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ABSTRACT  

Replicated adaptive radiation events, typified by phenotypic divergence across resource axes, 

provide important insight into the eco-evolutionary dynamics that lead to the formation of 

new species. Here we show that in trimorphic adaptive radiations of European whitefish 

(Coregonus lavaretus) divergence of the physiological oxygen transport system has occurred 

across the pelagic/littoral (shallow) – profundal (deep) resource axis, and at multiple 

biological scales. Profundal whitefish exhibited significantly larger red blood cells, a greater 

proportion of cathodic hemoglobin protein components, and higher hemoglobin transcript 

abundance in kidney compared to littoral and pelagic morphs. Hemoglobin transcript 

abundance in brain and gill, but not kidney, and anodic hemoglobin protein component 

diversity in blood were also linked to variation at an intronic single nucleotide polymorphism 

(SNP). As the whitefish morphs differ in population genetic structure at this SNP, 

hemoglobin transcript and protein divergence between profundal and pelagic/littoral morphs 

is likely being driven by genetic divergence. Our findings, along with our previous work on 

lake whitefish, highlight the importance of the oxygen transport system to the postglacial 

colonization of novel lacustrine environments by whitefish throughout the northern 

hemisphere. 
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INTRODUCTION 

North temperate populations of freshwater fishes are important systems for integrative 

studies of the genomic, phenotypic, and ecological factors underlying sympatric speciation 

processes. These populations are evolutionarily young, having colonized their current 

distribution following the recession of the last major glaciation (<15,000 ybp) and show 

widespread evidence of ongoing postglacial ecologically-driven divergence (Bernatchez et al. 

2010; Elmer and Meyer 2011). Indeed, sticklebacks (Gasterosteus spp.), several species of 

salmonids (Oncorhynchus spp., Salvelinus spp., Coregonus spp.), and osmerids (Osmerus 

spp.) have evolved sympatric “species” or “eco-morphs” that exhibit relatively well-

understood associations with diverging trophic positions and lacustrine environments (Taylor 

1999). Furthermore, as evolutionary models, our understanding of these systems at the 

genomic level has advanced relatively rapidly, allowing for comparative examinations of the 

traits that have facilitated speciation in the absence of geographical barriers (e.g. Barrett et al. 

2008; Renaut et al. 2010, 2011; Bernatchez et al. 2010; DeFaveri et al. 2011). 

Considering their evolutionary young age, European whitefish (Coregonus lavaretus) 

from the Fennoscandian region of northern Europe exhibit incredibly polymorphic 

populations, consisting of one, two, or three sympatric eco-morphs across lakes (Amundsen 

et al. 2004; Kahilainen and Østbye 2006; Siwertsson et al. 2010). The evolution of 

polymorphic flocks has been mediated through the postglacial colonization of lakes by a 

monophyletic clade of whitefish and subsequent adaptation to divergent environments within 

lakes (Østbye et al. 2005; Østbye et al. 2006; Præbel et al. 2013). Trimorphic flocks, 

composed of large sparsely rakered (LSR), densely rakered (DR), and small sparsely rakered 

(SSR) whitefish, are genetically distinct and respectively occupy the littoral, pelagic, and 

deep profundal lacustrine zones (Præbel et al. 2013). However, outside of gill raker number 
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and size, which is associated with morph specialization to differing prey communities, 

relatively little is known about the traits that may have facilitated postglacial colonization of 

divergent lacustrine environments by whitefish.  

The application of genomics approaches to investigations of speciation is refining our 

understanding of the mechanisms that underlie evolutionary diversification (Abzhanov et al. 

2006; Bernatchez et al. 2010; Jones et al. 2012). This work has pointed to genomic regions 

associated with physiological processes as statistically overrepresented “outliers” between 

recently diverged freshwater fish species (e.g. Derome and Bernatchez 2006; Salzburger et al. 

2008; St-Cyr et al. 2008; Elmer et al. 2010; Renaut et al. 2010, 2011; DeFaveri et al. 2011). 

While some of this overrepresentation may relate to ascertainment bias, ecophysiological 

studies of speciation events from the “pre-genomic”-era have similarly highlighted 

physiological adaptation as a key process associated with postglacial adaptive divergence in 

freshwater environments (Giles 1983; Bernatchez and Dodson 1985; Trudel et al. 2001). 

Here, we investigate the role of a candidate physiological pathway, the oxygen transport 

system, in the adaptive divergence of trimorphic populations of European whitefish. Work on 

replicated adaptive radiation events of the European whitefish’s North American congenor, 

the lake whitefish (C. clupeaformis), has demonstrated the parallel divergence of a suite of 

traits associated with oxygen uptake and delivery between pelagic “dwarf” and benthic 

“normal” species (Derome and Bernatchez 2006; Renaut et al. 2010, 2011; Evans and 

Bernatchez 2012; Evans et al. 2012, 2013), suggesting that adaptation to alternate oxygen 

environments is central to whitefish postglacial diversification. Furthermore, recent work by 

Vonlanthen et al. (2012) has shown that oxygen regimes within lakes remain important 

contemporary drivers of whitefish biodiversity, with lake eutrophication (oxygen depletion) 

leading to limnetic zone collapse and the loss of whitefish species through demographic 

decline and homogenization of previously ecologically structured populations.  
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We investigated the oxygen transport system of European whitefish in two lakes 

harbouring trimorphic populations, Langfjordvatn and Skrukkebukta, from the Pasvik region 

of northern Fennoscandia. We examined littoral (LSR), pelagic (DR), and profundal (SSR) 

morphs for red blood cell (RBC) morphological variation, including cell and nucleus size, 

blood hemoglobin protein component variation and composition, and variation in hemoglobin 

gene transcript abundance in the kidney, brain, and gill. Hemoglobin proteins are in 

continuous contact with external and internal environments, as the primary molecules 

responsible for transporting oxygen from fish gills to tissues for use in cellular respiration 

(Weber 1990; Nikinmaa 1997), and many fish species bear diverse hemoglobin protein types 

adapted to oxygen loading and delivery under fluctuating environmental conditions (Sick 

1961; Verde et al. 2006, 2012; Andersen et al. 2009; Wetten et al. 2010; Star et al. 2011). 

Thus, studies of hemoglobin and hemoglobin carriers – i.e. red blood cells – can provide 

important insight into the ecological and evolutionary interactions that have shaped 

contemporary patterns of species diversity.  

