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ABSTRACT 

Title of Thesis: Associations of Rare Variants Underlying Depressive Symptoms in the 

Old Order Amish Founder Population 

Jayme Choe, Master of Science, 2022 

Depressive disorders are among the leading causes of disability worldwide.  

Genome-wide association studies of common variants of depressive disorders have 

identified 178 risk loci, yet mechanisms remain elusive due to the very small effects of 

common variants. Certain rare variants may have larger effects, but exome and genome 

sequencing studies to date have been underpowered to detect effects of specific rare 

variants.  One approach to address these limitations is to utilize population isolates, like 

the Old Order Amish (OOA), in which certain rare variants become enriched due to the 

population bottleneck effect.  This study aimed to identify rare variants associated with 

depressive symptoms, utilizing whole exome sequencing (WES) and phenotypic data 

from two OOA cohorts (N = 5,052), the Amish Wellness Study and the Amish 

Connectome Project.  We identified five significant SNP-depressive symptoms 

associations.  Case-series phenotyping revealed high depressive symptoms screening 

scores across carriers of each variant compared to non-carriers. 
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Chapter 1: Background/Purpose 

1.1 Depressive Disorders  

Depression is a disabling and complex mood disorder with an estimated, global 

lifetime prevalence rate of 10.9%, contributing significantly to the global burden of 

disease1.  According to the Diagnostic and Statistical Manual for Mental Disorders 5th 

edition (DSM-5), there are different depressive disorders2, although major depressive 

disorder (MDD) and persistent depressive disorder (PDD) are the most common, with 

estimated lifetime prevalence of 17% and 3%, respectively, in the United States (U.S.)3.  

Past studies have found consistent gender differences in rates of affection for both MDD 

and PDD, globally and in the U.S., such that prevalence rates are 2 times higher in 

women than in men4,5.  Additionally, past studies have shown lifetime prevalence rates of 

MDD and PDD increase from ages 18 to ~ 60 years old before declining3,6.   

 

1.2 Symptoms of Depressive Disorders  

Primary symptoms of depression include anhedonia and dysphoria2.  Anhedonia 

is defined as decreased ability to experience pleasure, whereas dysphoria is defined as the 

state of feeling sad, depressed, and hopeless2.  Although the primary symptoms for MDD 

and PDD are shared, the severity and duration of these symptoms differ greatly.  

Individuals diagnosed with MDD experience symptoms most of the day, every day, and 

for at least 2 weeks, while those diagnosed with PDD experience symptoms most of the 

time, over the span of at least 2 years2.  Secondary symptoms of depression include 

disturbances in sleep patterns, changes in appetite and/or weight, difficulty concentrating 

or making decisions, fatigue or lethargy, psychomotor changes, increased sense of 
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worthlessness or guilt, and recurrent suicidal ideations or attempts2.  For MDD, clinical 

diagnosis requires the individual experience at least 4 of these secondary symptoms, 

while PDD requires at least 22. 

 

1.3 Screening Instruments for Depressive Symptoms 

Many instruments screening for frequency and intensity of depressive symptoms, 

and subsequently severity of depression, have been well-established.  Because recurrent 

suicidal ideations or attempts are secondary symptoms of depression2, screening 

instruments may also indicate suicide risk7,8.  With depression being the leading cause of 

unnatural and premature deaths9, developing more effective measures of suicide risk is a 

crucial step towards addressing high suicide rates among individuals with depression.  

Patient Health Questionnaire 2-item (PHQ-2) is a self-reported questionnaire designed for 

adults to assess the frequency of primary depressive symptoms (anhedonia and 

dysphoria), within the past 2 weeks, and the likelihood of MDD2,10,11.  Responses to the 2 

items (e.g., little interest or pleasure in doing things and feeling down, depressed, or 

hopeless) are reported on a scale from “not at all” (score = 0) to “nearly every day” (score 

= 3), with a minimum score of 3 indicating likelihood of MDD10.  Despite how short the 

PHQ-2 is relative to other depressive symptom screening instruments, it has high 

sensitivity and specificity (95% CI) at 0.91 and 0.67, respectively11.  Beck’s Depression 

Inventory (BDI) is another commonly used self-report questionnaire to assess for severity 

of depression in adolescents and adults based on the intensity of depressive symptoms13.  

It was developed in 1961 but has since undergone several revisions13.  The latest version, 

BDI-II, consists of 21-items about depressive symptoms in the past 2 weeks, with 
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response scores between 0 (not at all) to 3 (extreme)13.  BDI-II total scores indicate 

severity of depression from minimal depression (0-13), mild depression (14-19), 

moderate depression (20-28), to severe depression (scores 29-63)13.  Maryland Trait and 

State Depression scale (MTSD) is a 36-item, 5-point Likert scaled, self-rated 

questionnaire, with 2 sections (state and trait), that was designed to measure frequency 

and severity of current and recurrent depressive symptoms in adults, reflective of 

diagnostic criterion for MDD per the DSM-V2,14.  The State Scale consists of 18 items 

about depressive symptoms experienced within the past seven days (e.g., it is hard for me 

to feel happy, I have lost interest in enjoyable activities, my appetite changes a lot 

depending on my mood, I cry because my mood is low, I feel that I want to die), with 

responses ranging from “not at all” (score = 0) to “5-7 days” (score = 4)14.  The Trait 

Scale is structured similarly, but focuses on depressive symptoms experienced throughout 

adulthood, defined as 12 years to current age, (e.g., it has been hard for me to feel happy 

throughout my life, I have felt less interested in enjoyable activities than my peers, I often 

lose my appetite when my mood is low, I cried often because my mood was low, I have 

felt that I wanted to die), with responses ranging from “never” (score = 0) to 

“experienced many times in a month for almost every month of my adult life” (score = 

4)14.  Test-retest reliability yielded high state depression and trait depression intraclass 

correlation coefficients (0.82 and 0.78, respectively), showing good reliability of 

MTSD14.  

