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Abstract

Dietary intake is one of the most complex and sustained environmental exposures of
the human lifespan. At present, field standard methods for dietary assessment all
depend on asking people to self-report what they eat. Self-reported dietary data have
enabled the study of diet-health relationships and informed decades of nutritional pol-
icy, but they are also limited in their ability to collect data from individuals across
the spectrum of age, cognitive ability, and culture. To address the need for alterna-
tive measures of diet, we leverage DNA sequencing technology to measure diet from
degraded food DNA in human stool samples. This strategy, termed “DNA metabar-
coding,” works by amplifying and sequencing regions of the genome to identify foods
by their DNA sequence. Although metabarcoding strategies have been applied in

other diet-related fields, they have never been used in nutritional epidemiology.

In Chapter 1, I describe the potential of DNA metabarcoding for human dietary
assessment. In Chapter 2, we apply DNA metabarcoding with the chloroplast trnL-
P6 marker region to >1,000 stool samples from >300 unique participants. Across
multiple cohorts, we find that the number of plant taxa detected per sample by trnL
metabarcoding correlates with dietary diversity and quality estimates from estab-
lished self-report assessments. In a cohort where the administration of self-reports
failed, we use trnL metabarcoding to retrospectively derive diet data, and detect
relationships between trnL dietary diversity and age, socioeconomic indicators, and

health that replicate prior epidemiologic findings.

In Chapter 3, we perform a pilot study of a second molecular technique— meta-
proteomics— to determine if it can address a key limitation of metabarcoding: the
inability of DNA to distinguish food type for foods like chicken and egg, which are

derived from the same source species. We identify tissue-specific protein signatures

v



of food intake and confirm an overall correspondence between DNA- and protein-
based dietary assessment in comparison to written records. We also expand our
metabarcoding protocols to include the mitochondrial 125V5 marker for combined
detection of plant and animal intake. Taken together, these findings establish the
value of molecular measurements from stool as a strategy to monitor and improve

nutrition.
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Chapter 1
Introduction

Dietary intake is one of the most complex and sustained environmental exposures of
the human lifespan. Data on food intakes are used in epidemiology, medicine, policy,
agriculture, and sustainability, and collecting accurate dietary data is both essential
and technically challenging. But interestingly, the wave of technical innovations that
has transformed other biomedical fields has largely missed nutrition. The conceptual
strategy underlying the most prevalent techniques for dietary assessment— asking
individuals to self-report their diet— has remained the same since the 1930s. New
methods in development have largely focused on metabolite biomarkers of dietary
intake in specimens like plasma and urine. However, DNA-based methods, which have
been successfully used to measure other complex biological and ecological systems, are
a natural and underexplored match to the goals of nutrition research. My dissertation
contributes new tools that estimate food intake by measuring food-derived DNA in

human stool.

1.1 The complexity of human diet

It is tempting to think of humans as separate from the constraints of biology, but
we, like all other animal species, exist within a food web. Human diets are derived
from the tissues of other living organisms in the plant, animal, and fungal kingdoms.
Though we often think of ourselves as apex predators, in the planetary food web,
humans more closely resemble a mid-range species like the anchovy or pig [16]. Some

forces that shape the selection of foods in a human diet are the same that impact other



animals: for instance, seasonal availability, individual preference, physiologic drives,
or weaning from maternal milk early in life. However, humans are unique among
animal species in the breadth of foods we consume, the systems we use to cultivate,
store, prepare, or distribute them, and the rate at which culture and modernization

are transforming what we eat.

The progression in human lifestyles from hunter-gatherer (15,000 years ago) to
agrarian (beginning 10,000 years ago) to industrialized (250 years ago) demarcates
phases in the eating history of our species [149]. Hunter-gatherers relied on hunted
animals and fruits, leaves, and roots gathered from wild plants. Early agrarian so-
cieties domesticated and cultivated plants, selecting for traits like large grain and
non-shattering ears to yield staple crops like maize, wheat, and rice that today pro-
vide 60% of calories worldwide [45]. In the Industrial Revolution, mechanization of
food processing techniques transformed (and continues to drive) the types, shelf life,

and distribution of foods available globally.