In the North American lake whitefish, normals show larger RBC cytoplasmic areas and 

body size standardized gills compared to dwarfs, which may enhance oxygen uptake in the 

seasonally oxygen depleted benthic lacustrine zones they inhabit (Evans et al. 2012, 2013). In 

contrast, the high metabolic oxygen demands associated with the more active life history of 

dwarf compared to normal whitefish may be an important driver of hemoglobin gene 

upregulation in dwarf brains and differences in hemoglobin protein component composition 

found between the two morphs (Evans et al. 2012). The littoral LSR and pelagic DR morphs 

of European whitefish are considered respective phylogenetic replicates of dwarf and normal 

lake whitefish, and thus, we predict that similar patterns of divergence may have occurred in 

European whitefish adaptive radiations. Indeed, Jeukens et al. (2009) reported parallel 
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patterns of divergence in gene transcript abundance at several candidate genes between 

dwarf/normal lake whitefish and DR/LSR European whitefish sympatric pairs.  

We also examined patterns of population genetic variation among the whitefish morphs at 

a previously characterized single nucleotide polymorphism (SNP), SNP 1544-242, located in 

intron 1 of the alpha hemoglobin chain, for evidence of selection operating on genomic 

regions associated with hemoglobin across the three whitefish morphs (Evans et al. 2012). 

While SNP 1544-242 is located in a putative non-coding region of the genome, we were 

interested in potential relationships between SNP genotype and hemoglobin gene transcript 

abundance and protein-level variation, as this polymorphism could be linked to variable 

regulatory or coding regions for hemoglobin. Previous studies of the whitefish transcriptome 

have not identified any diverging polymorphisms in coding regions for hemoglobin between 

sympatric whitefish (Renaut et al. 2010). 

 

METHODS 

Whitefish collection 

European whitefish were sampled from Langfjordvatn in September 2009 and 2010 and 

Skrukkebukta in September 2010. Both lakes are found in the Pasvik region of northern 

Norway (Fig.1) and have been separated for approximately 9,000 years (Kujansuu et al. 

1998). Whitefish were collected from the three principal lake habitats: the littoral zone (< 6m; 

> 1% of light at surface), the profundal zone (> 25m; < 1% of light at surface) and the pelagic 

zone (0-6m). Sampling was performed with gillnets consisting of eight 5m sections 

composed of variable mesh sizes; 10, 12.5, 15, 18.5, 22, 26, 35 and 45mm, knot to knot. 

Bottom gillnets were used in the littoral and profundal zones whereas the pelagic habitat was 

sampled using 6m deep floating nets. At each sampling site we collected data on temperature 

(°C) and oxygen saturation (pO2) at 5m depth intervals. Temperature was determined using a 
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Sea-bird SBE25 CTD (± 0.001°C). Relative oxygen saturation (± 1% pO2) was measured in 

water samples collected with a 5L Niskin water bottle using a handheld oxygen meter 

(OxyGuard® International A/S, Birkerød, Denmark). The measurements of relative oxygen 

saturation were adjusted for temperature dependency in situ using an Acorn® Temp 5 

thermistor thermometer (Oakton Instruments, Vernon Hills, IL, USA). For Langfjordvatn we 

collected these data for the deep north basin, the mid-basin, and the shallow south basin of 

the lake. For Skrukkebukta, temperature and oxygen saturation data were collected for the 

deep north basin and the shallow south basin. The environmental data for each of the 

sampling sites are reported in the Supporting Information Fig. S1. 

Whitefish were identified in the field to one of the three morphs: SSR, LSR, or DR. 

Methods for identifying the three morphs are detailed in Amundsen et al. (2004), Kahilainen 

and Østbye (2006), and Siwertsson et al. (2010).  

We collected the whole brain from each individual and ~30mg of tissue from the kidney 

and gills of freshly killed fish. The tissues were immediately preserved in RNAlater (Life 

Technologies, Carlsbad, CA) and later stored at -80°C. We also collected between 100-

1000μl of blood by puncturing the caudal vein with either a 21- or 23-gauge needle and 

syringe containing 2-20μl of 5000IU/ml heparin. Following collection, the syringes were 

gently agitated to ensure the blood was completely heparinized. The blood samples were then 

transferred to a 1.5ml eppendorf tube and stored at 4°C. A summary of sample sizes obtained 

for each of the characteristics of the oxygen transport system examined in the study is shown 

in Table 1. Notably, our sample sizes of DR whitefish from Skrukkebukta are limited due to 

population declines of this morph related to vendace introductions and competitive exclusion 

(Sandlund et al. 2013). 

 

Red blood cell morphology 
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Blood smears were examined for RBC morphological variation among the whitefish 

morphs. Smears were made from each of the freshly collected blood samples, air-dried, fixed 

with 95% methanol in the field, and later Giemsa stained in the laboratory. We examined 

blood cells at 200× magnification under a light microscope, with which a digital photograph 

was taken. The photograph was then imported into ImageJ 

(http://rsbweb.nih.gov/ij/index.html) where we measured fifty cells per individual for nucleus 

size (dry elliptical area in μm
2
) and total cell area.  

 

 

 

Hemoglobin protein characterization 

Hemoglobin proteins are heterotetramers composed of two alpha and two beta chains, and 

in fishes, there are often multiple hemoglobin protein types found within and among 

individuals (Fyhn and Withler 1991; Quinn et al. 2010; Verde et al. 2012). We examined 

hemoglobin protein component variation in 88 whitefish from Langfjordvatn and 27 

whitefish from Skrukkebukta (Table 1). As in Evans et al. (2012), hemolysate was isolated 

from RBCs and isoelectric focus (IEF) electrophoresis was used to partition hemoglobin into 

its protein components. IEF uses a pH gradient across a gel to separate proteins based on 

overall charge of the molecule. A hemoglobin protein component’s isoelectric point, pI, is 

defined as the position in the gel where the molecule becomes neutrally charged (Sick 1961; 

Husebø et al. 2004). The hemoglobin concentration of each hemolysate sample was 

determined spectrophotometrically at 540nm using Drabkin’s reagent (D 5941, Sigma, Saint 

Louis, USA) and a bovine hemoglobin standard (H2500-1G, Sigma) according to the 

manufacturer’s instructions. Novex® IEF gels (pH=3-10, Invitrogen, Life Technologies Co., 

USA) were used to partition hemoglobin components. Gels were loaded with approximately 

http://rsbweb.nih.gov/ij/index.html
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50μg of hemoglobin per sample, along with a protein marker (Novex® IEF Marker; 

Invitrogen), and run for 2.5h at 4°C. The gels were then fixed in 12% trichloroacetic acid 

containing 3.5% sulfosalicylic acid and stained using Novex® SimplyBlue
TM

 SafeStain 

(Coomassie® G250) in accordance with the manufacturer’s instructions (Invitrogen), and 

then destained for 7-10h in deionized water. The pI of each protein component was scored 

with reference to the protein marker. Only gels with regression coefficients (R
2
) > 0.97, when 

plotting the pI of the standard proteins against the corresponding migration distance, were 

included in the study and all gels were scored in duplicate.  