 



 

 
4 

1.4 Genetics of Depressive Disorders 

Meta-analysis of twin studies indicate a heritability of approximately 35-45% for 

MDD, with no significant gender differences in heritability15.  Recent genome-wide 

association studies (GWAS) focusing on common variants have identified 178 genetic 

risk loci associated with MDD, with 223 independent single-nucleotide polymorphisms 

(SNPs)16.  Despite these findings, like other GWAS of MDD, effect sizes of the identified 

risk variants are small, explaining only approximately 9% of the observed, twin-based 

heritability15-19.  Although studies have found MDD-associated genes implicated in 

neuronal calcium signaling (CACNA1E and CACNA2D1), dopaminergic 

neurotransmission (DRD2), glutaminergic neurotransmission (GR1K5 and GRM5), and 

functions of various brain regions (hypothalamus, (pre)frontal cortex, and anterior 

cingulate cortex) that are known to play crucial roles in depression phenotypes, causal 

gene and variant relationships with depression phenotypes remains unclear16-19.  This 

highlights the need for further biological and functional assessment of prioritized genetic 

risk loci.  In addition, other studies have attempted to explain the pathophysiology of 

MDD through GWAS of anhedonia.  However, variants and anhedonia-associated genes 

identified in these studies were underpowered or not genome-wide significant20,21.  Thus, 

the overall genetic architectures of MDD still remain unclear19. 

  Genetic studies of rare variants, through exome sequencing, have become a major 

research domain in psychiatric genetics.  Unlike common variants, rare variants often 

yield larger risk effects and increased statistical power of genotype-phenotype 

associations22.  Past studies have indicated significant associations between rare variants 

and neuropsychiatric phenotypes, such as schizophrenia, bipolar spectrum disorders, and 
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neurodevelopmental disorders23-25.  For example, one case-control study examining 

variants underlying schizophrenia found a significantly associated de novo, non-

synonymous variant in SETD1A23.  Moreover, researchers found that variations to 

SETD1A are highly specific to affected individuals, including those with severe 

neurodevelopmental phenotypes, and virtually non-existent in the general population23.  

Although previous findings indicate the importance of rare variant association studies of 

neuropsychiatric disorders, literature search reveals very limited, underpowered, or 

irreproducible rare variant association studies in the context of depressive disorders 

and/or depressive symptom phenotypes26-29.  Given that depression is one of the leading 

contributors to the global burden of disease1, research prioritizing the examination of the 

genetic underpinnings of depression through exome sequencing for rare variants may be 

an important approach.   

 

1.5 Brief History of the Amish 

In the 1500s, a radical Anabaptist movement (or reformation) took place, 

spanning several countries across Europe30.  The Anabaptists are a religious group that do 

not believe in infant baptism30.  They also practice endogamy, which is the practice of 

marriage only within a subgroup, like religious sects30.  In Switzerland around the 1520s, 

an Anabaptist sect called the Swish Brethren emerged30,31.  However, within this sect, 

disputes arose between two leaders, Jakob Ammann and Menno Simon, regarding 

religious practices.  This prompted Jakob Ammann, who was in favor of more 

conservative practices, to split from the Menno Simons in the late 17th century, marking 

the origins of the Amish, a term used to describe followers of Ammann30.  In the late 18th 
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century, a few hundred Amish settled in Lancaster County, Pennsylvania and parts of the 

Midwest32.  Since the initial settlement, the Amish have further divided and expanded 

into Old Order and Amish-Mennonites32.  Over the years, other Anabaptist sects have 

settled throughout Northern America, but the Amish population in Pennsylvania remains 

the largest32.  Today, the Old Order Amish (OOA), in Lancaster County, have grown 

their population from the few hundred founding members to over 41,000 individuals, 

making up nearly 50% of the total Amish population in Pennsylvania32. 

 

1.6 Genetics Research in the Amish  

Genetic studies on the Amish began in the 1960s with researchers Victor 

McKusick, John Hostler, and Janice Egeland30.  They described the many advantages of 

studying the Amish compared to studies on the broader population33.  Because endogamy 

is the way of life for the Amish, and very few outside members ever join these 

populations, the founder effect offers researchers the ability to traced back low-

frequency, pathogenic alleles to the founding members, that settled in the U.S., and with 

minimal genetic variations, aside from random genetic drift33,34.  Another important 

feature to working with these population isolates is that otherwise rare, pathogenic alleles 

become enriched due to population bottleneck, increasing the frequency of autosomal 

recessive disorders and the power of genotype-phenotype associations33.  Since 

researchers recognized the unique benefits of the Plain people, many genetic studies have 

been conducted with significant discoveries.  For example, in one study, researchers 

found that the loss of function CYP2C19*2 variant in OOA patients with acute coronary 

syndromes can reduce therapeutic effects of clopidogrel, a commonly used therapy that is 
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supposed to help prevent cardiovascular disease-associated events35.  Researchers 

studying psychiatric genetics have also taken interest in the many advantages population 

isolates, like the Amish, offer.  

 

1.7 Psychiatric Genetics in the Amish 

The unique, environmental and cultural homogeneity of population isolates has 

prompted researchers to also study complex traits such as neuropsychiatric disorders in 

the Amish.  Janice Egeland was among the first researchers in this field, leading 

groundbreaking work on affective (or mood) disorders in the late 1900s, specifically 

bipolar disorders in the OOA of Lancaster County, PA33.  Through GWAS and linkage 

analyses using nuclear families, Egeland and her collaborators identified potentially 

protective allele markers, against the development of bipolar spectrum disorders, on 

chromosomes 4q, 4p, and 11q36.  Another study sampled 26 Amish subjects, of whom 10 

had bipolar spectrum disorders and 4 had other major affective disorders37.  They 

analyzed exome sequencing data and identified 10 candidate pathogenic variants 

associating with major affective disorders37.  These candidate variants were then 

replicated in a second Amish cohort consisted of 340 subjects; 93 subjects had a major 

affective disorder of whom 78 had bipolar spectrum disorders37.  The researchers found 

the most highly enriched variant was KCNH7 p.Arg394His, and 32% of subjects in the 

replication cohort with bipolar spectrum disorders were carriers of this variant37.  