By our gastrointestinal anatomy and geographic range, humans have long been
flexible eaters, but the number of potential food sources in the modern diet is stag-
gering. Considering plant foods alone, lists of consumed species range from the
hundreds (354 of commercial importance; 866 crops [99]) to the thousands (4,079
compiled from published lists [111]) out of tens of thousands of theoretically edible
wild plants. 12,000 species of fish are included in fisheries statistics aggregated by
the Food and Agriculture Organization (FAO) of the United Nations [2]; dozens of
animal species are raised in captivity for meat, and further supplemented with wild
game; and >2,000 species of fungi are reported to be edible [82]. These numbers
further expand when considering food items as they are consumed: often as multi-
ingredient combinations prepared within or outside the home. For instance, the latest

release of the U.S. Department of Agriculture’s (USDA) National Nutrient Database

2



for Standard Reference included 7,793 unique items [5], and nutrient data for branded
items maintained by the USDA tops 400,000 products [I50]. Yet even as databases
like these have been developed, the rate of change and complexity of the global food
system has made diet increasingly difficult to track. A lack of standardization in
global data on individual-level food intakes [L01I] has limited our ability to describe
what people are eating and monitor diet-related diseases. For instance, the Food
and Agriculture Organization of the United Nations (FAO) synthesizes data on food
availability at the national level; other efforts map dietary intake at the household
level, which can obscure details of individual members who vary by age and sex. Yet
this type of synthesis is important: the Global Burden of Disease study, which un-
dertook the first effort to map risks of mortality worldwide, incorporated aggregated
data on individual-level intakes to reveal that diet had surpassed cigarette smoking as
the leading preventable risk factor for mortality [47]. However, even these combined
global data have many areas of sparsity and varying degrees of detail [T01]. How is

it possible to collect consistent data on such a complex exposure?

1.2 DNA as a dietary biomarker

DNA sequencing technology transformed the study of other biological systems that
parallel human dietary intake in their complexity. Much in the way that foods and
nutrients combine in a diet to influence health, environment- and host-associated mi-
crobiomes, tumors composed of a population of mutating cells, and whole-ecosystem
food webs are also dynamic assemblages of genetically distinct members that can
compete or synergize to produce an outcome. Early studies in these systems were
done either with bulk measurements (e.g. metabolite production by microbes, glu-

cose uptake by a tumor) or by isolating individual members for in vitro experiments



in hopes that per-microbe, -cell, or -species findings would build insight into the

behavior of the overall system.

With the advent of Sanger sequencing in the 1970s [121], it became tenable for
the first time to take a census of all the individual members of a complex community,
using their DNA sequence as a unique identifier. Early work in microbial commu-
nities led to the identification of genes shared across organisms that had diverged
at the sequence level through evolutionary time. These short segments of DNA (of-
ten called “barcodes”) could be extracted from a sample, amplified by PCR, with a
highly conserved primer set, and sequenced to reveal the identity of the organism
that contributed them. Although barcoding efforts were labor-intensive at first—
each sequence from a mixed community had to be cloned into a plasmid and then
Sanger sequenced— the method became truly scalable with commercial availability
of high-throughput sequencing platforms in the mid-2000s [129]. Massively parallel
sequencing, which generated tens to hundreds of millions of reads, allowed for si-
multaneous sequencing of the mixed pool of DNA barcodes (“metabarcoding”) from
multiple samples in a single experiment. DNA sequencing thus became a rapid and
cost-effective means of biological measurement.

The utility of metabarcoding strategies was readily apparent to researchers study-
ing diet in non-human animals. In contrast to human nutrition, zoologists and ecol-
ogists were unable to ask their subjects what they ate. Early dietary assessment in
wild animals was thus limited to two primary strategies: direct observation of eat-
ing or microscopy of gastrointestinal tract samples to identify partially digested food
species by their morphology. But, observation and sampling varied in their efficacy
across animals. Observing diet in a large land animal like the lion, which might kill
its prey on the open savanna once every few days, was more straightforward than

the same task for a beetle that consumes small insects frequently, nocturnally, and
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deep in vegetation [139]. Morphological analysis required an expert taxonomist in
the organism and environment being studied and was limited only to food parts that
left identifiable solid remains. Thus, metabarcoding methods were adapted to the
study of animal diet earliest in species whose diets were difficult, if not impossible,

to survey with existing techniques.

Invertebrate species were the primary focus of early work in the 1990s and could be
readily brought into the lab for controlled studies. However, there were also notable
early applications of barcoding techniques to vertebrates in the field, including the
first reported assay of dietary DNA by PCR amplification of the rbcL chloroplast
gene [59] to identify plant material in feces of a rare European brown bear population.
Early work established several principles of dietary DNA studies that now underlie
most efforts in the field. First, although DNA was degraded by digestive enzymes,
short DNA fragments in the range of 100-350 bp could still be amplified by PCR.
Second, DNA barcodes that naturally occurred in multiple copies per cell could serve
to increase signal even prior to PCR amplification. Barcode development therefore
focused on marker regions on chloroplast and mitochondrial genomes (their source
organelles being present in multiple copies in most tissues) or nuclear ribosomal RNA
genes that are encoded in clusters that repeat hundreds to thousands of times [57]. As
early as 2002, a review noted that “PCR-based techniques have proved to be highly
effective and versatile [...] and are likely to rapidly displace all other [molecular]
approaches” [139]. Steady work over the following decade then exploded with the
increased availability of next-generation sequencing.