This is the first study to examine hemoglobin protein component diversity in European 

whitefish. However, as the North American lake whitefish shows multiple “anodic” and 

“cathodic” hemoglobin protein components (Evans et al. 2012),  we also identified any 

shared hemoglobin protein components and banding patterns between the European and 

previously examined lake whitefish samples as part of this study.  

 

RNA extraction and cDNA synthesis 

Total RNA was extracted from kidney, gill, and whole brain using the Ambion PureLink 

RNA Mini Kit and according to the manufacturer’s instructions (Applied Biosystems, 

Carlsbad, California). In fishes, kidneys are a primary organ involved in the production of 

hemoglobin and mature RBCs (Fange 1994; Abdel-Aziz et al. 2010) and gills represent the 

site of oxygen loading from the external environment, so we predict that differences in 

hemoglobin gene transcript abundance in this tissue will reflect functional responses to the 

environmental conditions encountered in each of the lacustrine zones by the whitefish 

morphs. We examined hemoglobin gene transcript abundance in the brain because previous 

microarray and qPCR-based studies have shown that the lake whitefish transcribe 
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hemoglobin genes in the brain, and differentially among sympatric morphs (Whiteley et al. 

2008; Evans et al. 2012; Filteau et al. 2013). 

 RNA extracts were treated with Ambion Superase-In, an RNAase inhibitor (Applied 

Biosystems). We evaluated RNA purity and concentration by measuring the 260/230nm and 

260/280nm absorbance ratios on the Nanodrop 2000 Spectrophotometer (Nanodrop 

Technologies, Wilmington, Delaware) and RNA integrity was confirmed using the Experion 

Automated Electrophoresis system (Bio-Rad, Mississauga, Ontario, Canada). We synthesized 

cDNA from RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Reverse transcription reactions were performed in 20μl volumes containing 

500ng RNA and using random primers. 

 

Hemoglobin gene transcript abundance assays 

We used TaqMan (Applied Biosystems) qPCR assays designed for the evaluation of alpha 

and beta chain hemoglobin gene transcript abundance in the lake whitefish (Evans et al. 

2012). The TaqMan Minor Groove Binder (MGB) probes and primers align with “alpha” and 

“beta” hemoglobin ESTs annotated as Bohr-effect molecules in the annotated Atlantic 

salmon (Salmo salar) hemoglobin genome (GenBank Accession X97285.1; McMorrow et al. 

1996; Quinn et al. 2010). For the alpha hemoglobin assay, we used forward primer 5´-

TGGACCCACCAACTTCAA-3´, reverse primer 5´-GCGGCAACGACCACAATC-3´, and 

probe 5´-ATCCTGGCTCACAACC-3´, sequences that align to portions of exon two (forward 

primer), exon three (reverse primer), and flank exons two and three (probe) of the Atlantic 

salmon alpha hemoglobin chain. For the beta hemoglobin assay, we used forward primer 5´-

GTGCAGTTTCTCCGAGTGCAT-3´, reverse primer 5´-

AGAACCTGGATGACATCAAAAACA-3´, and probe 5´-ACACTCAGTGCAGTATAG-3´, 

which align with exon two of the Atlantic salmon beta hemoglobin chain. We evaluated the 
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efficiency of each assay on the European whitefish cDNA using a validation experiment and 

found that the alpha and beta assays were 96% and 99% efficient, respectively.  

qPCR  

We utilized the comparative CT method (ΔΔ CT method; Livak and Schmittgen 2001) to 

quantify hemoglobin cDNA (i.e. transcript abundance) in the kidney, gill, and brain. This 

method calculates the relative quantity (RQ) of cDNA in each of the “test” samples compared 

to a common internal reference sample (“calibrator”). RQ values represent fold changes in 

transcript abundance relative to the calibrator, which has a value of one. To quantify 

transcript abundance in each of the tissue types (kidney, brain, or gill), we used a calibrator 

sample derived from the same type of tissue. Specifically, an RNA sample collected from 

each of the kidney, gill, and brain of a Langfjordvatn littoral (LSR) whitefish was used as a 

calibrator for each of the kidney, gill, and brain assays, respectively. The use of different 

calibrators across assays meant that we could not compare hemoglobin transcript abundance 

among tissues. However, higher transcript abundance was previously demonstrated in kidney 

compared to gill and brain in the lake whitefish (Evans et al. 2012). 

We amplified the hemoglobin gene targets from cDNA in triplicate using the ABI 7500 

Real-Time PCR System and TaqMan Universal PCR Master Mix (Applied Biosystems). 

Real-time quantitative PCR reactions (hereafter qPCR) were performed in 10μl reactions and 

using the default thermocycler setting for Fast qPCR TaqMan assays. ABI’s Human Euk 18S 

rRNA gene assay was used as an endogenous control to normalize the total quantity of cDNA 

loaded into the PCR reaction wells. The Human Euk 18S rRNA is an appropriate target for 

the normalization of transcription assays in whitefish (Jeukens et al. 2009) and other 

salmonids (e.g. Olsvik et al. 2005). The efficiencies of our two hemoglobin assays were 

similar to the 100% efficiency of the Human Euk 18s rRNA endogenous control assay, 

indicating that the comparative CT method is acceptable for use in the evaluation of relative 
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hemoglobin gene transcript quantification. Transcript abundance for the alpha and beta 

hemoglobin genes were highly significantly correlated in each of the tissue types 

(Spearman’s rank correlation; kidney: ρ=0.812; brain: ρ=0.646; gill: ρ=0.647; all P < 0.001). 

