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ABSTRACT 29 

Several recent studies have found signs of recent selection on the carnitine palmitoyl-transferase 1A 30 

(CPT1A) gene in the ancestors of Arctic populations likely as a result of their traditional diet.  31 

 CPT1A is involved in fatty acid transportation and is known to affect circulating fatty acid profiles 32 

in Inuit as does the unique traditional diet rich in marine animals. We aimed to assess which fatty 33 

acids may have driven the selection of rs80356779, a c.1436 C>T (p.(Pro479Leu)) variant in 34 

CPT1A, by analyzing a potential interaction between the variant and traditional Inuit diet. We 35 

included 3005 genome-wide genotyped individuals living in Greenland, who had blood cell 36 

membrane fatty acid levels measured. Consumption of 25 traditional food items was expressed as 37 

percentage of total energy intake. We tested for CPT1A⨯traditional diet interaction while taking 38 

relatedness and admixture into account. Increasing intakes of traditional diet was estimated to 39 

attenuate the effect of 479L on 20:3 omega-6 levels (p=0.000399), but increase the effect of the 40 

variant on 22:5 omega-3 levels (p=0.000963). The 479L effect on 22:5 omega-3 more than doubled 41 

in individuals with a high intake of traditional diet (90% percentile) compared to individuals with a 42 

low intake (10% percentile). Similar results were found when assessing interactions with marine 43 

foods. Our results suggest that the association between traditional diet and blood cell fatty acid 44 

composition is affected by the CPT1A genotype, or other variants in linkage disequilibrium, and 45 

support the hypothesis that omega-3 fatty acids may have been important for adaptation to the 46 

Arctic diet. 47 

Keywords: gene-diet interaction, effect modification, fatty acids, Inuit, genetic association, 48 

selection.  49 
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BACKGROUND 50 

For thousands of years, the Inuit ancestors have been living in a cold climate on a diet high in fat 51 

and protein, consisting of mainly fish and marine mammals [1,2], likely increasing the need for 52 

genetic adaptation. Strong signals of positive selection have been found in the cluster of fatty acid 53 

desaturases (FADS) genes [3] and in the carnitine palmitoyl-transferase 1A (CPT1A) gene [4]. 54 

CPT1A encodes a protein involved in fatty acid transportation into the mitochondria for oxidation 55 

[5], and the c.1436 C>T (NM_001876.4) variant (rs80356779) causes proline to be substituted with 56 

leucine at position 479 (NP_001867.2) in the protein sequence of CPT1A, resulting in altered 57 

enzyme activity [6]. The CPT1A rs80356779 variant is likely the causative variant [4], and in 58 

Greenland the variant is in strong linkage disequilibrium (LD) with the FADS2 rs174570 variant, 59 

r2≈1 [7]. The rs80356779 variant is absent in individuals of European, African, and East Asian 60 

ancestry [8]. Furthermore, it is highly associated with circulating fatty acid composition in Inuit, 61 

suggesting that the selection pressure on the variant occurred as an adaptation to the Arctic diet 62 

[4,7]. 63 

Kalaalimernit, meaning small pieces of Greenlanders, are the traditional foods of the Greenlandic 64 

Inuit [9] and consist mainly of fish and marine mammals [1]. The content of long chain omega-3 65 

polyunsaturated fatty acids (PUFAs) is unique for marine animals [10]. The circulating fatty acid 66 

composition in the Greenlandic population is not only affected by the CPT1A rs80356779 variant, 67 

but also by the diet, and levels of long chain omega-3 PUFAs have been found to correlate with 68 

intake of fish and seal in Greenlandic Inuit [11]. The intake of long chain omega-3 PUFAs from 69 

marine animals was extremely high in the traditional diet, while the intake of other PUFAs was low, 70 

which is still the case today albeit at a lesser degree [12]. Thus, the need for endogenous synthesis 71 

of the longer chained PUFAs from shorter chained PUFAs may have been diminished, and 72 

selections on the rs80356779 variant and variants of the FADS genes may have compensated for 73 
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this, as the derived alleles generally are associated with higher levels of short chain PUFAs and 74 

lower levels of long chain PUFAs [3,7].  75 

Results from some studies indicate that there may be a diet×FADS interaction effect on circulating 76 

fatty acids in non-Inuit [13-15]. Interactions between diet and the CPT1A rs80356779 variant have 77 

never been assessed because the variant is nearly absent in western populations [7,16]. CPT1A and 78 

