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Abstract

Higher rates of alcohol use and other drug-dependence have been observed in some Native 

American populations relative to other ethnic groups in the U.S. Previous studies have shown that 

alcohol dehydrogenase (ADH) genes and aldehyde dehydrogenase (ALDH) genes may affect the 

risk of development of alcohol dependence, and that polymorphisms within these genes may 

differentially affect risk for the disorder depending on the ethnic group evaluated. We evaluated 

variations in the ADH and ALDH genes in a large study investigating risk factors for substance 

use in a Native American population. We assessed ancestry admixture and tested for associations 

between alcohol-related phenotypes in the genomic regions around the ADH1-7 and ALDH2 and 

ALDH1A1 genes. Seventy-two (72) ADH variants showed significant evidence of association 

with a severity level of alcohol drinking-related dependence symptoms phenotype. These 

significant variants spanned across the entire 7 ADH gene cluster regions. Two significant 

associations, one in ADH and one in ALDH2, were observed with alcohol dependence diagnosis. 

Seventeen (17) variants showed significant association with the largest number of alcohol drinks 

ingested during any 24-hour period. Variants in or near ADH7 were significantly negatively 

associated with alcohol-related phenotypes, suggesting a potential protective effect of this gene. In 

addition, our results suggested that a higher degree of Native American ancestry is associated with 

higher frequencies of potential risk variants and lower frequencies of potential protective variants 

for alcohol dependence phenotypes.
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1 Introduction

Higher rates of alcohol use and other substance dependence have been observed in some 

Native American populations relative to other ethnic groups in the U.S. (Compton et al., 

2007). Although there is variation between tribes, the U.S. Indian Health Service has cited 

substance dependence as one of the most urgent health problems facing Native Americans 

(IHS, 1997). The causes of higher rates of alcohol and other substance dependence in the 

Native Americans are thought to have both environmental and genetic components (Ehlers 

and Gizer, 2013).

One persisting theory concerning Native American drinking hypothesizes that Native 

Americans metabolize alcohol differently than other ancestral groups, resulting in 

physiological consequences that includes a “loss of control” following alcohol consumption 

and subsequently problem drinking (Leland, 1976). Empirical studies of alcohol drinking in 

the laboratory, in Native Americans, provide little support for such theories (Garcia-Andrade 

et al., 1997). However, investigations of potential differences in alcohol metabolism are a 

logical avenue of research that may be capable of explaining some of the variance in ethnic 

differences in response to alcohol and in the development of alcohol dependence.

Ethanol is primarily metabolized in the liver and the upper digestive track by alcohol 

dehydrogenase (ADH) that converts ethanol to acetaldehyde, and aldehyde dehydrogenase 

(ALDH) that subsequently converts acetaldehyde to acetate. Previous studies have indeed 

shown that the ADH genes and the ALDH genes may affect the risk of development of 

alcohol dependence (Bosron et al., 1993; Chen et al., 2009; Edenberg, 2007). ADH and 

ALDH exist in multiple isozymes that differ in their kinetic properties. Polymorphisms 

within the genes that encode for the isozymes vary in their allele frequencies between ethnic 

groups, and thus may differentially affect risk depending on the ethnic group evaluated. For 

instance, the ALDH2*2 allele, which is partially responsible for the alcohol-induced 

flushing reaction, is common in East Asian but rare in other ethnic group including NA 

(Shen et al., 1997; Wall et al., 1992; Rex et al., 1985).

Variants in ADH1B and ADH1C may also influence drinking behavior. For example, the 

ADH1B*2 (rs1229984) and ADH1B*3 (rs2066702) alleles each result in an amino acid 

change producing a more efficient enzyme that allows for the more rapid accumulation of 

acetaldehyde (Carr et al., 1989; Hurley et al., 1990). As a result, both polymorphisms exhibit 

a protective relation with alcohol dependence and related phenotypes (e.g., ADH1B*2 - 

MacGregor et al., 2009; Thomasson et al., 1991, 1994; and ADH1B*3 - Edenberg et al., 

2006; Ehlers et al., 2007; McCarthy et al., 2010; Wall et al., 2003). Notably, both 

associations were recently confirmed in a large scale GWAS meta-analysis of alcohol 

dependence (Gelernter et al., 2014). Candidate gene studies have also reported significant 

associations between alcohol dependence and other ADH genes, most prominently ADH1C 

(Higuchi et al., 1995; Kuo et al., 2008) and ADH4 (Edenberg et al., 2006; MacGregor et al., 
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2009). Rare variants in the ADH gene cluster have also been found that are significantly 

associated with alcohol dependence in European-American, European-Australian and 

African-American populations (Zuo et al., 2013).