To date, dietary DNA metabarcoding studies in animals have spanned >250 wild
species [I31]. Validation against existing methods has shown that DNA metabarcod-
ing has increased taxonomic coverage and resolution compared to direct observation

[18], leads to new ecological insights in species that had barriers to direct observa-
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tion [B80], and is highly correlated with independent molecular assessments like stable
isotope analysis[[69]. With an increasing body of evidence to support metabarcoding
strategies, they are now being applied in more complex dietary contexts: for instance,
to study dietary generalists like wild pigs[[115] and brown bears [29], or partitioning
of ecosystem resources by multiple speciesd, of 300 unique plant species across
seven large mammalian herbivores on the African savannal[69]). Zoologists and ecol-
ogists have also engaged in robust discussion about the potential and the limitations
of DNA-based assessment that will be relevant in other elds. This includes com-
parative assessments of DNA barcodes [89], recommendations for Itering strategies
that balance the risk of false negative to false positive detections [84], and an exten-
sive literature on the potential of sequencing read counts to be treated quantitatively
[33]. Data from testing [143] or feeding [105, 141, 159] known, controlled mixtures
have hinted that DNA metabarcoding data may be interpreted quantitatively, with
performance depending on (1) the consuming species, (2) the consumed species, and

(3) the complexity of the mixture (i.e. higher accuracy with more foods included).

DNA metabarcoding has also permeated other elds tasked with studying food
and diet, including food authentication and safety, archaeology, and forensics. With
industrialization and global distribution of the food supply, regulatory agencies are
tasked with monitoring raw food materials as they progress through stages of the
food processing supply chain (\food traceability"). Food traceability is important
for authenticating food quality and origin to the consumer, ensuring safetye(g. by
accurately labeling allergens), and protecting against adulteration for nancial gain
by selling less expensive items as ones that are in high demand. DNA metabarcoding
has been formally integrated into the US Food and Drug Administration's (FDA)
regulatory encylopedia for sh [166], and detection of plants and animals in complex

food matrices is now available as an o -the-shelf service from a large commercial
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provider [3]. Other use cases for DNA metabarcoding have included assessing the
prevalence of mislabeling of meat and poultry products [165], identifying aquatic
species in commercially available imitation crab products (including missed labeling
of molluscs, a potential allergen) [48], mapping the origin of honey by its oral com-
position [56, 163], and predicting the vineyard of origin of wine [14]. Single-species
barcoding approaches have revealed that even highly processed food products can
still yield detectable DNA, for instance detecting the presence of as little as 1% by
weight of porcine gelatin in confectionary goods like marshmallows and gum drops
to con rm Halal and kosher labeling [34]. Data from the food authentication litera-
ture also o er characterization of the impacts of industrial food processing steps on
DNA integrity. This is an important consideration given that highly processed foods

account for>50% of daily calorie intake on average in the United States [85].

Here, it seems but a short conceptual step from applying metabarcoding strategies
to foods to applying them to the humans eating those foods. But fascinatingly,
this gap has been bridged only by studies in deceased humans. In archaeology and
forensics, a handful of studies have shown that plant, and in some cases, animal food
DNA can be extracted and sequenced from samples including intestinal contents of
a >5000-year-old Neolithic mummy [116], calci ed plaque from teeth collected from
a roughly 100-200 year old burial site [125], or stomach contents collected during
autopsy [126]. In a parallel to dietary DNA metabarcoding studies in wild animals,
methods have been applied earliest where there were limited alternative ways to

collect dietary data.



1.3 Existing dietary assessment strategies

Given their utility and wide application in other elds, it is important to ask why
DNA metabarcoding methods have not been integrated into existing dietary assess-
ment strategies in living human populations. The reasons are rooted in the history
of nutritional epidemiology [103]. First, the eld's founding discovery was the iden-
ti cation of individual nutrients that were causative in diseases of dietary de ciency.
Studies framed around single nutrients remained the dominant paradigm in nutri-
tion for half a century. Even though nutritional epidemiology has since re-oriented
around measures of overall dietary intake, the importance of nutrients still permeates
the eld. DNA-based measurements, which identify the biological source of a food
item rather than its nutrient make-up, are therefore a less direct route to the intended
goal than other modern techniques like metabolomics.