FADS are the genes that have been found to harbour variants that associate the strongest with fatty 79 

acid levels in Greenlandic Inuit [7]. In this study we choose not to analyze the FADS variants 80 

because the causal variant is not known and as the variants identified by Fumagalli et al.  [3] are in 81 

almost perfect LD with the CPT1A variant [7], and would therefore yield similar results.  82 

We hypothesize that selection on L479 (CPT1A) is an adaptation to the traditional Inuit diet, and 83 

studied circulating fatty acids to assess what may have been driving the selection. Specifically, we 84 

aimed to study the interaction between the rs80356779 variant and traditional Inuit diet on levels of 85 

circulating fatty acids.  86 

By gaining insight into how the variant could have affected levels of fatty acids when the Inuit were 87 

relying exclusively on the traditional diet, we can come closer to answering this question.  88 

METHODS 89 

Study population 90 

We included participants from the Inuit Health in Transition cohort (2005-2010), a population-91 

representative health survey, including a total of 3253 participants living in Greenland [17]. We 92 

excluded participants with any missing phenotype and genotype data (CPT1A genotype as well as 93 

genome-wide data) and outliers with respect to reported total energy intake, identified as outside the 94 

range of median ± 3× interquartile range after log transformation. We performed a sensitivity 95 

analysis, additionally excluding participants with clear under- and overreported total energy intakes, 96 
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using the more strict and common-used allowable range of estimated total energy intake of 3,350-97 

17,000 kJ/day for men and 2,100-15,000 kJ/day for women [18]. 98 

Genotyping 99 

The individuals have previously been genotyped using the Illumina Metabo-Chip [19], an array 100 

enriched with single-nucleotide polymorphisms (SNPs) that have been found to be associated with 101 

cardiometabolic and anthropometric phenotypes in genome-wide association studies, including 102 

196,725 SNPs in total [20]. In this study we used the genome wide SNP chip data to infer the 103 

relatedness and population structure while the CPT1A variant was additionally selected for 104 

genotyping (LGC genomics) [7]. The Greenlandic population is genetically structured and some 105 

individuals in the study population are related. Hence, inferring relatedness and population 106 

structure, to include in the analysis, was necessary. We included autosomal SNPs, and removed 107 

SNPs with minor allele frequencies <5% and with >10% missing data in the whole study 108 

population. 109 

Measurements 110 

Information on food intake was derived from an interview-based, semi-quantitative food frequency 111 

questionnaire, collecting information on frequency and portion size of 25 traditional foods and 43 112 

imported foods and beverages as described in detail elsewhere [11]. Of the dietary intakes of long 113 

chain omega-3 PUFAs, we evaluated eicosapentaenoic acid (EPA, 20:5 omega-3), 114 

docosapentaenoic acid (DPA, 22:5 omega-3), and docosahexaenoic acid (DHA, 22:6 omega-3). In 115 

this paper, we use abbreviated names of these when referring to dietary intakes. The estimated 116 

intakes of EPA, DPA, and DHA correlated with the corresponding blood measures in our study 117 

population (Pearson correlation coefficients using normalized levels of the fatty acids: 0.48 for 118 

EPA; 0.26 for DPA, 0.33 for DHA). 119 
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Blood samples were drawn after overnight fasting; a minimum of 2 ml full blood in a Nunc Cryo 120 

tube. Samples were stored at -20°C at the study site and during transportation to Denmark, and at -121 

80°C at Steno Diabetes Center Copenhagen as well as at the Lipid Research Centre, Centre 122 

Hospitalier Université Laval, where fatty acid composition was measured. For samples collected in 123 