Allele distributions in Navajo and Sioux are similar to Euro-American but not to Japanese 

and African-Americans (Bosron et al., 1988; Rex et al., 1985). Ehlers et al. (2012) has found 

that variants in ADH1B may be protective against alcoholism in Native American and 

Mexican American populations. Gizer et al. (2011) reported a significant association 

between an ADH4 variant and alcohol dependence in the same Native American sample, and 

Mulligan et al. (2003) reported associations between ADH1C variants and alcohol 

dependence in an independent sample of Native Americans. Importantly, however, these 

findings cannot explain the high prevalence of alcoholism in Native American populations, 

given that none of the associated variants are private to Native American ancestral groups.

One obstacle to the discovery of genes associated with complex phenotypes, such as alcohol 

dependence, has been the inability to conduct comprehensive genome wide sequencing 

(GWS) of population samples and to develop statistical models that incorporate such 

variables as family relatedness and ethnic admixture. Recent advances in GWS techniques 

and analytical methods have made possible the identification of both rare and common 

variants in family studies of novel populations enriched for substance dependence 

phenotypes, such as Native Americans. The present report is part of a larger study exploring 

risk factors for substance dependence in an American Indian community in the west (Ehlers 

et al., 2004a, 2008; Gilder et al., 2004, 2006, 2007, 2008). DNA obtained from this 

community sample has recently been sequenced using low coverage whole genome 

sequencing (WGS) (Bizon et al., 2014). Utilizing these data, the aims of the present study 

were twofold. The first aim was to investigate the relations between alcohol dependence and 

genetic variants in the genes involved in alcohol metabolism within the Native American 

sample population. The seven alcohol dehydrogenase genes (ADH7-ADH1C-ADH1B-

ADH1A-ADH6-ADH4-ADH5) are in a single cluster region on chromosome 4q21-24 with 

each gene coding for a unique isozyme. The two aldehyde dehydrogenase genes involved in 

alcohol metabolism are ALDH1A, located on chromosome 9q21.13, and ALDH2, located 

on chromosome 12q24.2 (Ehlers and Gizer, 2013).

The second aim was to leverage the significant admixture and family relatedness to further 

explore the relations between these genes and alcohol dependence. To accomplish this aim 

we assessed ancestry admixtures and used a variance component approach (Schork, 1992) to 

test for associations between alcohol-related phenotypes in the genomic regions around the 

ADH and ALDH genes. Additionally, we examined the ancestry background in the genomic 

regions of interest and their influence on the phenotypes.

2 Materials and Methods

2.1 Participants and phenotypes

The protocol of the study was approved by the Scripps Institutional Internal Review Board 

and Indian Health Council, a tribal review group overseeing health issues for the 

reservations where recruitments took place. Written informed consent was obtained from 
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each participant after study procedures had been fully explained. Participants were 

compensated for their time spent in the study.

Seven hundred and eight (708) Native Americans, from extended pedigrees, participated in 

the study. The characteristics of this population have been previously described (Ehlers et 

al., 2011). Participants who had at least one-sixteenth self-reported American Indian 

heritage were targeted and recruited for the study as previously described (Ehlers et al., 

2004a). All subjects were assessed using the Semi-Structured Assessment for the Genetics 

of Alcoholism (SSAGA) in order to collect demographic information and to make DSM-IV 

diagnoses (American Psychiatric Association Task Force on DSM-IV, 1994). The SSAGA 

is a polydiagnostic psychiatric interview that has undergone both reliability and validity 

testing and been successfully used in Native American populations (Bucholz et al., 1994; 

Hesselbrock et al., 1999; Wall et al., 2003). Six hundred and ninety seven sequenced 

samples (n = 697) were eventually used in the association studies. The average age of the 

analyzed samples was 31.3 years old (range 18-82, std=13.2 yrs), with 42.8% being male. 