Second, the earliest dietary assessments, which asked individuals to record or
recall their diet, were the only available tool for collecting individual-level data on
food intake for decades. \Self-report” methods were widely adopted, compared to
one another, and re ned through the e orts of hundreds of researchers over a 50-year
period [98]. Dietary self-reports enabled for the rst time the design and execution of
multiple large nutrition studies ( 10,000s to 100,000s of people) that gave insights
into drivers of major causes of morbidity and mortality like coronary heart disease
[62]. The weight of evidence for and investment in self-reported diet has produced
a kind of methods inertia: a continued tendency to re ne or modify existing tools,
rather than return to the drawing board to develop and validate a novel assessment
strategy.

In the following sections, | discuss in detail how a persistent orientation towards

nutrients and a single underlying technique for dietary assessment (the self-report)



has led to DNA metabarcoding being overlooked as a tool in living human popula-

tions, despite its ability to complement limitations in current strategies.

1.3.1 Historical precedent of the \nutrient- rst" framework

A driving force in the design of dietary assessments is the desired format of the data:
historically, of amounts of consumed macro- and micronutrients. The tendency to-
wards nutrient exposures originated with one of the founding discoveries of nutrition
research: that of vitamins, or \vital amines," essential nutrients for normal metabolic
function that must be obtained from the diet. Although the rst food-based cure for

a nutrient de ciency| citrus for the prevention of scurvy in sailors| was identi ed

by Scottish physician Joseph Lind in 1753, it took nearly two centuries longer for
the causative nutrient, vitamin C, to be isolated by Albert Szent-Gysrgyi in 1928
[22]. At that point, however, work progressed at a remarkable pace. Within two
decades, vitamin C and all other major vitamins had been identi ed, chemically
synthesized, and could be provided as puri ed dietary supplements to prevent deha-
bilitating de ciency diseases like pellagra, beriberi, and others that had previously
caused widespread morbidity.

The success of research on vitamins had two consequences. First, it created a nat-
ural progression to studies of the health impacts of other isolated food components
(e.g. saturated fat, soluble ber, beta carotene). Second, it supported a view that
the most direct route to prevention or cure of diet-related diseases was by supple-
mentation of the diet or manipulating individual nutrients in food products, rather
than relying on nutrient combinations that occurred naturally in whole, unprocessed

foods.

However, the single nutrient model was less successful when applied to chronic,



multifactorial diseases like coronary heart disease and type 2 diabetes, which sharply
increased in prevalence in the late #0century. Premature incorporation of ndings
from single-nutrient studies on total dietary fat into national dietary guidelines had
far-reaching and unintended e ects, including the widespread introduction of low-fat

but high-sugar foods to the food supply, and have since been walked back [103, 46].

Similar to other biomedical elds, as the limitations of reductionist approaches to
complex systems became apparent, nutritional epidemiology also began to shift from
\bottom up" work on single nutrients to the \top down" study of overall diet. In the
late 1980s, the idea of a \dietary pattern” as a summary of overall eating was intro-
duced [66]. Pattern-level analysis was intended to capture how groupings of food in a
complex diet produced an outcome [61]. Dietary patterns have since become the eld
paradigm and have generated more robust evidence in large studies than individual
nutrients. Higher diet quality by multiple dietary patterns currently in use has been
signi cantly associated with reduced all-cause mortality in cohort studies [83], and
this impact has also been borne out by clinical trials that randomized participants to
a dietary pattern (e.g. Dietary Approaches to Stop Hypertension [DASH] diet [120]
or the Mediterranean diet [PREDIMED] [40]). Dietary patterns were the central
focus of the scienti ¢ review by 2015 U.S. Dietary Guidelines Advisory Committee
and now form the framework for the Dietary Guidelines for Americans. Although
most dietary patterns are derived from data at the level of food groups (for exam-
ple, a feature of the Mediterranean diet being intake of nuts or olive oil, rather than
increased intake of unsaturated fat), novel dietary assessment strategies often still
orient towards nutrient measurements. To explore this further, | will next review

past, present, and current innovations in dietary assessment methodology.
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1.3.2 Self-report methods and their limitations

\There will always be error in dietary assessments.
The challenge is to understand, estimate, and make

use of the error structure during analysis."

|Beaton et al.

American Journal of Clinical Nutrition, 1997 [11]

Modern strategies for dietary assessment fundamentally depend on asking indi-
viduals to self-report what they eat. This can take the form of diaries in which
meals are logged (diet records), prompts to remember foods eaten in the past day
(24-hour recalls, or 24HRs), or surveys that ask individuals to summarize their eat-
ing habits over time frames of up to a year (food-frequency questionnaires, or FFQSs)
[145]. Reported food items are then aggregated into food groups and connected to
their nutrient value via entries in food composition tables, which are generated from

chemical analysis of food products.