2005 (two study sites), erythrocyte membrane phospholipids were analysed, and for remaining 124 

samples, membrane phospholipids from all blood cell were analysed. The same method was applied 125 

in order to isolate the cell membranes. Cell membranes of lysed cells were isolated by 126 

centrifugation and washed twice with 0.9% NaCl solution. A chloroform-methanol mixture (2:1, 127 

v/v) was used to extract lipids [21], and the phospholipid fraction, consisting of 128 

phosphatidylcholine, phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine, and 129 

sphingomyelin, was obtained by thin layer chromatography. Phospholipid fatty acids were 130 

transmethylated and a total of 40 fatty acids were separated by capillary gas-liquid chromatography 131 

[22] and measured as a percentage of total membrane phospholipid fatty acids. 132 

Study variables 133 

The primary exposure is the CPT1A×traditional diet interaction term. Traditional foods were 134 

defined as the proportion of total energy intake [23] derived from seal meat, seal blubber, beluga 135 

and narwhale, other whales, walrus, seal offal, mattak (whale skin), cod, halibut, ammassat 136 

(capelin), trout/salmon, other fish, mussels/shrimps/crab, dried seal and whale meat, dried fish, 137 

blubber (frozen, salted), reindeer/muskox meat, reindeer offal, razorbill, eider, other game birds, 138 

eggs from game birds, berries, dried reindeer meat, and polar bear. 139 

Secondary dietary variables used in the interaction term were intakes of traditional marine foods, 140 

marine mammals, fish (traditional foods, not imported), EPA, EPA+DPA, EPA+DPA+DHA. In the 141 

human body, EPA is a precursor of DPA, and DPA a precursor of DHA. Therefore, we anticipated 142 

that stronger interaction effects could be found using dietary intake of EPA when using blood levels 143 
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of EPA as outcome, and dietary intakes of EPA+DPA for blood levels of DPA, as well as intakes of 144 

all three omega-3 PUFAs for blood levels of DHA. Furthermore, we analysed total estimated fat 145 

and protein intake in order to assess if the interaction effects found with traditional foods were not 146 

driven by something else in the diet, and total carbohydrate, which we expected to yield somehow 147 

similar results but in an opposing direction as for traditional diet. All dietary variables were 148 

expressed as percentage of total energy intake, both to minimize the importance of any under- and 149 

over reported dietary intakes and as using this unit explained more variance in the fatty acid levels 150 

compared to using absolute intakes in g/d while adjusting for total energy intake (data not shown).  151 

The outcomes were the blood cell membrane phospholipid concentration of the following fatty 152 

acids: 20:5 omega-3, 22:5 omega-3, 22:6 omega-3, 18:2 omega-6, 20:3 omega-6, 20:4 omega-6, 153 

22:4 omega-6, 18:1 omega-9, 20:1 omega-9, 20:0, 22:0, and 24:0, all previously found to be 154 

strongly associated with the genotype of interest, except for 20:5 omega-3 and 22:6 omega-3 [7]. 155 

Statistical analysis 156 

We estimated interaction effects between traditional diet and rs80356779, but also performed the 157 

analysis genome-wide to assess possible confounding. We applied a linear mixed model using 158 

GEMMA to account for admixture and relatedness, adjusting for age, sex, and measured cell type 159 

(erythrocytes or all blood cells) [24]: 160 

𝑦𝑦𝑖𝑖 = 𝛼𝛼 + 𝛽𝛽𝑔𝑔𝑖𝑖𝑑𝑑𝑖𝑖 + 𝛾𝛾𝑔𝑔𝑖𝑖 + 𝛿𝛿𝑑𝑑𝑖𝑖 + 𝜃𝜃𝑎𝑎𝑖𝑖 + 𝜎𝜎𝑠𝑠𝑖𝑖 + 𝜔𝜔𝑐𝑐𝑖𝑖 + 𝜖𝜖𝑖𝑖 + 𝑢𝑢 161 