The average years of education was 11.57 (std = 1.56). 42.4% of participants (n = 295) had 

at least 50% self-reported Native American heritage as indicated from their federal Indian 

blood quantum.

Tested phenotypes included: (i) alcohol dependence diagnosis defined by DSM-IV, (ii) the 

number of DSM-IV alcohol dependence symptoms related to drinking ranging from 0 to 4, 

e.g. 1) drank more than intended/more days in a row or when promised self wouldn't for 

three or more times; 2) drunk when didn't want to three or more times; 3) during drinking or 

recovering from the effects of drinking had little time for anything else; and 4) given up or 

greatly reduced important activities to drink (Ehlers et al., 2004b), (iii) the number of DSM-

IV alcohol withdrawal symptoms ranging from 0 to 4 (Ehlers et al., 2004b), e.g. 1) the 

shakes (trembling of the hands), unable to sleep, anxiety or depression, sweating, rapid heart 

rate, nausea or vomiting, feeling physically weak, headache, auditory or visual 

hallucinations; 2) seizures; and 3) delirium tremens (DTs), and (iv) the largest number of 

alcohol drinks (max drinks) ever consumed in a 24-hour period. These phenotypes were 

chosen as previous analyses had demonstrated that they had a significant genetic component 

in this population (Ehlers et al., 2004b; Ehlers and Gizer, 2013). Among participants, 46% 

(n=320) had an alcohol dependence diagnosis; 60% (n=420) reported experiencing at least 

one alcohol dependence drinking symptom; 20% (n=142) reported experiencing at least one 

withdrawal symptom. The distribution of the reported largest number of drinks ever 

consumed in a 24-hour period is particularly skewed with a long right tail: median = 20 

drinks, range = [0.5,166], skewness = 2.08 and Pearson's measure of kurtosis = 8.55.

2.2 Sequencing

Blood derived DNA was sequenced using Illumina low-coverage whole genome sequencing 

(LCWGS), as well as genotyped using an Affymetrix Exome1A chip. The pair-end 

sequencing was performed on HiSeq2000 sequencers (Illumina). About 80% of the samples 

have coverage between 3X and 12X, approximately evenly distributed. Reads from whole 

genome sequencing were aligned using BMA, and realigned near indels with GATK. 

Variants were called using both GATK Unified Genotyper following the best-practices for 
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low-coverage samples (DePristo et al., 2011) and the LD-aware variant caller Thunder (Li et 

al., 2011). Imputation was done using the program Thunder. Qualities of variant calling 

were assessed through a comparison between the sequencing results to genotypes generated 

on the exome array for the same set of subjects (Bizon et al., 2014).

2.3 Candidate gene regions

We tested for associations between alcohol dependence, alcohol dependence drinking 

symptoms, alcohol withdrawal symptoms, and the maximum number of alcohol drinks 

consumed in any 24-hour period in the genomic regions around the ADH and ALDH genes, 

including 10k basepairs upstream and downstream from each of the genetic regions. Given 

the sample size (n = 697), variants of less than 0.01 minor allele frequency (MAF) were 

excluded. The ADH gene cluster region (ADH7-ADH1C-ADH1B-ADH1A-ADH6-ADH4-

ADH5) is on chromosome 4: 99,982,130–100,366,894. The region had 3302 SNPs called, of 

which 1679 had MAF ≥ 0.01. The ALDH1A1 gene is on chromosome 9: 75,505,578–

75,705,358. It had 1466 SNPs, of which 397 had MAF ≥ 0.01. The ALDH2 gene is on 

chromosome 12 : 112,194,346–112,257,789. It had 328 SNPs, of which only 83 had MAF ≥ 

0.01.

2.4 Ancestry estimates

To assess ancestry and admixture proportions in the samples, we used a supervised 

clustering approach implemented in the ADMIXTURE software (Alexander et al., 2009) 

and clustered subject data into four clusters corresponding to four major continental 

populations: African, East Asian, European, and Native American. These populations were 

defined by the individuals contained in a reference panel containing genotype information at 

about 300k strand-unambiguous SNPs. The admixture estimates were further refined 

through a noise reduction approach via bootstrapping (Libiger and Schork, 2012).