Collection of self-reported dietary data dates to the 1930s [19], when interest
in understanding the population's diet was spurred by newly available data on the
detailed nutrient composition of foods (coinciding exactly with the techniques that
enabled discovery and synthesis of vitamins) [44]. In the earliest e orts, weighed
food records or diet histories were collected from dozens of individuals [64] and con-
verted to nutrient intakes by hand calculation. By the 1950s, sample sizes were often
>100 [98]; in the 1960s, studies scaled to thousands of participants [90] and several
groups independently formulated the rst stand-alone FFQs designed to estimate
data on typical, rather than episodic, intakes [133, 4, 23]. Frequency-style questions

(\How often did you eat [food x] over the past year?") had been included as part of
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the earliest published dietary assessment strategies alongside short-term recalls and
records [19], but not previously evaluated as independent methods. Because of their
guestionnaire format, FFQs could be administered to large numbers of individuals
by non-professionals and had higher response rates and shorter completion times
than diet records or recalls. Developments in the second half of the'2@entury
added computer-based administration, portion size estimation, and improved statis-
tical methods for processing the data. This produced a set of tools that enabled, for
the rst time, studies that prospectively followed thousands of participants to iden-
tify dietary risk factors for heart disease [90] or that collected data that ultimately
revealed a causative link between low folic acid intake in pregnancy and neural tube
defects in o spring [88]. However, as noted in a 50-year review of progress published
in 1988, research in the eld of individual dietary assessment had been characterized
by \...repetitious e orts in re ning methodology" [98], rather than developing new

strategies.

Today, tools that collect self-reported dietary data remain the central strategy
for dietary assessment, despite sources of error that were identi ed as early as the
1940s and summarized in Table 1.1 [64, 96, 39]. Errors are either randoeng(
due to lapses in memory or uctuating daily intakes that do not represent typical
diet) or systematic (e.g. consistent di erences in recall for a speci c individual or a
diet type) [74]. Systematic errors are the most concerning because they can covary
with biological variables of interest, like sex or weight. For instance, 35% of men
and 23% of women from a cohort of majority college-educated adults underreported
food intake on an FFQ [136]; in adolescents, underreporting was also higher for males
than females and correlated with high BMI [135]. The cognitive burden of estimating
past diet is re ected in a dearth of survey data among the very young and very old:

curation of > 1,100 unique dietary assessment tools across 185 countries for the Global
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Table 1.1 : Limitations of self-reported dietary data

Category Constraint

Language, literacy Can participants read a survey?

Time constraints 30-60+ minutes of available time?

Social desirability bias Do participants feel pressure to give the \right an-

swer" to questions about food choice and quantity?

Cognitive burden Can all participants (including parents of infants,
children, elderly) remember and accurately esti-
mate what they ate?

Processed and prepared foods Are all ingredients known to the participant?

Cultural relevance Does the survey or its database include food par-
ticipants eat?

Portion size estimates Can the data be interpreted quantitatively?

Reliance on food composition Is the map from food to nutrient composition ac-

tables curate? How much e ort does it take to maintain?

Data harmonization Can two or more studies be compared and com-
bined?

Dietary Database [101] revealed that fewer than a quarter of assessments included
data on children 10 and adults 85 [102]. Even random errors can have signi cant
impacts. For instance, individuals can forget roughly 20% of the foods they eat
when completing diet recalls [76]. All this being said, much e ort has been invested
in mitigating errors associated with self-reporting, and even biased data on intakes
have had tremendous value. The utility of self-report data has been the subject of
intense [65] and occasionally indiscriminate scrutiny [6, 137, 124]; here | aim not
to critique it but to highlight areas where a complementary assessment like DNA
metabarcoding (itself with inherent sources of error) would be valuable.

Beyond errors inherent to self-reporting, the design and administration of dietary
surveys also imposes constraints. FFQs are typically developed and validated for use
in speci ¢ populations, leading to incomplete data on ethnic or minority foods [147],
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and should not be applied in other settings without additional validation studies.
Even within a large, frequently studied population {.e. adults in the United States),
multiple FFQs have been developed and implemented [145]. If data collected with
di erent assessments is to be aggregated, each should include a validation substudy
so that assessement- or study-speci c measurement error can rst be corrected [160].
In practice, these substudies are not always available, and a recent comprehensive
synthesis of survey data instead necessitated the use of Bayesian modeling to estimate

dietary intakes from raw survey inputs [102].