α: intercept, β: interaction effect size, gi: genotype of the ith individual, di: intake of traditional diet 162 

of the ith individual, γi: main effect of genotype, δi: main effect of traditional diet, θ: age effect, ai: 163 

age of the ith individual, σ: sex effect, si: sex of the ith individual, 𝜔𝜔: effect of cell type, 𝑐𝑐𝑖𝑖: cell type 164 

of the ith individual, ϵi: residuals, u: random effects with 𝑢𝑢 𝑁𝑁(0,𝐺𝐺𝐺𝐺), where G is the genetic 165 

similarity matrix estimated in GEMMA based on genotype data of the included individuals and 𝐺𝐺 is 166 

a scaling parameter.  167 
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The outcomes were rank-based transformed to a standard normal distribution within each sex to 168 

achieve results that were not affected by skewed distributions.  169 

Ancestry×environment interactions can confound gene×environment interactions [25], if both 170 

CPT1A genotype and effect of diet depend on ancestry. For the main dietary exposure, we therefore 171 

analysed for interactions adjusting for ancestry×diet, including the interaction terms principal 172 

component (PC)1×diet and PC2×diet. Using the first two PCs was considered optimal for reducing 173 

the amount of inflatedness while keeping the number of parameters in the model low and adding 174 

PC3-5×diet to the model did not reduce the amount of inflatedness further. Additionally, we 175 

performed the analysis stratified for ancestry in order to assess the importance of the ancestry×diet 176 

confounder, grouping the study population into four subgroups of roughly the same size: 0-59.9% 177 

Inuit, 60-74.9% Inuit, 75-89.9% Inuit, and 90-100% Inuit. For this, we estimated separate genetic 178 

similarity matrices for each group, applying the same filters in the respective subgroups (see 179 

Genotyping for filters). 180 

We assumed an additive effect of the rs80356779 variant on the level of each fatty acid as reported 181 

in previous studies [4,7], but assessed which genetic model that best described the SNP effect on 182 

each fatty acid level by visual inspection of the data and in a linear model adjusting for age, sex, 183 

cell type measured, PC1-5, and traditional diet intake. We assumed a linear relationship between the 184 

dietary exposure and the level of fatty acids and assessed if this was reasonable by visually 185 

inspecting smoothing cubic spline plots. 186 

We corrected p-values by genomic control (GC), a method that controls for confounding effects of 187 

population structure. Unaccounted population structure could result in an inflated number of 188 

significant associations in genome-wide association analyses. Hence, the degree of inflation was 189 

estimated and the test statistics was adjusted for it when using GC [26]. We used the GC corrected 190 

p-values to evaluate if interaction effects were significant. We used the GC corrected p-values to 191 
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evaluate if interaction effects were significant using Bonferroni for the twelve outcomes i.e. we 192 

used a level of significance of 0.00417. 193 

Besides including a covariate describing the type of cell measured (erythrocytes or all blood cells), 194 

we furthermore assessed if these two types of measures were comparable by estimating the main 195 

effect of the CPT1A variant on fatty acid levels in erythrocytes and all blood cells in separate linear 196 

mixed models in GEMMA. 197 

RESULTS 198 

Characteristics of study population 199 

Of the 3253 participants in the cohort, 170 had no data on blood cell fatty acid levels, 62 were not 200 

genotyped, and 16 were outliers with respect to reported total energy intake. This left 3005 for 201 

analyses. Of these, 60% were homozygous for the derived allele, 33% were heterozygous, and 7% 202 

homozygous for the ancestral allele (derived allele frequency = 0.76). The principal component 203 

analysis (PCA) showed clear population structure (Supplemental Figure 1) as previously shown 204 

[19]. 205 

Traditional diet intake varied considerably among participants (Table 1, Supplemental Figure 2). Of 206 

the traditional foods, marine foods contributed to the vast majority of the energy intake from 207 

traditional foods, and the energy contribution from marine mammals was considerably higher than 208 

from fish (table 1). Correlations between the dietary exposure variables are shown in Supplemental 209 