 

KASPAR SNP genotyping 

We examined population genetic variation in the Skrukkebukta and Langfjordvatn 

whitefish morphs at a putative regulatory G/A SNP located in intron 1 of the alpha 

hemoglobin gene (SNP 1544-242). This SNP was previously identified in lake whitefish and 

may be associated with alpha hemoglobin gene transcript abundance (Evans et al. 2012). In 

total, 125 European whitefish, including all whitefish examined for gene transcript 

abundance, were genotyped at SNP 1544-242 using a KASPar SNP genotyping assay 

(KBiosciences, Hoddesdon, UK). KASPar assays are composed of fluorescently-labelled 

SNP-specific primers that enable the determination of homozygous or heterozygous 

genotypes based on the differential amplification of alleles associated with each of the 

uniquely tagged primers. The assay was run on the Applied Biosystems 7500 Real-time PCR 

system under the genotyping application. KASPar genotyping reactions were run in 8μl 

volumes consisting of 4μl DNA, 4μl 2 × reaction mix, 0.11 μl Assay Mix (KBiosciences 

aliquot barcode 1035902972), and 0.064 μl 50mM McCl2, as outlined in the manufacturer’s 

instructions (KBiosciences). Observed and expected heterozygosities for the LSR, DR, and 

SSR morphs in each lake were calculated in Genepop v. 3.4 (Raymond and Rousset 1995). 

We also tested the observed allele frequencies for heterozygote excess, an indicator of gene 

paralog amplification, in Genepop. 

Statistical analyses 

The RBC measurements were approximately normally distributed among individuals 

(Shapiro-Wilk test: P > 0.05). The number of hemoglobin protein components found in 
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whitefish was not significantly normally distributed (Shapiro-Wilk test: P < 0.05) but 

conformed most closely to a normal distribution; thus, we did not transform these data. 

Kolmogorov-Smirnov tests revealed that the alpha and beta transcript levels were not 

normally distributed among the whitefish examined, but conformed to a Log-normal 

distribution in all tissue types (Kolmogorov’s D test: P > 0.15); thus, we used Log + 1 

transformed transcript abundance data as dependent variables in all models.  

Two-way ANOVA was used to partition variation in RBC nucleus area, total cell area, 

nucleus:total cell area, hemoglobin protein component diversity, and the proportion of 

cathodic versus anodic hemoglobin protein components found in individuals to lake and 

morph effects and their interaction (lake×morph). We used a similar model to examine the 

contribution of lake, morph, and lake×morph effects to variation in alpha and beta 

hemoglobin transcript abundance (Log + 1 transformed) in kidney, brain, and gill. Posthoc 

Tukey’s tests of honestly significant differences (HSD) were used to identify significant 

differences in mean hemoglobin protein component diversity and transcript abundance 

among the whitefish groups. 

Chi-square tests were used to examine differences in SNP genotype frequencies among the 

whitefish morphs. Nested ANOVA was used to examine the relationship between SNP 1544-

242 genotype (AA, AG, GG) and alpha hemoglobin gene transcript abundance (Log + 1 

transformed) in each of the tissues. In these models, morph was nested within SNP genotype, 

as not all of the SNP genotypes were found in all morphs. Lake was also included in the 

model to control for population-dependent effects, independent of SNP genotype, on 

hemoglobin transcript abundance. A Posthoc Tukey’s HSD test was used to identify 

significant differences in hemoglobin transcript abundance among whitefish bearing each of 

the SNP genotypes. 
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We tested for relationships between SNP genotype and the presence/absence of 

hemoglobin protein components using Chi-square and Fisher’s exact tests. A generalized 

linear model (GLM) with a Poisson distribution (log link function) was used to further 

explore the influence SNP genotype on number of anodic hemoglobin protein components 

found within each of the whitefish morphs. For these tests, all morphs from both lakes were 

pooled due to sample size limitations.  

All statistical analyses were run in JMP v.10 (SAS Institute Inc., Cary, NC). Throughout, 

means are reported ±1 standard deviation (SD), except where indicated, and we used a critical 

α = 0.05 for all statistical tests. Bonferroni correction was applied to our critical α (P = 

0.05/6) when examining relationships between SNP genotype and protein components so as 

to correct for multiple testing. 

 

RESULTS 

Red blood cell morphology 

Both morph and lake were significant predictors of total RBC area (Tables 2-3). 

Langfjordvatn whitefish exhibited larger cells than their counterparts from Skrukkebukta, and 

the profundal SSR whitefish from both lakes exhibited larger cells than the littoral LSR and 

pelagic DR whitefish (Tukey’s HSD: P < 0.05; Table 2-3). Neither morph nor lake was a 

significant predictor of variation in RBC nucleus area (Table 2-3), though their interaction 

was, with Skrukkebukta LSR whitefish showing significantly larger nuclei than 

Skrukkebukta SSR and Langfjordvatn LSR whitefish (Tukey’s HSD: P < 0.05). The ratio of 

nucleus area to total cell area was larger in Skrukkebukta LSR and DR whitefish compared to 

SSR whitefish from the same lake and SSR and LSR whitefish from Langfjordvatn (Tukey’s 

HSD: P < 0.05; Table 2-3).  
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Hemoglobin protein component diversity 

The whitefish morphs exhibited a collective four major anodic (pI=6.1–6.7) and four 

major cathodic (pI=7.2–8.3) hemoglobin protein components, which were observed across 13 

different IEF gel banding patterns (Fig. S2, Table S1-2). An average of 5.3±1.1 (range=3-8) 

hemoglobin protein components comprised of 2.6±0.4 (range=1-4) cathodic components and 

2.7±0.8 (range=1-4) anodic components were found in individual whitefish. In both lakes, the 

total number of hemoglobin components exhibited by the whitefish morphs differed 

significantly, with LSR whitefish showing more protein components than DR and SSR 

whitefish (Tukey’s HSD: P < 0.05; Table 1-2; Table S2). However, SSR whitefish showed a 

significantly greater proportion of cathodic hemoglobin components compared to LSR 

whitefish (Tukey’s HSD: P < 0.05; Table S2).  