However, very few studies have examined the pathophysiology of depressive disorders in 

the Amish. 
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1.8 Purpose of the Study 

The aim of our study was to discover associations of rare variants with depressive 

symptoms, utilizing exome sequencing and phenotypic data from Amish cohorts.  

Participants for this study were previously recruited in two separate Amish cohorts and 

consist of individuals primarily from the Old Order Amish community in Lancaster 

County, PA.  Variants identified by exome sequencing from both cohorts were meta-

analyzed to detect associations with depressive symptoms.  Case-series phenotyping of 

top-scoring variants was conducted to further assess the effects of each top-scoring SNP.   
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Chapter 2: Methodology 

2.1 Participant cohorts 

2.1.1 Amish Wellness Study (AWS) 

 The Amish Wellness Study (AWS) spanned from 2010 to 2018 and was led by 

Toni Pollin at the University of Maryland School of Medicine.  Participants over the age 

of 18 from Lancaster County, Pennsylvania, belonging to OOA families, were recruited 

as previously described38.  AWS participants (N = 4,484; 1,919 males and 2,565 females) 

were screened for anhedonia and dysphoria using a modified PHQ-2.  Whole exome 

sequencing (WES) of DNA samples from all 4,484 participants was conducted through 

Regeneron Genetics Center (RGC), as previously described39.   

 

2.1.2 Amish Connectome Project (ACP)  

The Amish Connectome Project (ACP) spanned from 2015 to 2020 and was led 

by L. Elliot Hong and Peter Kochunov at the University of Maryland School of Medicine.  

ACP participants (N = 568; 239 males and 329 females) were recruited from OOA or 

Mennonite families located in Lancaster County, Pennsylvania, and parts of Maryland.  

Those with a history of neurological disorders or other major medical conditions were 

excluded from the study.  Primary diagnostic information for ACP participants were 

collected through Structured Clinical Interviews for DSM-IV and V (SCID), 

administered by trained clinicians.  Two self-reported questionnaires, the Beck 

Depression Inventory (BDI-II) and the Maryland Trait and State Depression Scale 

(MTSD), were used to assess for current and recurrent depressive symptoms.  WES of 

DNA samples from all 568 participants was conducted through RGC. 
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2.2 Screening Instruments 

2.2.1 Modified PHQ-2  

AWS participants were administered a modified version of the 2-item Patient 

Health Questionnaire (PHQ-2), assessing for frequency of anhedonia and dysphoria.  

This modified PHQ-2 required participants to indicate “yes” or “no” to past or current 

experiences with the core symptoms of depression, anhedonia and dysphoria.  

Specifically, to assess anhedonia, participants were asked whether they had been 

bothered by problems involving “little interest or pleasure in doing things.”  To assess 

dysphoria, participants were asked whether they had been bothered by problems 

involving “feeling down, depressed or hopeless.”  AWS participants who answered “yes” 

to either question were categorized as Positive, indicating some level of experience with 

symptoms.  Those who answered “no” were categorized as Negative, indicating never 

experienced symptoms.   

 

2.2.2 Clinical Diagnoses through SCID 

 ACP participants were administered SCID to assess Axis I and Axis II mental 

health disorders, as previously described40.  Primary diagnoses of mood disorders were 

prioritized: recurrent MDD (MDDR; n = 95), single episode major depression (SEMD; n 

= 4), PDD (n = 7), recurrent bipolar disorders (BD)-I (n = 28) and -II (n = 4), and 

schizoaffective disorder bipolar (SABP; n = 4) and depressive types (SAMD; n = 1).  

From these clinical diagnoses, case series phenotyping was conducted for the top 

associated SNPs.  Cases were defined as individuals diagnosed with any of the prioritized 

mood disorder.  Controls were defined as individuals with primary diagnoses other than 
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the prioritized mood disorders (such as schizophrenia, autism spectrum disorders, anxiety 

disorders, substance use disorders, and eating disorders), as well as those with no 

diagnoses. 

 

2.2.3 BDI-II Scores 

 ACP participants were administered the 21-item, self-reported questionnaire, 

BDI-II41, assessing for current depressive symptoms.  This measure was administered by 

trained individuals from the ACP study, as previously described40.  BDI-II total scores 

were recorded and used for depression state meta-analyses. 

 

2.2.4 MTSD Scores 

As previously described40, ACP participants were administered the 36-item, 5-

point Likert scaled, self-rated questionnaire, MTSD14, to measure frequency and severity 

of depressive symptoms, reflective of diagnostic criterion for MDD per the DSM-V2,14.  

The total scores for each section of MTSD, trait and state, were recorded separately for 

depression trait and state meta-analyses.   

 

2.3 Statistical Analyses 

 We identified 172 participants who were recruited into both AWS and ACP 

participant cohorts.  Using this overlap, we assessed the overall performance of the 

modified PHQ-2 relative to more detailed phenotypic assessments from ACP.  First, the 

PHQ-2 was assessed for its ability to precisely predict participants diagnosed with severe 

mood disorders: MDDR and BD.  Next, the rate of true positives was calculated as the 
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percentage of participants diagnosed with severe mood disorders who also indicated 

some level of experience with anhedonia and dysphoria.  These results were further 

analyzed for statistical significance using Fisher’s exact tests (p < 0.05).  Finally, we ran 

correlation tests, reported as Pearson’s correlation coefficients (p < 0.05), between PHQ-

2 responses and BDI-II and MTSD trait scores.   

