8  0.324 (0.0769)   
20-apr 8  0.747 (0.144)   

17-may 8  0.464 (0.108)   
Wild salmon α1a 
isoform  Relative gene expression   

          12-jun 8  
 

0.995 (0.137)  0.296 
      
Wild salmon α1b 
isoform   Relative gene expression   

12-jun 8  
 

0.699 (0.185)   
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Discussion  
 
 
The result of this study showed that the Klarälv strain of Atlantic salmon undergoes the 
morphological changes that are associated with the parr-smolt smoltification process. Several 
of the characteristic changes, such as the silvery colouration, and darkening of the fins (as 
described by Boeuf 1993) has been observed during the study for both the 100% and the 15% 
feeding group. It is worth mentioning however that the estimation of the smolt status at a 
certain time was subjective due to the lack of well defined criteria. There were no major 
differences between the 100% and the 15% group during the study except for the last 
sampling were a noticeable difference could be seen when the 15% group were more 
developed. This could initially be seen as a confirmation that the 15% group had a faster 
smoltification rate compared to the 100 % group. The big differences however were found in 
the changes in length and weight where the 100% group had a steady increase. The 15% 
group remained almost unchanged in both length and weight. A disturbing fact was that some 
of the fish actually became smaller as the study progressed. These changes were however 
quite small and reasons for his could be that the fish got some tail fin damages or more likely 
there were some inaccuracy in the measurement. Statistically there were no significant 
differences between the groups except for the last sampling. Looking at the weight 
development of the fish, this was not surprising because it was apparently no difference 
between the groups except for the last sampling in May. For the length of the fish however the 
groups had some differences in the first two samplings but still no significant difference. This 
could be explained that there was a big individual variation at every sampling occasion that 
could have affected the level of significance. The reason for these differences in development 
could be that the smoltification is an energy demanding process (Boeuf 1993, McCormick et 
al 1998) and because of the limited assets of food for the 15% group makes it difficult to have 
the same growth rate as the 100% group. The importance of smoltification is indeed more 
relevant than growing since downriver migration does not really require a high physical 
strength. The priority is therefore given to adaptation to marine life because without this the 
salmon has little chance of survival and will die in a couple of days. When the wild salmon 
was caught and sampled, they were noticeably much smaller then the fish from the hatchery. 
This can relate to that the wild salmon does not have a constant supply or the same quantities 
of food as the fish from the hatchery. They have therefore not the conditions to grow and still 
maintain a smoltification development so the energy is used on the smoltification process in 
the first place.  
 
Condition factor (CF) is an indication of the fish body shape and the decrease of CF is 
considered to be an indicator that the smoltification actually takes place. The 100% had 
generally a higher CF in comparison with the 15% group which is not surprising because the 
100% group after all had a larger food supply. It has been discussed in earlier studies if 
changes in CF are a good indicator on the smoltification status (McCormick 1998) and if it is 
an adaptation for the coming migration or just a consequence of the increasing energy 
consumption. The CF for the 100% group decreased from 1.22% in the first sampling to 
1.18% in the third sampling as expected but increased at the last sampling. In a study on 
brown trout (Larsson 2005) it was suggested that the reason for the increase CF late in the 
smoltification was because the release date was passed. This has been interpreted as the fish 
has gone beyond the smoltification window and started to desmoltify.  
 
Measuring Na+/K+-ATPase during smoltification has by now become a standard procedure 
when studying the smoltification process. It is still the strongest evidence that smoltification 
really occurs and is an adaptation for a life in the sea. The strain from river Klarälven is 
evidently preparing for a life in marine environment but compared with enzyme activity in 
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anadromous salmon populations the activity was lower than in the outer studies (Nilsen et al 
2002, Boeuf 1993, D´Cotta et al 2000). Maybe not that surprising, since landlocked 
populations have in many cases been isolated from the sea for thousands of years and the 
significance of producing the enzyme has been slightly reduced. Evolutionary it has been seen 
that unnecessary adaptations among species have been removed genetically after many 
generations. The function of the enzyme for landlocked salmon may not be as effective as for 
their anadromous counterparts and hypothetically the ability to produce the enzyme for 
osmoregulation may be lost in the future for landlocked populations. It has been suggested in 
some studies (Nilsen et al. 2002) that this will ultimately happen.  
 
The enzyme activity of Na+/K+-ATPase for the 100% fish showed a decrease from the first 
sampling to the second sampling. This was followed by an increase where the activity reached 
its peak at the third sampling with 3.16 µmol ADP/mg/h and then the activity was decreased 
at the last sampling. The 15% fish had a similar development of enzyme activity throughout 
the study with a continuous increase to the third sampling followed with a decrease at the last 
sampling. The changes in Na+/K+-ATPase during smoltification advancement in this study 
followed a pattern well documented in many studies (D´Cotta et al 2000, Boeuf 1993). 
The differences in food supply were apparently not affecting the development of enzyme 
activity significantly. The wild individuals that were sampled later had an activity somewhere 
between the 100% and 15% group. Statistically there was a significant difference in activity 
between the first and last sampling for both groups.  
 