In addition to global ancestries estimated for each individual with SNPs spanning entire 

genomes, we also estimated local ancestry admixture. A sliding window of 200 consecutive 

SNPs in the reference panel moved across each chromosome at the step of 50 SNPs. Local 

ancestry and admixture proportions were estimated using SNPs within each window for all 

samples. Local ancestries for each candidate gene region were taken to be the ancestry 

estimates for the window on which the region is centered. Each candidate region being 

investigated fell within a single such window. We decided on a window of a fixed-width 

with respect to the number of ancestry-informative markers rather than using only the 

markers within a candidate gene region as too few ancestry-informative markers are 

insufficient to yield meaningful admixture estimates.

Figure 1 shows the distributions of the global Native American ancestries estimated using 

the whole genome, and the local Native American ancestries using SNPs around candidate 

regions. The correlation coefficients between estimated local Native American ancestry and 

global Native American ancestry of all samples were 0.55, 0.49 and 0.59 for regions around 

ADH cluster (Figure 1B), ALDH1A1, and ALDH2, respectively. That the local and global 

ancestry estimates were positively correlated is expected; that the correlation was moderate 
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yet not strong justifies the inclusion of local ancestry estimates in the analysis in addition to 

the global ancestry estimates.

2.5 Association analysis

Many of the samples had a mixed ethnic background as indicated by self-report and as 

shown by admixture analysis from genotypes (Figure 1A). The samples were composed of 

161 families of variable sizes. It has been established that both population substructure 

(Helgason et al., 2005) and genetic relatedness (Weir et al., 2006) may cause inflations in 

test statistics and potentially spurious associations. To control for admixture and familial 

relatedness, a variance component approach as implemented in EMMAX (Kang et al., 2010) 

was used in the association tests, with global and local ancestry admixture estimates as 

described in section 2.4 further incorporated as covariates. The local ancestry estimates were 

moderately correlated with the global ancestry estimates for the genomic regions concerned. 

Additional covariates included gender, age, and age-squared. To obtain correct distributions 

of the test statistic from EMMAX under a null hypothesis, we used a permutation procedure 

that randomly shuffled the phenotype values of the samples tested. One million permutations 

were performed. False discovery rates (FDR) controlled by Benjamini–Hochberg procedure 

(Benjamini and Hochberg, 1995) were used to set significant p values from the test statistics 

of the association test. We report the FDR-adjusted p values (Yekutieli and Benjamini, 

1999).

We further examined the ancestral backgrounds of the genomic regions under investigation, 

and stratified the samples by their degree of NA ancestry and phenotype values to determine 

whether a variant that is significantly associated with one or more alcohol-related 

phenotypes has a larger impact on those with higher NA heritage.

3 Results

Seventy-two (72) variants showed significant evidence of association with the alcohol 

dependence drinking symptoms phenotype (Table I: ph=S). These significant variants 

spanned the entire seven ADH gene cluster. The majority of them however resided in 

ADH4-ADH6-ADH1AADH1B, in both genic and intergenic regions. Interestingly, most of 

these variants reside in non-coding regions. All but one of the intergenic variants are in 

strong linkage disequilibrium (LD) with at least one of the ADH genic variants (r2 > 0.8). 

Three of these variants are novel and not found in dbSNP (National Center for 

Biotechnology Information, 2013). The alternative allele frequencies of the sixty-nine (69) 

variants that were positively associated with the phenotype were significantly higher in our 

samples than those in the 1000 Genome Project (1000 Genomes Project Consortium et al., 

2012), while the three negatively associated variants had slightly lower allele frequencies 

than those in the 1000 Genome Project (data not shown).

To further understand the relation between the significant variants and the Native American 

ancestry and their potential impacts on the phenotype, we stratified the samples by their 

degrees of local NA ancestry and their levels of severity, i.e., the number, of alcohol 

dependence drinking symptoms. Figure 2A shows a histogram of samples in the first and the 

fourth quartiles of NA ancestries around the ADH regions. The first quartile by degree of 
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estimated local NA ancestry is considered as having a low degree (≤ 12%) of NA heritage, 

while the fourth quartile a high degree (≥ 73%). The number of alcohol dependence drinking 

symptoms ranged from 0 to 4. For each of the significant variants, we obtained its 

alternative allele frequencies in each of the sample subsets: samples of low or high NA 

heritages at various levels of dependence drinking symptoms (Figure 2B). Alternative allele 

frequencies in samples of high (H) or low (L) NA heritages and having 4 (h) or 0 (l) 

dependence drinking symptoms are also listed in the last four columns (Hh, Hl, Lh, Ll) of 