The 172 participants found in both cohorts were removed from AWS, but kept in 

ACP for the following analyses.  Additionally, there were 136 Mennonite participants in 

ACP who were removed prior to the following analyses.  We analyzed WES from AWS 

and ACP participants to select non-synonymous and loss-of-function variants that are 

rare in the broader population and predicted to be deleterious to the function of a protein-

coding gene.  Hardy-Weinberg Equilibrium (HWE) was applied to the larger cohort 

(AWS) to eliminate variants with a p-value less than 1.0E-06.  Based on this filter, a total 

of 590,453 variants from AWS was analyzed and none were filtered out.  HWE was not 

applied to the 392,969 variants from ACP.  Variants were then annotated using the 

Ensembl Variant Effect Predictor (VEP)42 (release 105).  We retained loss-of-function 

variants defined as having a moderate or high impact on a GENCODE gene models (i.e., 

non-synonymous, splicing, and protein-truncating variants); global allele frequencies 

(AF) less than 0.0001 in both the Genome Aggregation Database (gnomAD v2.1.1 

exomes) and in 1000 Genomes Phase 3; and Combined Annotation Dependent Depletion 

(CADD) Phred scores ≥ 20 (i.e., variants predicted to be in the top 0.1% most deleterious 

genome-wide). Among these variants, we analyzed those with a total allele count (AC) ≥ 

25 in our sample, including AC ≥ 4 in both AWS and ACP.   
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 We tested for associations of each variant with depression state and trait 

phenotypes, assessed in AWS and ACP through a genome-wide association study meta-

analysis. Generalized linear mixed model association tests implemented with GMMAT43 

were used to assess associations for specific variants identified by WES separately in 

each trait, followed by meta-analysis of the two cohorts. Covariates that were adjusted for 

included sex, age, and a Balding-Nichols empirical kinship matrix computed using the 

emmax-kin function from the EMMAX software package44. Phenotypes used for AWS 

cohort include Current and Lifetime history, and those used for ACP cohort include BDI-

II scores and MTSD trait scores.  A square root transformation was applied to MTSD 

Trait scores to improve normality.  Second, a depression state meta-analysis was 

conducting using Current and BDI-II scores, with the meta-analysis function of 

GMMAT43.  A depression trait meta-analysis was conducted using Lifetime history and 

square root transformed MTSD Trait scores, in the same manner as depression trait meta-

analysis.  Lastly, carriers of the top 3 SNPs were identified in the ACP cohort for case 

series exploration of relevant clinical diagnoses.  
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Chapter 3: Results 

3.1 Breakdown of Depressive Phenotypes within each Participant Cohort 

3.1.1 AWS Participant Cohort Phenotypes 

 A total of 4,484 AWS participants were administered the PHQ-2 survey regarding 

their experience with depressive symptoms, either currently or in the past.  A total of 750 

participants reported a lifetime history of depressive symptoms (either current or past), of 

whom 188 reported current symptoms (regardless of any past symptoms).  Together, 

Current and Lifetime history were categorized as Positive (Table 1).  There were 3,577 

participants who reported never experienced symptoms and were categorized as 

Negative.  For unknown reasons, 157 participants were missing PHQ-2 data.  We 

observed sex and age differences in reports of depressive symptoms (Table 1).  

Downstream analyses considered two endpoints: depression state and depression trait.  

Depression state included measures of current depressive symptoms as measured by 

PHQ-2, BDI-II, and MTSD state, while depression trait included measures of lifetime 

history (or recurrent) depressive symptoms as measured by PHQ-2 and MTSD trait.  

Therefore, for these analyses, Current (N = 188) and Lifetime history (N = 750) were 

used as the depression state and trait phenotypes from AWS, respectively.   

 

3.1.2 ACP Participant Cohort Phenotypes  

 ACP participants with a primary diagnosis of a mood disorder (MDDR, PDD, 

SEMD, BD-I and BD-II, SABP, or SAMD) were categorized as Affected (n = 143; Table 

2).  Participants with no diagnoses were categorized as Unaffected (n = 348).  Excluded 

from Table 2 are those with other (n = 75) and missing diagnoses (n = 2).  Additionally, 
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BDI-II and MTSD scores were reported for each participant.  Using Welch’s t-test, we 

confirmed the mean scores for BDI-II, MTSD state, and MTSD trait were significantly 

higher in Affected compared to Unaffected (Table 2).  For downstream analyses, we used 

BDI-II and MTSD state scores as the ACP depression state phenotype and MTSD trait 

scores as the depression trait phenotype.   

 
 

Table 1. AWS Participant Cohort  
 

Total Participants 
(N = 4,484) Positive (n = 750)  

Negative 
(n = 3,577) 

Sex (%)    

males 1,919 (43%) 273 (36%) 1,563 (44%) 

females 2,565 (57%) 477 (64%) 2,014 (56%) 

Age (%)    

18-27 852 (19%) 154 (21%) 698 (20%) 

28-37 1,098 (24%) 212 (28%) 886 (25%) 

38-47 851 (19%) 145 (19%) 706 (20%) 

48-57 646 (14%) 122 (16%) 524 (15%) 

58-67 469 (10%) 68 (9%) 401 (11%) 

68-77 314 (7%) 36 (5%) 278 (8%) 

> 78 83 (2%) 9 (1%) 75 (2%) 
Positive defined as participants indicating some level of experience with anhedonia or 
dysphoria, including Lifetime history (n = 750) and Current (n = 188).  Negative defined 
as participants indicating never experienced anhedonia or dysphoria.   
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Table 2. ACP Participant Cohort 
 

Total Participants 
(N = 568) 

Affected 
(n = 143) 

Unaffected 
(n = 348) 

p 

Sex 239 (42%) 51 (36%) 154 (44%) 0.087a 

Age (± SD) 41.63 (±17.74) 42.88 (±14.86) 41.45 (±18.74) 0.416b 

BDI-II scores  --- 9.35 (±7.75) 3.82 (±4.26) < 0.001c 

MTSD State 
scores 

--- 9.30 (±11.60) 2.24 (±4.21) < 0.001c 

MTSD Trait 
scores 

--- 20.37 (±12.51) 5.01 (±6.21) < 0.001c 

Affected defined as participants diagnosed with MDDR, PDD, SEMD, BD-I, BD-II, 
SABP, or SAMD.  Unaffected defined as participants with no psychiatric diagnosis.  Sex 
reported using only males (% of n).  ap-value obtained using Fisher’s Exact test at 95% 
CI comparing Affected vs. Unaffected.  bp-value obtained using unpaired t-test at 95% CI 
comparing Affected vs. Unaffected.  cp-values obtained using Welch’s t-test at 95% CI 
comparing Affected and Unaffected.  Excluded participants with other diagnoses (n = 75) 
and missing diagnoses (n = 2).   
 