 

Gene transcript abundance variation among morphs and between lakes  

Alpha hemoglobin transcript abundance in kidney varied significantly among the 

whitefish morphs and between the two lakes (Table 4). Specifically, the profundal SSR 

morph exhibited greater alpha hemoglobin transcript abundance compared to DR and LSR 

whitefish (Fig. 2a, Tukey’s HSD: P < 0.05) and the Langfjordvatn whitefish generally 

showed greater alpha hemoglobin transcript abundance compared to whitefish from 

Skrukkebukta (Fig. 2a, P < 0.05). In contrast, we did not observe a difference in beta 

hemoglobin transcript abundance in the kidney tissues between the two lakes or among the 

morphs.  

In the brain, we observed greater alpha and beta hemoglobin gene transcript abundance in 

Langfjordvatn whitefish compared to Skrukkebukta whitefish (Fig. 2b, Student’s t-test: P < 

0.05), but no difference among the whitefish morphs at either gene. Similarly in gill, we 

observed significantly greater alpha hemoglobin gene transcript abundance in Langfjordvatn 
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compared to Skrukkebukta whitefish (Table 4, Fig. 2c, Student’s t-test: P < 0.05) but no 

difference among the morphs in hemoglobin transcript abundance.  

 

SNP population genetics and alpha hemoglobin transcript abundance 

There was no evidence of heterozygote excess at SNP 1544-242 in any of the morphs in 

either lake, which supports the amplification of a single gene as opposed to gene paralogs by 

our SNP assay (Table 5). For LSR whitefish from both lakes, more and fewer individuals 

than expected exhibited the GG and AA genotypes, respectively, and we observed a 

significant heterozygote (AG) deficit in the LSR morph from Langfjordvatn (Table 5). Fewer 

GG genotypes and a trend towards a greater number of individuals bearing the AA and AG 

genotypes than expected were observed in SSR whitefish, particularly in Skrukkebukta. We 

could not compare genotype frequencies patterns in DR whitefish between the two lakes 

because our sample size was small for Skrukkebukta. However, for the Langfjordvatn DR 

morph, genotype trends were similar to those seen in the SSR whitefish; i.e. more AG and 

AA genotypes, and fewer GG genotypes than expected (Table 5). 

While SNP genotype and alpha hemoglobin gene transcript abundance were not associated 

in kidney (Table 6, Fig. 3a), there was a significant effect of SNP genotype on transcript 

abundance in both the brain and gill (Table 6, Fig. 3b-c). In both tissues, individuals bearing 

the AA genotype, regardless of morph, exhibited significantly higher alpha hemoglobin gene 

transcript levels than whitefish bearing the AG or GG genotypes (Tukey’s HSD: P < 0.05; 

Fig. 3b-c). 
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SNP genotype and hemoglobin protein components 

SNP genotype was a significant predictor of the presence of anodic, but not cathodic, 

hemoglobin protein components (Table 7). Specifically, protein components A1 and A2 were 

more frequently observed in individuals bearing the GG genotype than expected. Indeed, 

essentially all individuals bearing the GG genotype showed the A1 and A2 components. For 

whitefish bearing the AA genotype, only 1 and 3 individuals exhibited A1 or A2 protein 

components, respectively, whereas the A4 component was observed in all individuals bearing 

the AA genotype and most individuals bearing the AG genotype (Table 7). In contrast, fewer 

whitefish of the GG genotype than expected exhibited the A4 component. Across all 

whitefish morphs, individuals with the AA genotype showed significantly fewer hemoglobin 

protein components compared to GG or AG individuals (Poisson GLM: χ
2

8 = 84.3, P < 

0.001; Fig. S3) 

 

 

DISCUSSION 

The oxygen transport system of trimorphic European whitefish populations has diverged at 

multiple biological scales, and primarily between morphs inhabiting the profundal and 

littoral/pelagic lacustrine zones. Profundal SSR whitefish exhibited larger RBCs compared to 

the littoral LSR and pelagic DR morphs from Langfjordvatn and Skrukkebukta. The function 

of RBC size variation is not generally well-understood despite considerable variation in RBC 

size and morphology across fishes and other organisms (Lay and Baldwin 1999; Snyder and 

Sheafor 1999). For whitefish, it is possible that RBC size is influenced by differences in 

activity-energetic associated oxygen requirements of the morphs. Smaller RBCs provide a 

higher diffusible surface area, which increases gas exchange per unit cell volume when 

compared to larger cells, and in general, more active fish species exhibit smaller RBCs 
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(Wilhem et al. 1992; Lay and Baldwin 1999). Previous studies have shown that DR and, to a 

lesser extent, LSR whitefish face higher predation compared to SSR whitefish (Kahilainen 

and Lehtonen 2003) and the foraging tactics used by the whitefish morphs also vary 

(Kahilainen and Østbye 2006; Harrod et al. 2010). Thus, it is possible that behavioural 

adaptations to predator and prey communities have led to greater metabolic oxygen 

requirements in the LSR and DR morphs compared to the SSR morph. RBC size has also 

been shown to positively scale with body size in a fish species (Maciak et al. 2011), but 

scaling effects cannot explain the variation we observed in RBC size across the whitefish 

morphs. The DR and LSR whitefish, which are the most divergent in body size of the three 

morphs (see Østbye et al. 2006), exhibited similar cell sizes, whereas the SSR profundal 

morph, which is intermediate in size between DR and LSR whitefish, exhibited the largest 

RBCs. Overall, the parallel divergence of RBC size in two populations of European whitefish 

suggests that this component of the oxygen transport system has specialized postglacially to 

divergent physiological challenges across profundal – littoral/pelagic lacustrine 

environments. Further studies will be necessary to investigate the functional importance of 

such divergence. 

Many fish species exhibit a diversity of hemoglobin proteins adapted to oxygen uptake 

and transport under fluctuating or variable environmental conditions (Verde et al. 2012). We 

found a total of four anodic and four cathodic hemoglobin protein components in 

Skrukkebukta and Langfjordvatn European whitefish, and a collective thirteen distinct 

hemoglobin protein banding patterns. The diversity of protein components observed here is 

comparable to that reported by Evans et al. (2012) in the North American lake whitefish. 

However, between the North American and European species, only five of the observed 

protein banding patterns are shared, and two of the cathodic components, C2 and C4, show 
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differing isoelectric points (Table S1) indicating that hemoglobin proteins have diverged 

between the North American and European species.  