In addition, despite the advantages of free, web-based platforms for dietary as-
sessment €.g. the National Cancer Institute's Dietary History Questionnaire [NCI
DHQ3]), collecting accurate data on food intakes still often places a high time burden
on both researchers and participants. For participants, all but the briefest dietary
screeners take upwards of thirty minutes to an hour to complete. For researchers,
if a new tool is to be developed and validated, signi cant nancial and time invest-
ment, local expertise, and direct observation of cooking or eating can be required to
identify common prepared food items to include, disaggregate them into ingredients,
and generate food composition data (see for example [87, 72]). Dietary data remain
most accurate when interviewer-administered: in many contexts, including national
nutrition surveys in countries like the Philippines [108], dietary data are still collected
by face-to-face interviews at a scale of tens of thousands of households. And even
with the present-day prevalence of tools, high-quality dietary data often remain be
di cult to come by: in a recent large, citizen science study of gut microbiota [95],
analysis of the impacts of diet was limited to 1,762 samples from a pool of 9,511 be-
cause only a subset of participants elected to complete an FFQ. Thus, while dietary
questionnaires are widely used>1,300 publications using FFQs in 2021 alone), there

are also active calls for innovation in dietary assessment.
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1.3.3 Calls for technical innovation

Calls for innovation in dietary assessment have emphasized the need for validated
biomarkers of intake, accurate and quantitative data, improved generalizability, and
creative use of methods from other disciplines [98, 137, 63, 92]. This has prompted a
number of recent and exciting advancements, including widespread exploration of the
potential for novel biomarkers of food intake in specimen types like plasma, serum,
and urine. In a natural progression from the nutrient framework, a large body of
research has focused on metabolomics, or large-scale measurement of metabolites
in biological specimens using mass spectrometry. Candidate metabolic biomarkers
have been identi ed for individual food groups as well as overall dietary patterns [110,
109, 112, 52], and have prompted researchers to formulate clear criteria for biomarker

evaluation, including dose-response, time-response, robustness, and stability [35].

However, metabolomic strategies are limited in one of the major points above:
generalizability. Much of the chemical complexity of the diet remains unmapped
[10]: fewer than 5% of mass spectra are typically annotated using existing databases
[27], and most downstream analyses focus only on known metabolites. Even when
known, metabolites can be variably named, causing di culty in review and synthesis
of ndings [73, 168]. Technical variability is high and di ers signi cantly by sample
preparation and metabolomic platform [73]. Major analysis platforms in current use
prioritize di erent classes of metabolites: across ve leading core facilities, the number
of metabolites detected in common can vary from as many as 121 to as few as 6 [168].
Finally, transformation of metabolites by the human body can di er across cohorts,
introducing a prominent source of biological variation. A recent study of 900 pregnant
women from three cohorts found that fewer than 10% of metabolites associated with

diet quality replicated across cohorts with di erent ethnic make-up [31], and others
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have noted poor replication between controlled feeding and observational studies [73].

Fascinatingly, systems-level studies like metabolomics have occasionally been paired
with DNA-based approaches, but not to identify the genome of consumed foods:
rather, \nutrigenomics" has focused on the genome of the human consumer (to
identify single nucleotide polymorphisms that in uence metabolic processes) [42].
Nutrigenomic approaches are still framed through the lens of nutrients, with the
goal being to understand genetic sources of interindividual variation in levels of a
metabolic biomarker of interest. Beyond the human host to its commensal bacteria,
a recent study successfully piloted gut microbiota in stool samples as candidate in-
take biomarkers for foods like almonds, avocados, walnuts, and whole grains tested
in controlled feeding studies, as di erent bacteria increase in response to dietary sub-
strates depending on their metabolic capacity [130]. This is perhaps the closest any
approach in nutrition to date has come to dietary DNA metabarcoding: identifying

gut microbes by 16S sequencing is itself a metabarcoding technique.

1.3.4 Potential of DNA-based techniques

In the context of these modern themes in nutrition research| a shift in focus from
nutrients to foods, an emphasis on creative strategies for dietary assessment, and
increased e orts to synthesize data across global studies| dietary DNA metabar-
coding has the potential to provide data of signi cant value. In contrast to survey
tools, which collect data with descriptive names that may di er by geography, cul-
ture, and language, or metabolites, which are often shared across food items, DNA
metabarcoding links a consumed food to a \barcode" that only undergoes revision
on an evolutionary timescale: the DNA sequence of its biological species of origin.