 

3.2 Validation of the Modified PHQ-2 

 We validated the PHQ-2 depressive symptoms phenotypes using DSM-V 

diagnoses and quantitative depressive symptoms scales available for 172 individuals who 

participated in both AWS and ACP.  First, we calculated the precision (positive 

predictive value) and recall (sensitivity) for self-reported Current (N = 4) and Lifetime 

history (N = 32) of depressive symptoms, using mood disorder diagnoses obtained 

through SCID (Table 3).  Precision was defined as the PHQ-2’s ability to predict 

participants diagnosed with severe mood disorders: MDDR or BD.  Recall was defined as 

the rate of participants with MDDR or BD who also indicated some level of experience 



 

 
17 

with anhedonia or dysphoria.  We found that self-reported Current symptoms had 75% 

precision for predicting MDDR  

 
 
 
Table 3. Concordance between Mood Disorder diagnoses and PHQ-2 Positive 
phenotypes 
 Non-severe Mood Disorders Severe Mood Disorders 

Current 1 3 

Lifetime history 13 19 

Only reporting number of participants who are Current (N = 4) and Lifetime history (N = 
32) positive.  Severe mood disorders defined as MDDR and BD diagnoses.  Non-severe 
mood disorders defined as all other mood disorder diagnoses not MDDR and BD.   
 

 

and BD diagnoses, but only 8% recall (Table 3).  This performance was only marginally 

significant, primarily due to the small sample size (N = 4, odds ratio = 8.6, p-value = 

0.06).  Self-reported Lifetime history of depressive symptoms on the PHQ-2 yielded 59% 

precision and 50% recall for MDDR and BD diagnoses in this sample.  This performance 

was significant (N = 32, odds ratio = 6.8, p-value = 8.7E-6).  In addition, we assessed the 

performance of the modified PHQ-2 compared to quantitative depressive symptom scales 

used in ACP, we conducted a series of correlation tests between Current and Lifetime 

history, and BDI-II and MTSD state and trait scores (Table 4).  A square root 

transformation was applied to MTSD scores to improve normality.  We observed 

significant depression state phenotype correlations between Current and BDI-II scores (r 

= 0.31, p-value = 5.47E-4) and depression trait phenotype correlation between Lifetime 

history and transformed MTSD trait scores (r = 0.40, p-value = 2.45E-7).  To better 

visualize the most significant correlations, we generated boxplots comparing the 
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distribution of median scores, as shown in Figure 1.  The median score for BDI-II was 

significantly higher (Mann-Whitney U = 53.5; exact p = 0.0036 two-tailed at 95% CI) 

among participants who indicated ‘yes’ to Current symptoms (N = 4; median = 12) 

compared to those who indicated ‘no’ (N= 116; median = 3; Figure 1A).  Similarly, in 

Figure 1B, the median score for raw MTSD trait scores was significantly higher (Mann-

Whitney U = 1125; exact p < 0.001 two-tailed at 95% CI) in participants indicating ‘yes’ 

to Lifetime history of symptoms (N = 40; median = 13) compared to those indicating ‘no’ 

(N = 119; median = 3).  To conclude, the modified PHQ-2 performed statistically 

significantly as a predictor of severe mood disorders in Lifetime history and marginally 

for Current.  Furthermore, Current and Lifetime history were significantly correlated with 

ACP depression state phenotype (BDI-II scores) and depression trait phenotype (square 

root transformed MTSD trait scores), respectively.   Therefore, these phenotypes were 

used for downstream meta-analyses.  

 

 
Table 4. Performance Correlation Tests between AWS PHQ-2 and ACP screening 
instruments 
 

Current (N = 6) Lifetime history (N = 44) 

BDI-II scores *r = 0.31, p = 5.5E-4 r = 0.24, p = 2.4E-3 

MTSD State scores  r = 0.27, p = 2.3E-3 r = 0.27, p = 4.8E-4 

MTSD Trait scores  r = 0.23, p = 8.8E-3 *r = 0.40, p = 2.4E-7 
*strongest and most significant correlation between AWS PHQ-2 (top row) and ACP 
screening instruments (most left column). MTSD scores square root transformed. 
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Figure 1. Boxplots comparing the distribution of depressive symptom screening scores as 
it relates to PHQ-2. A. Comparison of the distribution of BDI-II scores between 
participants indicating ‘yes’ (N = 4; median = 12) and ‘no’ (N = 116; median = 3) to 
Current symptoms of anhedonia or dysphoria; Mann-Whitney U-test exact p-value = 
0.0036 two-tailed at 95% CI. B. Comparison of the distribution comparison of square 
root transformed MTSD trait scores between participants indicating ‘yes’ (N = 40; 
median = 13) and ‘no’ (N = 119; median = 3) to Lifetime history of symptoms; Mann-
Whitney U-test exact p-value < 0.0001 two-tailed at 95% CI. 
 

 

3.3 Analysis of WES from AWS and ACP Participant Cohorts 

3.3.1 Association of SNPs to AWS Phenotypes 

 WES containing 590,453 SNPs from AWS were annotated and filtered to include 

only non-synonymous, protein-truncating, and deleterious missense HWE SNPs with 

moderate or high impact, global AF < 0.0001, CADD Phred scores ≥ 20, and AC ≥ 4 in 

AWS.  Generalized linear mixed model association tests were conducted through 

GMMAT to assess associations of SNPs with Current (N = 8,231) and SNPs with 

Lifetime History (N = 8,737), adjusting for age, sex, and empirical kinship.  Following 

association tests between variants and AWS phenotypes, we generated Quantile-Quantile 

A. B. 
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(QQ) plots to visualize the distribution of -log transformed p-values for each SNP as 

observed vs. expected, as well as calculated genomic inflation factors (λgc) through chi-

square tests (Figure 2).  Based on these QQ plots, we observed no genomic inflation for 

Current (λgc = 0.9; Figure 2A) and moderate inflation for Lifetime history (λgc = 1.2; 

Figure 2B).   