Divergence of hemoglobin protein components was also observed among the three 

European whitefish morphs. The LSR whitefish showed a greater diversity of protein 

components compared to DR and SSR whitefish in both the Skrukkebukta and Langfjordvatn 

populations. Lower hemoglobin protein component diversity in SSR and DR whitefish could 

be driven by founder effects following the colonization of the pelagic and profundal 

environments by ancestral LSR whitefish. Indeed, a reduction in genetic diversity at 

microsatellite loci has been observed in SSR morphs when compared to LSR morphs (Præbel 

et al. 2013). However, as we anticipate that founder effects should affect anodic and cathodic 

components equally, the maintenance of the full cathodic protein component repertoire in 

SSR whitefish implicates a possible role for balancing selection as ancestral whitefish 

colonized the profundal zone. Cathodic protein components may contribute to hemoglobin 

oxygen binding insensitivity in response to fluctuations in pH (non-Bohr effect hemoglobins; 

e.g. Powers 1972) or temperature (Brix et al. 2004) and at least in catostomids and trout, are 

characteristic of populations inhabiting environments that require active swimming 

behaviours (e.g. streams; Barra et al. 1973; Powers 1980). Studies of lake-dwelling salmonids 

have, as yet, been unable to pinpoint the ecological factors maintaining hemoglobin protein 

component diversity, but suggested drivers include low oxygen and thermal stress (Verde et 

al. 2012). Overall, our results suggest that founder effects, and possibly the adaptive retention 

of cathodic components in the SSR morph, explain patterns of protein component variation 

among the whitefish morphs.  

Increased hemoglobin protein production can be utilized to meet oxygen uptake and 

transport demands under hypoxia or other environmental stressors such as exposure to 

increased temperature (Rutjes et al. 2007; Star et al. 2011). Among the European whitefish 
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morphs, profundal SSR whitefish showed higher alpha hemoglobin gene transcript 

abundance in kidney compared to littoral and pelagic whitefish, suggesting that hemoglobin 

gene upregulation may be involved in whitefish persistence under hypoxia. While increased 

hemoglobin gene transcription may reflect a strictly plastic response to hypoxia exposure 

(Kupittayanant and Kinchareon 2011), such a response may be essential to early speciation 

processes if they facilitate the colonization of, and persistence in, novel environments (Pavey 

et al. 2010). While the genomic architecture of the whitefish hemoglobin repertoire is 

currently unknown, a recent study of Atlantic salmon reported a diversity of globin genes 

(Quinn et al. 2010). It is therefore possible that regulatory differences across gene paralogs 

could lead to some of the variation observed in hemoglobin transcript abundance and protein 

component diversity among whitefish morphs. Future work that incorporates the use of 

RNAseq (Jeukens et al. 2010) and/or BAC libraries to target and define the genomic regions 

associated with hemoglobin (Jeukens et al. 2011) will be necessary to uncover the precise 

genetic and transcriptional differences driving hemoglobin transcript abundance and protein 

divergence in European whitefish.  

Our work has uncovered a potential “eQTL” (expression quantitative trait locus) 

associated with levels of alpha hemoglobin gene transcript abundance in the brain and gill of 

European whitefish, SNP locus 1544-242, which suggests that differences in hemoglobin 

transcript abundance among whitefish morphs are at least partially driven by genetic 

adaptation. Hemoglobin transcript abundance was examined in whole brain and gill, and thus, 

our results may reflect gene transcription in brain or gill cells (Ullal et al. 2008; Biagioli et al. 

2009) or the blood cells that perfuse these tissues. Given that the SNP was also strongly 

associated with anodic (predicted Bohr-effect) hemoglobin protein components isolated from 

blood, it is possible that we may have detected a direct link between this SNP, alpha 

hemoglobin gene transcript abundance, and protein component variation in RBCs present in 
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gill and brain. SNP 1544-242 is located in a putative non-coding region, so it may not be 

directly involved in the regulation of gene transcription, but instead linked to regulatory or 

coding regions within the whitefish hemoglobin genome. Albeit, a growing number of studies 

have also implicated intronic variation as direct regulators of gene transcription (Croisetière 

et al. 2010; Barrett et al. 2012). Complete sequencing of the hemoglobin repertoire is needed 

to further elucidate links between this SNP and the evolution of hemoglobin diversity and 

divergence among whitefish morphs.  

While we did not detect an influence of SNP genotype on hemoglobin transcript 

abundance in kidney tissue, we observed a strong effect of morph, which may have swamped 

any signal driven by genetic background. Our sample sizes of whitefish were limited from 

Skrukkebukta compared to Langfjordvatn, particularly for the DR morph. Further studies that 

incorporate larger sample sizes of each morph bearing each of the SNP genotypes are 

required to fully assess the role of this locus as a possible eQTL. Furthermore, hemoglobin 

transcript abundance in blood should be compared among whitefish bearing each of the 

genotypes to determine whether hemoglobin gene transcription in RBCs is driving the 

observed relationship in gill and brain (see Lund et al. 2000). 

Interestingly, we have also demonstrated differences in population genetic structure 

among the morphs at SNP locus 1544-242. Both Skrukkebukta and Langfjordvatn LSR 

whitefish are predominantly of the GG genotype whereas pelagic DR and profundal SSR 

whitefish are predominantly of the AA and AG genotypes. While the DR and SSR morphs 

appear to have lost anodic hemoglobin protein component diversity compared to that 

observed in the ancestral LSR morph, the AA genotype, which is linked to higher 

hemoglobin gene transcript abundance in the brain and gill, is more frequent in these morphs, 

and thus, could represent an alternative genomic mechanism used by whitefish to meet their 

oxygen transport requirements in the pelagic and profundal zones. Indeed, studies in cod have 



 

 

This article is protected by copyright. All rights reserved.   22 

 

shown that hemoglobin gene upregulation may compensate for the low oxygen binding 

affinities of certain hemoglobin protein types (Star et al. 2011). The observed shift in allele 

frequencies between the LSR and DR/SSR populations is suggestive of whitefish hemoglobin 

divergence facilitated by standing genetic variation present in the ancestral LSR population 

(also see Colosimo et al. 2005; Barrett and Schluter 2008; Jones et al. 2012).  