Enzyme activity measurement has been carried out before in outer studies on the Klarälven 
strain of salmon and brown trout (Gottmarsson 2007, Haas 2005 and Larsson 2005). The most 
important comparison was the study by Haas (2005), which investigated the enzyme activity 
for salmon under the same time span as this study. In comparison, this study showed a similar 
development but Haas study showed generally lower enzyme activity with the highest activity 
on 1.747 µmol. This can be considered as a bit surprising because the study is done on the 
same population. However, as stated before the production of Na+/K+-ATPase is a process 
stimulated by many factors where light and temperature play an important role (Boeuf 1993, 
McCormick 1998). The stimulation from these factors may work and affect differently from 
year to year and may lead to enzyme activity variations as well. The other studies were made 
on brown trout (Gottmarsson 2007, Larsson 2005) which is another salmonid species but still 
showed an enzyme activity more similar to this study. Gottmarsson (2007) made a 
comparison on how differences in food supply affect the smoltification process for trout. In 
that study the differences in enzyme activity for low-fed and high-fed were overall quite small 
which this study also concludes.   
 
There is still little information on changes in α-subunits during parr-smolt transformation and 
the role of these isoforms is still not fully understood. Some salmonid species have been 
found to have a better tolerance to seawater and have a higher expression of the α1b isoform 
during the whole period of smoltification than others (Bystriansky et al 2006). Atlantic 
salmon has been considered to be a salmonid species with exceptional acclimatization 
capabilities to seawater. Bystriansky et al (2006) and Mackie et al (2005) made studies on 
salmon acclimatizing to seawater and those studies showed that there is an increase of the α1b 
isoform during smoltification. It was also shown that salmon had a higher expression of the 
α1b isoform than the other salmonid species. This is considered to be a sign of good 
preparation for marine life as well as an overall good seawater tolerance. Further, the α1b is 
suggested to be the isoform responsible for salt excreting and therefore the most important 
isoform when it comes to seawater acclimatisation (Bystriansky et al. 2007). The function of 
the α1a isoform was previously unknown and still not completely understood but it has been 
suggested that it is involved in salt uptake when the fish is in freshwater. Worth mentioning is 
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that those studies were made on anadromous salmon and were carried out during a relatively 
short time span, up to 30 days. In the present study the α1b isoform actually is higher 
expressed then the α1a gene from the first to the third sampling date. This may indicate that 
this is the case even for this strain of landlocked salmon. The wild salmon had higher 
expression of both isoforms compared with the hatchery salmon. The correlation test made on 
the α-subunits and enzyme activity showed a weak correlation which was at first surprising 
when development for both variables seemed to follow a similar pattern. However, if it is the 
case that enzyme activity does not have to be correlated with gene expression, the similarity 
of the patterns is more obvious since those are based on the mean values. A recent study made 
by Nilsen et al. (2007) on Norwegian landlocked salmon showed a development in gene 
expression similar to this study. Result from that study show an increase of α1b and α1a from 
early March to the middle of April. In May both isoforms had a continuous increase, unlike 
this study where α1b had a drop in activity.  Because of the different life strategies of 
anadromous and landlocked salmon, it is presumable that this also may affect the gene 
expression. Looking at the obvious low correlation between the levels Na+/K+-ATPase and 
gene expression, it was tempting to speculate that enzyme activity and gene expression not 
always are correlated with each other. This is discussed by Bystriansky et al. (2006) and 
Mackie et al. (2005) which claims this as a possibility since it has been observed in studies on 
different salmonid species that Na+/K+-ATPase activity not always correlates with the gene 
expression. In these studies, some differences had been noticed during seawater 
acclimatization but the really big differences could be seen when the fish was transferred to 
saltwater. Nilsen et al. (2007) also suggested that increasing levels of Na+/K+-ATPase is not 
necessarily dependent on the expression of the α1b isoform. In this study the enzyme activity 
did not increase as much as the gene expression did. A thinkable explanation for this it that 
there is a delay in enzyme production from the point where the gene expression is increasing. 
It is possible that it may take some time for enzyme production to “catch up” with the 
increasing gene expression and this may explain why enzyme activity and gene expression 
does not always correlate at certain time. I would be interesting to investigate this further in 
studies when samples are taken in narrower intervals.  
 
One of the hypothesis for this study was that the 15% group should have a faster 
smoltification rate than the 100% group considering that low-fed fish should be more eager to 
migrate. The result from Gottmarsson (2007) showed small differences for trout held under 
the same ration regime. At the end of the study the 15% group had a slightly more developed 
outer morphology which can be seen as the different food regime had some effect on the 
smoltification process. The development of weight and length seemed to be factors that were 
most affected of the difference in food supply. To further investigate this in future studies, a 
suggestion is to lower the ration even further or maybe try another kind of food to see how 
this will affect. The result from the Na+/K+-ATPase measurements supported the hypothesis 
that the enzyme activity would increases during the smoltification period and decreases at the 
end. Compared with other studies the activity followed the same pattern but had generally a 
lower activity compared with anadromous salmon, as expected for a landlocked population. 
Gene expression showed that the α1b isoform was more expressed than the α1a as the 
hypothesis stated. It was however hard to predict how the expression for both isoforms would 
look compared with each other since other studies were mostly done on anadromous salmon. 
The actual differences in gene expression for anadromous and nonanadromous populations 
still needs to be studied further but clearly it is more important for anadromous fish to 
acclimatize the salt water and should therefore have a higher expression of α1b and less α1a 
than landlocked fish. This might explain the little differences between α1b and α1a in this 
study. The way that gene expression and Na+/K+-ATPase activity is related needs also to be 
studied more but it is possible that it not always needs to correlate over time. If a similar study 
this is done in the future it would be interesting to expand the number of samplings, have the 
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first sampling earlier and do them in narrower intervals. All the things investigated in this 
study that associate with the smoltification would then possibly be easier to overview. More 
research in this subject will hopefully give more answers and increase the understanding of 
the complicated and interesting process of smoltification.  
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