 

    

Figure 2. QQ plots for AWS association tests. A. for Current (N = 8,231; λgc = 0.9). B. 
for Lifetime history (N = 8,737; λgc = 1.2) 
 

 

3.3.2 Association of SNPs to ACP Phenotypes 

 WES containing 392,969 SNPs from ACP were annotated and filtered to include 

only non-synonymous and loss-of-function SNPs with moderate or high impact, global 

AF < 0.0001, CADD Phred scores ≥ 20, and AC ≥ 4.  Generalized linear mixed model 

association tests were to assess associations of SNPs with raw BDI-II scores (N = 2,357) 

and SNPs with square root transformed MTSD Trait scores (N = 2,376), adjusting for 

A. B. 
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age, sex, and empirical kinship.  We then generated QQ plots and calculated for genomic 

inflation (Figure 3).  As we did for AWS phenotypes, we observed no genomic inflation 

in SNP-associations with BDI-II scores (λgc = 0.9; Figure 3A).  However, QQ plot for 

SNP-associations with square root transformed MTSD trait scores shows a null 

distribution of -log transformed p-values (λgc = 1.0; Figure 3B). 

 

 

     

Figure 3. QQ plots for ACP association tests. A. for BDI-II scores (N = 2,357; λgc = 0.9). 
B. for square root transformed MTSD Trait scores (N = 2,376; λgc = 1.0) 
 

 

3.4 Meta-analysis of AWS and ACP Phenotypes  

 To identify the top associating SNPs with depression as a state and trait, we meta-

analyzed Current with BDI-II scores (depression state) and Lifetime history with square 

root transformed MTSD trait scores (depression trait). 

 
 

A. B. 
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3.4.1 Depression State Meta-analysis 

 Through the meta-analysis function of GMMAT, we meta-analyzed top 

associating SNPs with Current (AWS phenotype) to top associating SNPs with BDI-II 

scores (ACP phenotype).  In addition to the annotations and filters used in WES analyses, 

we refined our list of SNPs to include those with a total AC ≥ 25 in our meta-analysis 

sample.  A QQ-plot for depression state meta-analysis indicated no genomic inflation 

(λgc = 1.0; Figure 4A).  We identified 3 significant SNPs at a False Discovery Rate 

(FDR) < 10% (Table 5A).  The top-scoring SNP, located on chromosome (chr) 6 position 

93254747 with C to A base substitution (Table 5A), encodes EPHA7 Arg811Leu, a 

deleterious missense variant (CADD = 25.1; Table 5B).  Although enriched in our meta-

analysis sample (AC.meta = 33; Table 5A), this variant was not represented in gnomAD.  

Our next significantly associated SNP, chr7:128723283:G/T, was also a deleterious 

missense variant (CADD = 23.6; Table 5B), encoding FAM71F1 Gln258His.  This 

otherwise rare variant was highly enriched in our meta-analysis sample (AC.meta = 221; 

Table 5A), but appeared outside of the Amish at an extremely low allele frequency 

(gnomAD AF = 3.98E-06; Table 5B).  The last significantly associated SNP, 

chr10:123137543:A/G, was another deleterious missense variant (CADD = 24.2; Table 

5B), encoding HMX3 Ser296Gly.  This variant was not observed in gnomAD.   
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Figure 4. QQ plots for Meta-analyses. A. for Depression State (λgc = 1.0). B. for 
Depression Trait (λgc = 1.1) 
 
 
 
 
Table 5. A. Top 3 association results for meta-analysis of depression state phenotypes 
from AWS and ACP. B. Functional annotations of the top 3 SNPs. 
 
 

 
  

  

B. 

B. A. 

A. 
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3.4.1 Depression Trait Meta-analysis 

 Meta-analysis of top associated SNPs with Lifetime history (AWS phenotype) to 

top associated SNPs with square root transformed MTSD trait scores (ACP phenotype) 

was carried out in the same manner as the depression state meta-analysis.  No genomic 

inflation was observed for this meta-analysis (λgc = 1.1; Figure 4B).  We identified 2 

significant associations at FDR < 0.1 (Table 6).  Our top-scoring SNP, 

chr3:74266642:T/C (Table 6A), was a deleterious missense variant (CADD = 28.6; Table 

6B), encoding CNTN3 Tyr942Cys.  This variants was enriched in our meta-analysis 

sample (AC.meta = 38; Table 6A), but appeared extremely rare outside of the Amish 

(gnomAD AF =  3.99E-06; Table 6B).  Our second significantly associated SNP, 

chr17:39265425:G/A (Table 6A), encoded FBXL20 Ser321Phe, a deleterious missense 

variant (CADD = 31; Table 6B), and enriched in our meta-analysis sample, but was not 

observed in gnomAD. 

 

 
Table 6. A. Top 3 association results for meta-analysis of depression trait phenotypes 
from AWS and ACP. B. Functional annotations of the top 3 SNPs. 
 
 

 
  

A. 

B. 
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3.5 Case Series Phenotyping of Top SNPs from Meta-analyses 

Following our meta-analyses, we identified carriers of our top associated 

depression state and trait variants in the ACP participant cohort.  With these carriers, we 

conducted case series exploration for clinical diagnoses relevant to symptoms of 

anhedonia and dysphoria.  Therefore, cases were defined as carriers with a primary 

diagnosis of the following mood disorders: MDDR, SEMD, PDD, BD-I and -II, SABP 

and SAMD.  Controls were defined as carriers with a diagnosis other than case-defined 

mood disorders (such as anxiety disorders, substance use disorders, and eating disorders) 

and those with no clinical diagnoses.  To visualize the effects of our variants on carriers 

vs. non-carriers, we generated boxplots of the distribution of BDI-II and MTSD trait 

scores. 