Working in the conserved language of DNA allows immediate combination of data
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from any studies that use the same marker region and experimental conditions. En-
coding data on foods in the form of DNA sequence also synchronizes dietary data
with other important research areas €.9. barcodes collected as part of biodiversity

monitoring strategies), which can connect diets to locally available resources often

relevant in rural settings and rarely included on conventional surveys.

DNA metabarcoding for human dietary assessment is also ripe for application in
the present moment, in which increased awareness of the in uence of gut microbiota
on health has made stool sampling commonplace in biomedical research. According
to the U.S. National Library of Medicine's resource on worldwide clinical trials, Clin-
icalTrials.gov, 32 studies initiated in 2010 collected stool samples; in 2019, the annual
total was 217. In all, ClinicalTrials.gov has registered 2,032 studies that include stool
collection (746 of them actively being carried out or currently recruiting participants).
Stool sampling, although not without its own participant burden, is also increasingly
being incorporated into landmark prospective epidemiologic cohort studies. For ex-
ample, the Nurse's Health Study I, which has collected dietary data annually since
1989, recently launched microbiome sample collection in 20,000 women from the over-
all cohort [41]; the Modeling the Epidemiologic Transition Study, which has collected
stool and dietary data from 2,500 adults of African origin since 2009, initiated a new

study to collect three additional years of stool samples in its participants [37].

1.4 Contributions of this work

Motivated by the above discussion, in this thesis | set out to establish if DNA
metabarcoding is a practical technique for dietary assessment in humans. In Chapter
2, | rst develop the experimental and bioinformatic infrastructure for dietary DNA

metabarcoding from human stool samples with thenL -P6 plastid marker for dietary
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plant intake. In trnL metabarcoding data generated fror» 1,000 samples, | evaluate

multiple potential analysis strategies and select its ability to measure dietary plant

diversity for speci c validation. Because DNA-based indicators remain the same re-
gardless of food form or processing (making them unable to di erentiate intake of
chicken meat versus egg, turnip greens versus root, whole versus re ned whe#t,),

in Chapter 3, | turn to dietary protein as a complementary molecular tool for food

tissue identi cation with a pilot study of stool metaproteomics. Here, | also include

work that develops the mitochondrial marker region 12SV5 as a DNA metabarcoding

assessment for animal-based foods.

1.4.1 Collaboration and authorship

Material in this Introduction was guided by helpful edits and discussion with Sage
Cooley in Duke's TWP Writing Studio.

Material in Chapter 2 is in peer review, and was co-authored with Ammara
Ageel, Sharon Jiang, Heather Durand, Eric Dallow, Jessica McCann, Holly Dressman,
Zhengzheng Hu, Christine Tenekjian, William Yancy, Pao-Hwa Lin, Julia Scialla,
Patrick Seed, John Rawls, Sarah Armstrong, June Stevens, and Lawrence David.

Material in Chapter 3 is currently being prepared for publication, and has been
co-authored with Alexandria Bartlett, Christine Tenekjian, William Yancy, Manuel

Kleiner, and Lawrence David.
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Chapter 2

Diversity of plant DNA in stool is linked
to dietary quality, age, and household
Income

2.1 Introduction

Unraveling the association between dietary patterns and health outcomes requires
robust dietary assessment tools. Increasingly, researchers have turned to metabolic
dietary biomarkers measured from biological specimens like blood, urine, and stool as
alternatives to or validation for self-reported dietary data, which have well-characterized
random and systematic errors [75, 137, 144, 160]. Dietary biomarkers have been de-
veloped and validated for total energy intakes [75], individual nutrients [75], food
groups [118], and dietary patterns [52, 109]. However, candidate biomarkers have
failed to match both the resolution and breadth of information derived from self-
reports: for example, the Diet History Questionnaire, a food frequency questionnaire
(FFQ) developed for the general United States population, collects data on frequency
and intake amount of 135 individual food and beverage items [1]. Because metabolites
are derived from speci ¢ nutrients (limiting their generalizability) or transformed by
the body (limiting their speci city) [145], no single metabolic biomarker can uniquely
identify a comparable range of foods.

Genomic biomarkers, in contrast, are promising candidates for characterizing the
full complement of foods that make up a dietary pattern. Genomic regions called
\molecular barcodes”, which identify a food species by its DNA sequence, can be

ampli ed and sequenced from the residual pool of food-derived DNA in stool. De-
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spite demonstrated utility in dietary studies in non-human species [69], such \DNA
metabarcoding" approaches have only been applied to human samples in a restricted
set of conditions: 2 fecal samples in the development of a very short plant barcode for
ampli cation of highly degraded DNA [140]; 54 fecal samples largely originating from
restricted interventional diets [114]; and 48 individuals' stomach contents collected
during autopsy [126]. Together, these studies demonstrated that DNA metabarcod-
ing is possible from human digesta and stool, capable of identifying a range of known
foods (47 plant taxa in [114], 33 plant and 9 animal taxa in [126], may indicate
compliance with dietary intervention [114], and has a high detection sensitivity for
food items from a plant-based diet (86%) [114]. However, only 20 of the sequenced
stool samples described above originated from individuals consuming their typical,
self-selected diets, the exposure of interest in observational nutritional studies. As
a result, it is unknown if DNA metabarcoding data capture variation in habitual

dietary intake that can be leveraged for epidemiologic research.