Table I. Note that for variants positively associated with the dependence drinking 

phenotype, the samples of high NA heritage had higher alternative allele frequencies than 

those of low NA heritage, suggesting that these variants were more prevalent in the Native 

Americans. Further, in the samples of high NA heritage, those having the largest number of 

dependence drinking symptoms (Hh) had higher allele frequencies than those having no 

drinking symptoms (Hl). In contrast, the three ADH7 variants that were negatively 

associated with this phenotype seemed more prevalent in the samples of low NA heritage 

and became rare in those of high NA heritage (Figure 2D). For each variant, we also 

regressed allele frequency on the dependence drinking variable for samples of low or high 

NA heritages respectively. Boxplots of the slopes of the linear regression lines are shown in 

Figure 2C for the 69 variants that were positively associated with the phenotype. The slopes 

for samples of high NA heritage were all positive and significantly higher than those of low 

NA heritage (p-value < 10−4), suggesting that they may represent risk factors for 

dependence drinking symptoms in the NA population, particularly of those with higher NA 

heritage.

One variant in ADH1C and one variant in ALDH2 were found to be significantly positively 

associated with DSM-IV alcohol dependence (Table I: ph=D). The last four columns of 

Table I list the alternative allele frequencies of these two variants in the subsets of samples 

having high NA heritage and being diagnosed with or without alcohol dependence (Hh, Hl), 

or having low NA heritage and with or without alcohol dependence (Lh, Ll). Of note, SNP 

rs1497372 (4:100253409) of ADH1C appeared to be significantly associated with both the 

severity level of dependence drinking symptoms (S) and alcohol dependence (D) 

phenotypes. The other significant variant, rs190914158 in ALDH2, had a low allele count in 

the sampled population (see last row in Table I). It appeared even rarer in the 1000 Genomes 

Project with a minor allele frequency of 0.0009, corresponding to two alleles out of 1092 

total genomes. In contrast, we found that thirty (30) subjects in our 697 analyzed samples 

were heterozygous and one homozygous for this variant. Figure 3A shows the distribution of 

alcohol dependence in samples with high or low local NA ancestry. In the samples of low 

NA, there was only one heterozygous subject on variant rs190914158, who was alcohol 

dependent. In the samples of high NA heritage, there were the one homozygous who was 

alcohol dependent, and 15 heterozygous samples, 13 of whom were alcohol dependent, and 

two not dependent.

Seventeen (17) variants showed significant association with the largest number of alcoholic 

drinks consumed in a 24-hour period (Table I: ph=M), of which ten (10) variants were 

negatively associated with the phenotype. Most of the associated variants were in the 

intergenic region between ADH1C and ADH7, and nine of the ten negatively associated 
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variants were downstream of ADH7. The majority of variants were in weak LD with 

variants in either ADH1C or ADH1B with r2's between 0.15 and 0.20, with the exception of 

rs6813954 which was in LD with variants in ADH1A (r2=0.41). To examine the potential 

contribution of ancestry to the phenotype, we again stratified the samples by their degrees of 

local Native American ancestry and their phenotype magnitudes. Because the maximum 

number of drinks consumed in a 24-hour period was not categorical, we binned the samples 

into five roughly equal-sized groups. For each bin, the samples were further split by the 

quartiles of the degree of local NA ancestry. Figure 4A shows a histogram of samples in the 

first (low degree) and the fourth (high degree) quartiles of NA ancestry of the binned 

samples. The last four columns of Table I list the alternative allele frequencies of these 

variants in the subset samples having high (H) or low (L) NA heritage and in the two 

extreme (l: ≤ 10 or h: ≥ 40) bins. Figure 4B shows the allele frequencies of the variants that 

were negatively associated with the max drink phenotype in each of the sample subsets. 

Figure 4C shows the allele counts of the samples in the two extreme bins, maximum drink ≤ 

10 and ≥ 40, for one of the negatively associated variant rs6813954 located between ADH6 

and ADH1A. The allele counts in each of the categories were strikingly different. 