 

3.5.1 Phenotyping of Depression State EPHA7, FAM71F1, and HMX3 carriers 

In the ACP participant cohort, we identified 6 carriers for our top-scoring 

depression state SNP, chr6:93254747:C/A encoding EPHA7 Arg811Leu.  For this variant 

only 1 out of 6 carriers was classified as a case, with a diagnosis of MDDR.  However, 

there was a second carrier with an unspecified depressive disorder.  As seen in Figure 5A, 

we observed much higher median BDI-II scores for carriers (n = 6, median = 11.5) vs 

non-carriers (n = 537; median = 3.0) of chr6:93254747:C/A, EPHA7 Arg811Leu.  

Among carriers of the second most significant SNP, chr7:128723283:G/T encoding 

FAM71F1 Gln258His (n = 41), 16 were cases and 25 were controls.  Cases for this 

variant included 9 MDDR, 1 SEMD, 1 PDD, 2 BD-I, 1 SAMP, and 2 past, comorbid 

MDDR/PDD diagnoses.  Based on the boxplot for chr7:128723283:G/T, FAM71F1 
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Gln258His (Figure 5B), we observed moderately higher median BDI-II scores for carriers 

(n = 6; median = 6.0) compared to non-carriers (n = 502; median = 3.0).  Our third most 

significant SNP was chr10:123137543:A/G, encoding HMX3 Ser296Gly.  Among 

carriers (n = 5) of this variant, 4 out of 5 were cases with diagnoses from MDDR (n = 2), 

BD-I (n = 1), and PDD (n = 1).  In addition, the difference in median scores for carriers 

(n = 5; median = 12.0) vs. non-carriers (n = 538; median = 3.0) was greatest for this SNP 

compared to the other depression state SNPs (Figure 5C).   

 

3.5.2 Depression Trait Phenotyping of CNTN3 and FBXL20 carriers 

 Our top-scoring SNP from the depression trait meta-analysis was 

chr3:74266642:T/C, encoding CNTN3 Tyr942Cys.  For this variant, we identified 5 

carriers of this variant: 2 cases with SEMD and 3 controls.  Using boxplots of the 

distribution of raw MTSD trait scores for carriers vs. non-carriers (Figure 6A), we 

observed higher median scores for chr3:74266642:T/C, CNTN3 Tyr942Cys carriers (n = 

5; median = 10.0) compared to non-carriers (n = 542; median = 5.0).  Our second 

significant depression trait SNP was chr17:39265425:G/A, encoding FBXL20 Ser321Phe.  

All 6 carriers of this variant were classified as cases: 2 MDDR, 2 SEMD, 1 BD-I, and 1 

SABP.  In addition, we observed the highest difference in median scores for 

chr17:39265425:G/A, FBXL20 Ser321Phe, carriers (n = 6; median = 20.5) vs. non-

carriers (n = 541; median = 5.0; Figure 6B), compared to other variants identified through 

meta-analyses.   
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Figure 5. Boxplots for the distribution of BDI-II scores for Depression State variants. A. 
chr6:93254747:C/A, EPHA7 Arg811Leu carriers (n = 6; median = 11.5) vs. non-carriers 
(n = 537; median = 3.0). B. chr7:128723283:G/T, FAM71F1 Gln258His carriers (n = 41; 
median = 6.0) vs. non-carriers (n = 502; median = 3.0). C. chr10:123137543:A/G, HMX3 
Ser296Gly carriers (n = 5; media = 12.0) vs. non-carriers (n = 538; median = 3.0). 
 
 
 

    
 
Figure 6. Boxplots for the distribution of MTSD Trait scores for Depression Trait 
variants. A. chr3:74266642:T/C CNTN3 Tyr942Cys carriers (n = 5; median = 10.0) vs. 
non-carriers (n = 542; median = 5.0). B. chr17:39265425:G/A, FBXL20 Ser321Phe 
carriers (n = 6; median = 20.5) vs non-carriers (n = 541; median = 5.0).   
  

A. B. C. 

A. B. 
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Chapter 4: Discussion/Conclusion 

4.1 Discussion 

Understanding the pathophysiology of neuropsychiatric disorders is crucial for 

developing more effective therapies and for more concrete diagnostic measures.  One 

approach that has yielded promising results for neuropsychiatric disorders, like bipolar 

spectrum disorders37,45, is through genetic association studies of rare variants in 

population isolates.  The number of past studies exploring depressive disorders in this 

manner are limited, primarily due to small sample sizes, especially for understanding the 

effects of specific rare variants.   

The current study presents a genetic association study of rare variants underlying 

primary depressive symptoms (anhedonia and dysphoria) in the Old Order Amish using 

whole exome sequencing.  Two meta-analyses were carried out, assessing for rare variant 

associations with current depressive symptoms (depression state) and lifetime history of 

depressive symptoms (depression trait).  We identified five deleterious missense variants 

SNPs with FDR < 10% (3 depression state and 2 depression trait).   

 

4.1.1 Summary of Top-scoring Depression State SNPs 

The top-scoring depression state SNP was chr7:128723283:G/T encodes EPHA7 

Arg811Leu substitution (CADD = 25.1; FDR = 0.008) and was not present in gnomAD.  

EPHA7, or ephrin type-A receptor 7, belongs to a subfamily of EPH tyrosine kinase 

receptors involved in ephrin signaling.  EPHA7 and other ephrin signaling molecules 

have major implications in developmental delay, brain development, and neural 

circuitry46-48.  One GWAS study found a closely related EPH tyrosine kinase receptor, 
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encoded by EPHB1, in state anhedonia-associated gene loci49.  Our case-series study 

revealed that among carriers (n = 6) of chr7:128723283:G/T, EPHA7 Arg811Leu, only 1 

individual, with a primary diagnosis of MDDR, was classified as a case.  To visualize the 

effect of this variant, we generated boxplots illustrating the distribution of BDI-II scores 

for carriers vs. non-carriers (n = 537). In doing so, we observed much higher median 

scores in carriers (median = 11.5) compared to non-carriers (median = 3.0).   