Table 1. Analysis of the main effect of the rs80356779 variant on levels of fatty acids in 210 

erythrocytes and all blood cells respectively showed that the two types of fatty acid measures were 211 

highly comparable (Supplemental Figure 3). 212 

Gene×diet interaction 213 

We tested an interaction between the rs80356779 variant and traditional Inuit diet on levels of 12 214 

fatty acids. Of these, significant (p<0.00417) or nominal significant (p<0.05) interaction effects 215 
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were estimated for seven fatty acids before applying GC (Supplemental Table 2). Higher intake of 216 

traditional diet was associated with a lower genotype effect on almost all of the fatty acids for 217 

which significant or nominal significant interaction effects were found (Figure 1A-E, Supplemental 218 

Figure 4). The exception was 22:5 omega-3: among those reporting higher intakes of traditional 219 

foods, the effect of the variant was estimated to be stronger than among those reporting lower 220 

intakes (Figure 1F, Supplemental Figure 4). Plots of interaction effects using non-transformed fatty 221 

acid levels are presented in Supplemental Figure 5. See further interpretation of effect size in the 222 

Discussion. We assessed the validity of the results in multiple ways. QQ-plots from genome-wide 223 

analyses indicated potential residual confounding, especially for levels of the omega-3 fatty acids 224 

(Supplemental Figure 6A). Further adjustment for the inflated test statistics using GC resulted in no 225 

indications of confounding in the subsequent QQ-plot (Figure 2). Six fatty acids showed significant 226 

or nominal significant effects after applying GC, with 20:3 omega-6 and 22:5 omega-3 being 227 

significant (Table 2). Secondly, in the genome-wide analysis adjusting for ancestry×diet, using 228 

PC1×diet and PC2×diet, the number of significant results reduced (Supplemental Figure 6B) with 229 

significant interactions for 20:1 omega-9 and 20:3 omega-6 as well as a nominal significant effect 230 

on 22:5 omega-3 (Supplemental Table 2). Thirdly, we performed analyses stratified for ancestry for 231 

levels of the omega-3 fatty acids, as these showed the biggest signs of confounding in the QQ-plots 232 

(Supplemental Table 3). The overall directions of the estimated interaction effects across strata were 233 

consistent, and the effects in the different strata spread around the overall effect, indicating that 234 

ancestry×diet was not an important confounder for the CPT1A interaction analysis (Supplemental 235 

Table 4, Supplemental Figure 7, Supplemental Figure 8). 236 

When excluding participants based on the more strict allowable range of estimated total energy 237 

intake, very similar results were obtained as in the main analysis, both with respect to effects sizes 238 

and precision measures (Supplemental Table 5). 239 
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For most of the fatty acids, the additive model described the genotype effect most appropriately 240 

when tested using a linear model as well as visualizing the data (Supplemental Table 6 and 241 

Supplemental Figure 9). For 20:0 and 22:0, a recessive model described the data better, and a full 242 

model for 24:0 and 22:5 omega-3. The additive model was applied for all fatty acids for simplicity. 243 

However, the full impact of the variant will be understated if the true inheritance model deviates 244 

from the assumption, and the power to detect interaction effects will be lower if a dominant or 245 

recessive model describes the genetic effect better. 246 

The spline plots indicated it was reasonable to assume a linear relationship between traditional diet 247 

intake and the level of each fatty acid. As expected due to fewer observations in the highest 248 

intervals of traditional diet intake, deviations from a linear tendency were observed in this part for 249 

some fatty acids (Supplemental Figure 9). 250 

Which traditional foods are important for the interaction? 251 

In order to investigate what in the diet that may drive the interaction, we tested for interactions 252 

between the SNP and different dietary subgroups. Before applying GC, we observed significant and 253 

nominal significant interaction effects for roughly the same fatty acids when using traditional 254 

marine foods, marine mammals, estimated EPA, EPA+DPA, and EPA+DPA+DHA intake as 255 

exposures as for traditional diet (Supplemental Table 7). After applying GC, significant interaction 256 

effects were found on 20:1 omega-9, 20:3 omega-6, and 22:5 omega-3 for traditional marine foods, 257 

on 20:1 omega-9 for marine mammals, and on 22:5 omega-3 for fish. Many of the signals 258 

disappeared using the groups of macronutrients, however, fat and carbohydrate showed similar 259 

patterns with interaction effects in opposite directions, as expected due to inverse correlation 260 