Normalized allele frequencies of the samples with high degree of NA heritage were 0.0109 

for the subset of samples having no fewer than 40 max drinks or 0.0645 for the subset of 

samples having no more than 10 max drinks respectively, and 0.6406 and 0.7955 

respectively for the samples of low degree NA. The allele frequency of this variant is 0.6648 

in the 1000 Genomes Project. The ADH7 variants exhibited similar but less striking 

differences (Figure 4B).

4 Discussions

The primary aim of the present study was to investigate the relations between alcohol 

dependence and genetic variants in the seven alcohol dehydrogenase genes (ADH7-

ADH1C-ADH1B-ADH1A-ADH6-ADH4-ADH5) and two aldehyde dehydrogenase genes 

(ALDH1A and ALDH2) responsible for encoding the primary enzymes responsible for 

alcohol metabolism. In addition to DSM-IV-defined alcohol dependence, we conducted 

association analyses with a count of dependence drinking symptoms phenotype, a count of 

alcohol withdrawal symptoms, and a lifetime estimate of the largest number of alcoholic 

drinks consumed in a 24-hour period.

Ninety (90) variants showed significant evidence of association with one of the phenotypes 

(72 ADH variants for alcohol dependence drinking symptoms; 17 for the largest number of 

alcoholic drinks consumed in a 24-hour period; rs1497372 of ADH1C and rs190914158 of 

ALDH2 for alcohol dependence). Many of the significant variants are in non-coding 

regions, suggesting that they might be potentially involved in regulatory functions. No 

variant was significantly associated with alcohol withdrawal symptoms. Of note, most of the 

loci showed associations related to increased risk for the measured alcohol use phenotypes, 

though a subset of 13 loci showed protective effects against the development of these 

phenotypes. One of these variants, rs6813954, is located between ADH6 and ADH1A with 

the remaining 12 located in or near ADH7, suggesting a potential protective effect of 

variants within this gene. Of the seven ADH genes, ADH7 codes for the enzyme with the 

highest maximal activity for ethanol, and it is expressed in stomach rather than liver. 
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Previous studies have suggested that ADH7 plays a protective role against alcoholism 

(although the protect variant reported was an intronic SNP), potentially through an epistatic 

interaction with another variant in the region, and that its effect cannot simply be explained 

by LD with other nearby ADH gene variants (Han et al., 2005; Osier et al., 2004).

Several genome-wide association studies and subsequent replication studies have also 

supported the involvement of the ADH gene cluster in the development of alcohol use 

phenotypes (e.g., Frank et al., 2012; Gelernter et al., 2013; Park et al., 2013). The present 

study provides further support for this association; however, there has been a lack of 

consistency across studies in terms of the specific genes within the ADH cluster and the 

specific SNPs within those genes that show the strongest evidence for association. A likely 

explanation for this lack of consistency is the extent of LD in the region spanning multiple 

ADH genes, thus making it difficult to identify the causal variants.

Given that an aim of the present study was to examine genetic risk factors for alcohol use 

phenotypes that might be specific to Native American populations, we identified three 

variants that had not been reported in dbSNP and may be novel to the Native American 

population under study. These variants were all located in intronic regions and thus, their 

potential impact on ADH gene function and expression is difficult to determine. The variant 

in ALDH2, rs190914158, that was associated with alcohol dependence showed a 25-fold 

increase in prevalence of its minor allele in our NA samples relative to the populations 

sampled in the 1000 Genomes Project. The variant is a synonymous SNP that is not 

predicted to be damaging by Poly-Phen2 or SIFT, making it difficult to draw strong 

conclusions regarding its role in the development of alcohol use phenotypes.

Although the present report did not identify variants specific to the Native American 

population that could be considered causal, the findings of the present study did suggest that 

there appear to be elevated frequencies of alleles associated with increased risk for alcohol 

use phenotypes and reduced frequencies of alleles associated with protection against alcohol 

use phenotypes. Specifically, we observed that a higher degree of NA ancestry was 

associated with higher level of alcohol dependence drinking, and further, that variants 

associated with alcohol dependence drinking symptoms were more prevalent among 

samples showing higher degrees of NA ancestry at the ADH gene cluster compared to 

samples of lower degrees of NA ancestry in this region. Importantly, this finding was 

significant even after controlling for genome-wide measures of ancestry, suggesting that 

genetic liability for alcohol dependence phenotypes is increased in this region relative to 

other ancestral groups.