Taken together, our results indicate that divergence of the oxygen transport system in 

trimorphic populations of European whitefish has primarily occurred across the profundal – 

littoral/pelagic resource axis, an observation supported by patterns of hemoglobin gene 

transcript abundance in kidney tissue, hemoglobin protein component composition in blood, 

and population genetic structure across lacustrine zones. These findings, along with our 

previous work on lake whitefish, which demonstrated replicated divergence of the oxygen 

transport system across the limnetic – benthic resource axis in North American lakes, 

highlights the likely importance of physiological oxygen uptake and transport to the 

postglacial colonization of novel lacustrine environments by whitefish throughout the 

northern hemisphere. We hypothesize that the alternate oxygen environments, temperatures, 

and variable activity energetic demands associated with foraging and predator avoidance in 

shallow and deep lacustrine zones are important ecological drivers of metabolic trait 

divergence (Landry et al. 2007; Evans and Bernatchez 2012; Evans et al. 2012, 2013). 

Experimental studies are now needed to examine the functional significance and fitness 

consequences of RBC and hemoglobin variants found in European and North American 

populations.  
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Table 1. Summary of the number of European whitefish (Coregonus lavaretus) individuals examined for hemoglobin gene transcript abundance 

in each of three tissues, kidney, brain, and gill, hemoglobin protein component variation in blood, RBC morphology, and SNP genotype from 

two lakes, Langfjordvatn (LF) and Skrukkebukta (SK), in the Pasvik region of northern Norway. 

 

Lake Morph Transcript abundance Hb Protein RBC Morphology SNP Genotype 

  Kidney Brain Gill    

LF LSR 15 12 16 32 8 37 

DR 13 9 14 24 13 22 

SSR 16 11 18 32 7 27 

SK LSR 6 6 6 12 11 20 

DR 4 4 4 2 4 4 

SSR 5 6 6 13 14 15 
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Table 2. Red blood cell (RBC) morphological and hemoglobin (Hb) protein component variation found in the littoral large sparsely-rakered 

(LSR), pelagic densely-rakered (DR), and profundal small sparsely-rakered (SSR) European whitefish (Coregonus lavaretus) from two lakes, 

Langfjordvatn (LF) and Skrukkebukta (SK). For RBCs, the mean nucleus (Nuc) area, total cell area, and nucleus:total cell area (Nuc:Total Area) 

is indicated ± 1 SD. For Hb protein components, the total number of anodic (Anod) and cathodic (Cath) components found in each lake is 

indicated, as is the mean number of each protein component type, total number of hemoglobin protein components, and proportion of cathodic 

protein components found in individual (Ind.) whitefish ± 1 SD. The total number of individuals examined per morph (N) is also shown. 

Lake Morph Nuc Area 

(μm
2
)  

Total Cell 

Area (μm
2
) 

Nuc:Total 

Area  

Anod Hb 

Lake  

Cath Hb 

Lake  

Anod Hb 

Ind. 

Cath Hb 

Ind. 

Total  

Hb Ind. 

Prop Cath 

Hb Ind. 

LF LSR 25.4±4.0 150.5±18.8 0.17±0.03 4 4 3.1±0.8 3.0±0.5 6.0±1.1 0.49±0.08 

DR 27.2±4.8 139.1±11.0 0.20±0.04 3 3 2.4±0.5 2.2±0.4 4.5±0.6 0.48±0.07 

SSR 27.3±5.2 159.8±9.9 0.17±0.03 4 4 2.5±0.7 2.6±0.6 5.1±1.1 0.51±0.07 

SK LSR 31.3±3.0 137.1±7.0 0.23±0.01 4 4 3.5±0.5 2.8±0.6 6.3±0.9 0.45±0.06 

DR 29.3±3.3 130.9±7.9 0.22±0.02 3 2 2.5±0.7 2.0 4.5±0.7 0.45±0.07 

SSR 25.7±2.1 150.9±8.7 0.17±0.02 4 3 2.4±0.9 2.5±0.5 4.9±0.8 0.53±0.11 
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Table 3. Results of two-way analysis of variance (ANOVA) examining the influence of morph and lake on red blood cell (RBC) morphology 

and the proportion of cathodic hemoglobin (Hb) protein components in European whitefish (Coregonus lavaretus). The ANOVA models 

examined the contribution of lake, morph, and lake×morph to variation in RBC nucleus area, total cell area, and nucleus:total cell area, and to 

total number of hemoglobin protein components and the proportion of cathodic (Cath) hemoglobin protein components found per individual. F-

statistics, numerator and denominator degrees of freedom (DF) for the model, DF for each fixed effect, and P-values are indicated. P-values 

falling below the critical α = 0.05 are bolded. 

 Nucleus Area Total Cell Area Nucleus:Total  

Cell Area 

Total Hb Individuals Proportion Cath Hb 

Individuals 

 F DF P F DF P F DF P F DF P F DF P 

Model 3.53 5,56 0.008 6.94 5,56 <0.001 8.61 5,56 <0.001 10.74 5,109 <0.001   1.89 5,109 0.102 

Lake 3.76 1 0.057 10.10 1 0.003 12.32 1 0.001 0.01 1 0.944   4.10 1  0.343 

Morph 1.31 2 0.278 13.20 2 <0.001 8.93 2 <0.001 17.90 2   <0.001 3.56 2 0.032   

Lake×Morph 4.57 2 0.015 0.29 2 0.747 5.52 2 0.006 0.65 2   0.523   1.72 2  0.185 
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Table 4. Results of two-way analysis of variance (ANOVA) models examining the 

contribution of lake, morph, and lake×morph to hemoglobin gene transcript abundance 

(Log+1 transformed) in the kidney, brain, and gill of the European whitefish (Coregonus 

lavaretus). Results of the ANOVA models are shown for the alpha and beta hemoglobin (Hb) 

genes. F-statistics, degrees of freedom (DF), including model and error DF for the model, and 

P-values are indicated. P-values falling below the critical α = 0.05 are bolded. 