(Supplemental Table 1). All signals disappeared when using non-marine traditional foods as 261 

exposure, and fish only showed significant interaction effect on 22:5 omega-3 after GC. In order to 262 

address whether these two food groups might play a role in the interaction, we compared the 263 
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interaction effects sizes. We plotted the effect sizes for each outcome for traditional non-marine 264 

foods against those for traditional marine foods, and likewise for fish against marine mammals. We 265 

observed that the effect sizes for non-marine foods were generally larger than for traditional marine 266 

foods (Supplemental Figure 10A), and that the effect sizes for fish and marine mammals were 267 

generally in agreement (Supplemental Figure 10B). In general, the QQ-plots before GC showed 268 

clearest indications of possible confounding for levels of the three omega-3 PUFAs using the 269 

marine dietary variables as exposures, with the exception of fish intake, though applying GC 270 

resolved the inflation in all analyses (Supplemental Figure 11). 271 

DISCUSSION 272 

We were able to include a representative and large proportion of the total Greenlandic population, 273 

namely 5.2% [17], with detailed information on dietary intakes. Genome-wide data on all 274 

participants enabled us to assess for unaccounted confounding factors. The Greenlandic population 275 

is unique by having a genetic variant, p.Pro479Leu in CPT1A (rs80356779), which is both common 276 

(derived allele frequency = 0.76) and strongly associated with fatty acid levels. This enabled us to 277 

detect interactions with the variant despite the relatively small sample size. We found evidence that 278 

the traditional Inuit diet modulates the effect of the CPT1A rs80356779 variant on circulating levels 279 

of PUFAs. Associations between diet×CPT1A and fatty acids from five phospholipid species were 280 

assessed jointly. Hence, we were not able to determine if the effect was evident for the individual 281 

ones. Due to LD with the variant, the interaction might also be between traditional diet and other 282 

variants like the ones found in the FADS genes [7].  283 

Risk of confounding 284 

We estimated the strongest interaction effects with the standard interaction model, for which QQ-285 

plots indicated potential residual confounding, which was especially evident for levels of the 286 

omega-3 PUFAs. We therefore took several approaches: 1) We applied GC and 2) performed the 287 
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analyses adjusting for ancestry×diet. No substantial signs of confounding were observed when 288 

using these two approached, and our main results were based on the GC corrected results. 3) We 289 

furthermore performed an ancestry stratified analyses, which indicated that the interaction effects 290 

were not driven by an ancestry×diet effect in the main model.. 291 

Effect size of the interaction 292 

We considered the estimated interaction effect to be large. For example, the estimated effect of the 293 

derived allele (L479) on 22:5 omega-3 levels was 2.3 times larger at an intake of 45 energy percent 294 

from traditional foods (corresponding to the 90% percentile, beta[SNP] = 0.58 SD) compared to the 295 

effect at an intake of 4.4 energy percent (the 10% percentile, beta[SNP] = 0.24 SD). Hence, the 296 

interaction effect was quite large. A meta-analysis including cohorts of different populations 297 

suggests that 1 SD increase in circulating levels of 22:5 omega-3 is associated with a 10% risk 298 

reduction of fatal coronary heart disease [27]. The model predicted the effect of L479 on 20:3 299 

omega-6 levels to be 2.2 times lower at an intake of 45 energy percent compared to at 4.4 energy 300 

percent. 301 

Which fatty acids were important for the selection of rs80356779? 302 

We can speculate on explanations for the directions of the observed interaction effects. Omega-6 303 

PUFAs are rare in traditional foods and having a genetic variant that favours higher levels of these 304 

would be beneficial when depending on this diet, as they are essential to ingest for humans [28]. 305 