The second most significant SNP was chr7:128723283:G/T, encoding FAM71F1 

Gln258His (CADD = 23.6; FDR = 0.025).  Although enriched in our meta-analysis 

sample, this variant was extremely rare in the general population (gnomAD AF = 3.98E-

06).  Mutations to FAM71F1 (also known as Golgi associated RAB2 interactor 1B, 

GARIN1B) has been found to cause abnormal sperm head formation and acrosome 

reaction, leading to male infertility50.  However, the mechanistic role of FAM71F1 has 

not been studied in the context of neuropsychiatric disorders.  Through case-series 

phenotyping, we found 41 carriers of our chr7:128723283:G/T, FAM71F1 Gln258His, of 

whom 16 were classified as cases, with diagnoses including 9 MDDR, 1 SEMD, 1 PDD, 

2 BD-I, 1 SABP, and 2 comorbid past MDDR and PDD.  In addition, the distribution of 

BDI-II scores revealed carriers had higher median scores (median = 6.0) compared to 

non-carriers (n = 502; median = 3.0).   

The third most significant SNP was chr10:123137543:A/G, HMX3 Ser296Gly 

(CADD = 24.2; FDR = 0.028) and was not observed in gnomAD.  One study found 

expression of HMX3 to be highly enriched in rostral serotonergic neurons, with 

projections innervating multiple brain regions, including those involved in emotional 

responses51.  However, the mechanistic role of HMX3 in neuropsychiatric disorders 
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remains unknown.  For this variant, we identified 5 carriers, of whom 4 were classified as 

cases, including 2 MDDR, 1 BD-I, and 1 PDD.  Furthermore, we observed 4-times higher 

median BDI-II scores in carriers (median = 12.0) vs. non-carriers (n = 538; median = 

3.0).   

 

4.1.2 Summary of Top-scoring Depression Trait SNPs 

 Our most significant top-scoring depression trait SNP was chr3:74266642:T/C, 

encoding CNTN3 Tyr942Cys (CADD = 28.6; FDR = 0.089), which has been observed in 

the general population at an extremely rare allele frequency (gnomAD AF = 3.99E-06), 

but moderately enriched in our meta-analysis sample (AC.meta = 38).  CNTN3 encodes 

for one of 6 cell adhesion molecules known as contactins, which has been extensively 

studied for their role in neurodevelopment disorders, brain plasticity, neural circuitry, and 

pre- and post-synaptic functioning52-54.  Additionally, copy number variations in CNTN6 

have been found in patients diagnosed with neurodevelopmental disorders and family 

members with other neurodevelopmental/psychiatric disorders including mood 

disorders55.  However, a role for CNTN3 specifically in mood disorders has not been 

described previously.  In the present study, we identified 5 carriers of 

chr3:74266642:T/C, CNTN3 Tyr942Cys.  Of these carriers, 2 individuals were classified 

as cases, both with SEMD.  Using boxplots, we illustrated the distribution of raw MTSD 

trait scores.  Based on the distribution of scores, we found that carriers of 

chr3:74266642:T/C, CNTN3 Tyr942Cys, had higher median scores (median = 10.0) 

compared to non-carriers (n = 542; median = 5.0).   
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Our second significant deleterious SNP was chr17:39265425:G/A, encoding 

FBXL20 Ser321Phe (CADD = 31.0; FDR = 0.096).  This particular variant was not 

observed in gnomAD, but was highly enriched in our meta-analysis sample (AC.meta = 

742).  A product of FBXL20, known as SCRAPPER, was discovered to have a crucial 

role in synaptic plasticity within the hippocampus and anterior cingulate cortex56,57.  

Moreover, one study found that knocking out SCRAPPER in mice upregulated the level 

and distribution of glutamate (an excitatory neuron) and gamma-aminobutyric acid (an 

inhibitory neuron) throughout the brain58.  In our study, we identified that 100% of 

carriers of this variant were classified as cases (n = 6).  Their diagnoses included 2 

MDDR, 2 SEMD, 1 BD-I, and 1 SABP.  Additionally, the median scores for carriers 

(median = 20.5) was 4-times higher than median scores of non-carriers (n = 541; median 

= 5.0).   

 

4.2 Conclusion 

 The aim of the present study was to identify rare variants associated with core 

depressive symptoms (i.e., anhedonia and dysphoria).  Through exome sequencing of two 

Amish cohorts, associating HWE variants identified by WES to depression state and trait 

phenotypes within each cohort, and, then, meta-analyzing the two cohorts based on 

phenotypes, we successfully identified a total of 5 otherwise rare, deleterious missense 

variants significantly associating, at a false discovery rate less than 10%, with depressive 

symptoms, anhedonia and dysphoria.  Breaking down symptom experience by the 

frequency at which they occur, we identified 3 significantly associating SNPs with 

current depressive symptoms (chr7:128723283:G/T, EPHA7 Arg811Leu; 
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chr7:128723283:G/T, FAM71F1 Gln258His; and chr10:123137543:A/G, HMX3 

Ser296Gly) and 2 with lifetime history of depressive symptoms (chr3:74266642:T/C, 

CNTN3 Tyr942Cys and ). Furthermore, through case-serious phenotyping, we observed 

consistently higher median depression screening scores across carriers of our variants 

compared to non-carriers, confirming the effects of these variants on risk.   

 

4.3 Limitations and Future Directions 

 A major limitation to the present study is sample size.  Although population 

isolates offer advantages to genetic association studies, obtaining a large sample size for 

case-control studies and to yield powerful associations is very difficult.  Specifically, in 

the Old Order Amish, cases of depressive disorders, as well as other psychiatric 

disorders, often go unreported or unrecognized by the individual as a disorder, primarily 

attributing to their faith.  Additionally, often the Old Order Amish are hesitant to answer 

questions regarding symptoms of disorders, resulting in missing data.  However, future 

research can address these limitations by replicating our findings to larger cohorts, for 

example through the UK Biobank.  Additionally, deeper phenotyping of our top-scoring 

variants, such as investigating the relationship between our variants and cognitive or 

neurobiological consequences of depressive phenotypes, may strengthen the power of 

associations.   
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