  Alpha Hb ANOVA Beta Hb ANOVA 

Tissue  F DF P F DF P 

Kidney Model 5.12 5, 53 <0.001 1.59 5, 51 0.177 

 Lake 7.58 1 0.008 3.05 1 0.086 

 Morph 8.76 2 0.001 1.76 2 0.182 

 Lake×Morph 1.13 2 0.331 0.98 2 0.982 

Brain Model 8.42 5, 42 <0.001 3.85 5, 42 0.006 

 Lake 38.06 1 <0.001 10.35 1 0.003 

 Morph 1.76 2 0.183 2.48 2 0.095 

 Lake×Morph 1.59 2 0.216 0.79 2 0.459 

Gill Model 2.87 5, 58 0.022 2.31 5, 58 0.054 

 Lake 7.06 1 0.005 2.64 1 0.109 

 Morph 4.21 2 0.086 1.52 2 0.227 

 Lake×Morph 3.96 2 0.099 3.12 2 0.051 
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Table 5. Summary of SNP 1544-242 genotype frequencies in the littoral large sparsely-rakered (LSR), pelagic densely-rakered (DR), and 

profundal small sparsely-rakered (SSR) European whitefish (Coregonus lavaretus) from two lakes, Langfjordvatn (LF) and Skrukkebukta (SK). 

Observed (O) and expected (E) numbers of whitefish bearing each genotype and Hardy-Weinberg tests for heterozygote excess and deficit are 

shown for each morph within each lake. Associations between the SNP genotype frequencies and whitefish morphs in each lake were estimated 

using Chi-square (χ
2
) and Fisher’s exact tests. P-values falling below the critical α = 0.05 are bolded 

 

 

Lake Morph GG AG AA  HO Excess 

(P) 

HO Deficit 

(P) 

χ
2 

DF P (χ
2
) P 

(Fisher) 

  O E O E O E     

LF LSR 20 12.9 7 11.2 10 12.9 1.000 <0.001 11.12 4 0.025 0.027 

DR 4 7.7 8 6.6 10 7.6 0.946 0.248     

 SSR 6 9.4 11 8.2 10 9.4 0.916 0.279     

SK LSR 16 12.3 4 5.1 0 2.6 0.848 1.000 15.51 4 0.003 0.002 

DR 4 2.5 0 1.0 0 0.5 - -     

SSR 4 9.2 6 3.8 5 1.9 0.924 0.352     
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Table 6. Results of nested analysis of variance (ANOVA) models examining relationships 

between hemoglobin SNP 1544-242 and levels of alpha hemoglobin gene transcript 

abundance in European whitefish (Coregonus lavaretus) from two lakes, Langfjordvatn and 

Skrukkebukta. Relationships between SNP genotype (GG, AG, AA) and log+1 transformed 

levels of gene transcript abundance were examined in kidney, brain, and gill. F-statistics and 

P-values are reported for the model and each factor included within the model. Degrees of 

freedom (DF), including model and error DF for the model, are also indicated. P-values 

falling below the critical α = 0.05 are bolded. 

 

 Kidney Brain Gill 

 F DF P F DF P F DF P 

Model 1.39 8,32 0.238 8.27 7,28 <0.001 3.84 7,38 0.003 

Lake 1.06 1 0.311 12.91 1 0.001 0.28 1 0.598 

SNP  0.26 2 0.769 8.59 2 0.001 7.92 2 0.001 

SNP [Morph] 2.02 5 0.101 1.64 4 0.191 1.58 4 0.199 
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Table 7. The influence of SNP 1544-242 genotype on hemoglobin protein component 

variation in European whitefish (Coregonus lavaretus). Chi-square (χ
2
) tests were used to 

examine differences in the
 
observed (O) and expected (E) number of individuals of each 

genotype (GG, AG, AA) bearing each of the protein components. Degrees of freedom (DF) 

and the significance of each test (P) are indicated. P-values falling below the critical α after 

Bonferroni correction (P = 0.05/6) are bolded.  

Protein 

Component 

 GG AG AA χ
2 

DF P P (Fisher’s 

Exact) 

  O E O E O E     

C1 0 0 0.4 0 0.3 1 0.4 2.06 2 0.356 0.627 

 1 28 27.6 20 19.7 26 26.6     

C2 0 9 10.8 8 7.7 12 10.4 0.90 2 0.636 0.632 

 1 19 17.2 12 12.3 15 16.6     

C3 0 0 0 0 0 0 0 -  - - 

 1 28 28 20 20 27 27     

C4 0 26 26.1 19 18.7 25 25.2 0.13 2 0.937 1.000 

 1 2 1.9 1 1.3 2 1.8     

A1 0 3 17.2 17 12.3 26 16.6 55.56 2 <0.001 <0.001 

 1 25 10.8 3 7.7 1 10.4     

A2 0 1 11.9 7 8.5 24 11.5 48.99 2 <0.001 <0.001 

 1 27 16.1 13 11.5 3 15.5     

A3 0 0 0 0 0 0 0 -  - - 

 1 28 28 20 20 27 27     

A4 0 10 4.1 1 2.9 0 4.0 18.09 2 <0.001 <0.001 

 1 18 23.9 19 17.1 27 23.0     
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Figure 1. Locations of the two lakes, Langfjordvatn and Skrukkebukta, containing trimorphic 

populations of European whitefish (Coregonus lavaretus). 
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Figure 2. Hemoglobin gene transcript abundance (RQ) exhibited in European whitefish 

(Coregonus lavaretus) from two lakes. Hemoglobin alpha (black bars) and beta (grey bars) 

RQ levels in the littoral large sparsely-rakered (LSR), pelagic densely-rakered (DR), and 

profundal small sparsely-rakered (SSR) whitefish morphs from Langfjordvatn (LF) and 

Skrukkebukta (SK) are shown. Hemoglobin RQ was compared among the morphs and 

between lakes in the (a) kidney, (b) brain, and (c) gill. The bars show mean RQ ± 1 SD and 

sample sizes are shown above the upper error bar. The statistical analyses corresponding to 

the figure are shown in Table 4. 
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Figure 3. Relationship between hemoglobin SNP 1544-242 genotype and alpha hemoglobin 

transcript abundance (RQ) in European whitefish (Coregonus lavaretus) morphs from two 

lakes in the Pasvik region of northern Norway. The relationship between the SNP genotype 

(AA, GA, GG) and RQ in littoral large sparsely-rakered (black bars), pelagic densely-rakered 

(light grey bars), and profundal small sparsely-rakered (dark grey bars) morph is shown for 

the (a) kidney, (b) brain, and (c) gill. The bars correspond to the least squares means ± 1 SE 

of RQ, which corrects RQ for any lake effects. Sample sizes are reported above the upper 

error bar. The statistical analyses corresponding to the figure are shown in Table 6. 



 

 

This article is protected by copyright. All rights reserved.   41 

 

 

 