L479 was associated with higher levels of 20:3 omega-6, however, we observed that the effect of 306 

the SNP was lower at higher intakes of traditional diet (Figure 2C). If selection occurred to favour 307 

20:3 omega-6, we would expect the genotype effect at high intakes of traditional foods to be larger 308 

than at low intakes (Supplemental Figure 12). The effect of L479 on levels of the remaining fatty 309 

acids attenuated as well at higher intakes of traditional diet, with the exception of 22:5 omega-3, 310 

indicating that they did not play a major role in selection of the CPT1A variant. The fact that we 311 
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estimated larger genotype effects at higher intakes of traditional foods for levels of 22:5 omega-3 312 

indicates that the omega-3 fatty acid might have been important for the selection of the variant(s). 313 

We observed that the derived allele was associated with lower levels of 20:5 omega-3 and 22:5 314 

omega-3 as well as weaker positive associations with higher intakes of traditional diet. The long 315 

chain omega-3 PUFAs are essential for humans [28] and have many potential health benefits [29] 316 

but have also been hypothesized to increase bleeding risk in both Inuit and western populations 317 

[30,31]. Therefore, the extremely high intake of long-chain omega-3 PUFAs from a 100% 318 

traditional Inuit diet could potentially be harmful. Minimizing levels of long-chain omega-3 PUFA 319 

levels could therefore have been relevant for survival of the Inuit, and it could explain the observed 320 

interaction between Inuit diet and the selected rs80356779 variant on 22:5 omega-3 levels. 321 

However, these potential benefits might have outweighed the increased risk of infant mortality that 322 

has also been associated with the variant [32]. 323 

Which foods are driving the interaction? 324 

Both diet and the CPT1A rs80356779 variant are strongly associated with fatty acid levels. As the 325 

CPT1A gene is involved in fatty acid metabolism, the obvious environmental candidate for any 326 

interactions with the variant is dietary factors. Other candidates such as a high physical activity 327 

level, which is also part of the traditional hunter lifestyle of the Inuit, did not correlate with 328 

traditional diet in the study population. Therefore, it is unlikely to be a better proxy for what is 329 

driving the interaction. However, the intake of traditional diet still serves as a proxy of what is 330 

actually interacting with the rs80356779 variant, and the SNP×diet interaction might be driven by 331 

the marine component of the diet. The effect sizes could indicate that non-marine traditional foods 332 

were of importance as well, and maybe to a larger degree than marine foods, as the effect sizes were 333 

larger (Supplemental Figure 10A). However, we need to interpret the plot with caution, as the fitted 334 

line heavily depended on the two outermost points. Though traditional fish may not have been the 335 
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driver for interaction observed for marine foods, we cannot conclude that fish has not been of 336 

importance, as it yielded effects of the same sizes as for marine mammals. The lack of significant 337 

results for fish and non-marine traditional foods could likely be due to lower intakes and hence 338 

relatively more uncertainty of estimates. 339 

What is the consequence of the selection in today’s Greenland? 340 

The Greenlandic population is currently experiencing a westernization of their diet [12]. The 341 

interaction we observed could be important to consider when addressing health consequences of the 342 

current westernization. Carriers of the rs80356779 allele (L479) might need to consume more 343 

marine foods in order to achieve the optimal levels of 20:5 omega-3 and 22:5 omega-3 compared to 344 

non-carriers. Furthermore, it is possible that other genetic variants affect the individual response to 345 

the more westernized diet, making it relevant to further investigate the role of gene×diet interactions 346 

in obesity and metabolic diseases in the Greenlandic population, as several relevant genetic variants 347 

exists [33]. For example, the intake of sugar, especially from soft drinks, is high in Greenland [12], 348 

and potential effects of sugars like high-fructose corn syrup [34] could be different in Inuit. This 349 

may become evident in the years to come, after high-fructose corn syrup was allowed in the EU in 350 

2017 and is widely used in soft drinks in the US [35]. More personalized dietary advice could be of 351 

future interest along with the need to identify optimal intakes and circulating levels of long-chain 352 