In addition to informing molecular genetic studies of alcohol use studies in Native 

Americans, these results have broader practical implications for sequencing studies being 

conducted in admixed populations. The NA community samples under investigation in this 

report presented a unique analytic challenge because of underlying population substructure 

and complex, extended pedigree structures. To address this, we used a mixed model 

approach as implemented in EMMAX given that mixed models are thought to be a practical 

and comprehensive approach that simultaneously addresses confounding effects resulting 

from population stratification, family structure and cryptic relatedness (Price et al., 2010). 
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We supplemented this approach, which considers these factors at the genome-wide level, 

with a unique set of analyses that included local ancestry information to evaluate whether 

differences in origin of a specific chromosomal region could be associated with alcohol use 

phenotypes. As additional admixed populations are studied using sequencing technologies, 

we believe this approach may provide further insights into the genetic architecture of 

complex disease across different ancestral groups.

Despite the potential impact of these findings, some limitations should be noted. First, many 

SNPs within the candidate gene region showed high levels of LD with one another. As a 

result, treating each test as independent when correcting for multiple comparisons, as was 

done in the present report using the Benjamini–Hochberg FDR, may have been overly 

conservative. While this approach provided strong protections against Type I errors, we 

believe that a less conservative approach that estimates the number of independent tests as a 

function of LD and provides a critical p-value based on this calculation as suggested by 

(Nyholt, 2004) and (Li et al., 2012) may have yielded more statistical power for the present 

analyses. Second, we examined only a couple of genomic regions in the present report. 

Given that alcohol dependence is a complex disorder and its genetic component is likely 

resulting from polygenic effects (Whitfield et al., 1998), we intend to extend our 

investigations to the complete genome in future studies, including investigations into both 

common and relatively rare variants.

In summary, the present study suggests that low-coverage WGS combined with ancestry and 

admixture analyses can identify significant variants associated with alcohol dependence 

phenotypes in the regions of the major alcohol metabolizing enzymes. Our results taken 

together suggest that a higher degree of Native American ancestry is associated with higher 

frequencies of potential risk variants and lower frequencies of potential protective variants 

for alcohol dependence phenotypes in these gene regions. Incorporating information 

concerning a persons ADH gene profile may be useful information to provide to members of 

this population in prevention programs that are targeting high-risk drinking behaviors.
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Figure 1. 
Global and local Native American ancestry estimates. (A) Native American (NA) ancestry 

distribution in the samples. Global ancestry was estimated using variants distributed across 

the whole genome; local ancestry was estimated using variants in and around each of the 

candidate regions (ADH, ALDH1A1, ALDH2). (B) Local NA ancestry of the ADH region 

plotted against global NA ancestry of all samples, each point representing an individual 

(Pearson's r = 0.55).
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Figure 2. 
Samples stratified by degree of local NA ancestry and the severity level of alcohol 

dependence drinking symptoms. (A) Alcohol dependence drinking symptoms of samples 

with low and high NA heritages. (B/D) Alternative allele frequencies of 69/3 significant 

variants positively/negatively associated with dependence drinking in each sample subset. 

Each line represents a variant. (C) Linear regression of allele frequencies of significant 

variants (positively associated with dependence drinking) in samples of low and high NA 

heritages onto the number of dependence drinking symptoms.
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Figure 3. 
Samples stratified by degree of local NA ancestry and the alcohol dependence diagnosis. (A) 

Alcohol dependence of samples with low and high NA heritages. (B) Alternative allele 

frequencies of 2 significant variants positively associated with alcohol dependence in each 

sample subset.
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Figure 4. 
Samples stratified by degree of local NA ancestry and the maximum drinks (md) ever 

consumed in a 24-hour period. (A) Maximum drinks in 24-hour of samples with low and 

high NA heritages. (B) Alternative allele frequencies of 10 significant variants negatively 

associated with max drink phenotype in each sample subset. (C) Allele counts of a 

potentially protective variant in each sample subset (md = maximum drinks).
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