PUFAs in this population. 353 

Previous studies of FADS×diet interactions 354 

Previous studies have assessed FADS×diet interactions on circulating fatty acid levels. Takkunen et 355 

al.  [13] studied the interaction effect between FADS1 (rs174550) and marine PUFA intake on 356 

different erythrocyte fatty acids in Finnish individuals. Similar to our results, they found a 357 

nominally significant interaction effect on 20:5 omega-3 levels. Juan et al. [14] analyzed 358 

interactions between FADS1 (rs174546 in complete LD with rs174550 used by Takkunen et al. 359 
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[13]) and dietary EPA and DHA intakes on plasma 20:5 omega-3 proportions in Americans. They 360 

found nominally significant interactions for both FADS1×EPA intake and FADS1×DHA intake 361 

(p=0.02 and 0.01 respectively, adjusted for sex and the top 4 PCs; number of tests = 25). Lemaitre 362 

et al. [36] assessed interactions between a FADS2 variant (rs1535) and fish consumption (≥0.6 vs. 363 

<0.6 servings/week) in participants of the consortium of cohorts of European ancestry, but only for 364 

plasma phospholipid levels of 20:5 omega-3 and 22:6 omega-3, and did not find a significant 365 

interaction. This is consistent with our findings, though there was no main effect of the CPT1A 366 

genotype on 22:6 omega-3 levels in the Greenlandic population. The consistency may be 367 

meaningful given the caveats of comparing the potential interaction effects across different 368 

populations for the following reasons. First, interactions between different genes and different 369 

dietary exposures were assessed and in populations of different ethnicity. Second, the three studies 370 

used different SNPs in the FADS genes than the one in the Greenlandic cohort, and the LD between 371 

the causal unknown SNP and the one used might be different in the cohorts.  372 

Conclusion 373 

Our results provide evidence that the traditional diet modify the effect of the rs80356779 variant on 374 

circulating levels of PUFAs. Combining genotype information with levels of long chain omega-3 375 

PUFA will likely be a better biomarker of marine food intake than solely the levels. Furthermore, 376 

the potential interaction between traditional Inuit diet and CPT1A genotype should be considered 377 

when addressing consequences of the westernization of the diet of Inuit populations. The intakes of 378 

traditional marine foods and marine mammals were driving the signal for interaction, though the 379 

other traditional foods may be involved in the interaction. The long chain omega-3 PUFAs might 380 

have been important for driving the selection of the rs80356779 variant, maybe to minimize 381 

possible harmful effects of the extremely high intake of these that the Inuit have had. Based on our 382 

study, we suggest that the high intake of marine foods of the ancestral Inuit and the consequently 383 
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high level of circulating long chain omega-3 PUFAs is currently the best candidate for explaining 384 

why L479 in CPT1A underwent positive selection. 385 
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FIGURE LEGENDS 532 

Figure 1: Plots of the significant (p<0.00417) and nominal significant (p<0.05) interaction effects 533 

from standard interaction model adjusted for age, sex, cell type measured (erythrocytes or all blood 534 

cells), SNP effect, and diet as fixed effects and including the genetic similarity matrix as random 535 

effect. Significant interaction effects were found for C) and F). The plots are made in R using a 536 

model adjusted for age, sex, cell type measured (erythrocytes or all blood cells), SNP effect, diet, 537 

and principal component 1-5. Inuit global ancestry proportions among the different genotypes given 538 

are medians (Table 1). The derived and ancestral allele is fixed in Inuit and non-Inuit populations 539 

respectively (7). Red: homozygous for derived allele. Purple: heterozygous. Blue: homozygous for 540 

ancestral allele. T = derived allele, C = ancestral allele.  541 

Figure 2: QQ-plots of the genome-wide association study of the CPT1A×traditional diet 542 

interaction. Analysis adjusted for age, sex, cell type measured (erythrocytes or all blood cells), SNP 543 

effect, and diet as fixed effects and including the genetic similarity matrix as random effect. P-544 

values after applying genomic control.  545 

 546 
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