Furthermore, logistical challenges remain to be overcome before DNA metabar-
coding can be used as a dietary biomarker. Ampli cation of plant material from
human stool has a high technical failure rate (50% of fecal samples in [114], and
bioinformatic analysis is not standardized. In addition to these methodological de-
tails, DNA metabarcoding data have not been collected at a scale necessary to power
human nutrition studies, which typically include hundreds if not thousands of par-
ticipants [160].

Beyond the challenges of generating DNA metabarcoding data at scale, there are
also conceptual hurdles for analyzing it. The number of potential species identi ed by
DNA metabarcoding is comparable in complexity to other marker gene methods like
16S rRNA microbiome sequencing and to established self-report dietary assessments,

which describe food intakes according to hundreds of taxa or nutrient features, re-
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spectively [25]. Strategies for analyzing these datasets have evolved over decades and
are still a focus of active development and revision [171, 17]. As a result, how the
hundreds of dietary species that could be measured by DNA metabarcoding should
be analyzed to characterize a population or study relationships to health outcomes
in humans remains unaddressed. In animals, dietary species abundances have been
used to calculate within- and between-sample diversity [69], identify relationships to
nutritional status [156], and quantitatively estimate the biomass of individual source
foods in the diet [143]. None of these approaches has yet been tried in human data,
and results from animals may not translate to human diets, which include foods that

are cooked, prepared, processed, or stored prior to eating.

To address the need for broadly scoping biomarkers of food intake with practical
utility in nutrition research, we develop here DNA metabarcoding with the plastid
trnL -P6 marker [140] as an epidemiological tool for assessing dietary plant intake in
humans. We rst report several protocol adaptations that makdrnL metabarcoding
more reliable in human stool samples. Next, to understand whether (1) DNA-based
dietary data are accurate and useful in an epidemiologic context and (2) how exactly
this data should be utilized, we applied plant DNA metabarcoding to 1,029 fecal
samples from 324 participants, a scale comparable to validation studies in nutritional
epidemiology. We assess the per-plant, quantitative accuracy hL metabarcoding
in a cohort with high-quality accompanying dietary data, as well as the feasibility
and validity of dietary diversity as a summary measure of intake. Finally, we show
that trnL metabarcoding-derived dietary diversity metrics can be valuable for test-
ing epidemiological hypotheses and for exploratory analysis of cohorts with limited

dietary data.
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2.2 Results

2.2.1 Protocol development

We developed a molecular approach for measuring dietary plant intake by amplifying
and sequencing residual DNA from stool samples using thenL -P6 region of the
chloroplast genome (irnL metabarcoding"; Figure 2.1a ).

To scaletrnL metabarcoding for population-level applications, we followed rec-
ommendations for microbiome metabarcoding studies [49] to re ne our prior protocol
[114], which was capable of detecting dietary plant taxa but limited by a low PCR
success rate (50%). We moved from a standard- to a high- delity polymerase to
reduce PCR errors and facilitate accurate taxonomic assignment thL sequence
variants, and switched from a one-step to a two-step ampli cation protocol to avoid
bias from barcode di erences in the primary ampli cation and reduce primer synthe-
sis costs. In the primary ampli cation, we adjusted reaction annealing temperature
from 55 to 63C to reduce formation of non-speci ¢ products and maximize ampli ca-
tion and sequencing yieldsKigure 2.2a-c ), which further improved when template
volume was quadrupled Figure 2.2d-f ). In the second ampli cation step, an in-
crease from 8 to 10 barcoding PCR cycles improved vyields a further 3.4-fold. In
samples tested pre- and post-optimization, these changes collectively resulted in me-
dian increases of 2.2 ngll in ampli ed DNA, 18,600 trnL sequencing reads, and 4
additional plant taxa detected per sample§=199, Fig. Figure 2.2g-i ). Overall, the
optimized protocol had a PCR success rate of 92%, which exceeds response rates (76-
82%) for validated FFQs [138], which are widely used instruments for the collection
of self-reported dietary intake.

Bioinformatically, our optimization focused on assigning a plant taxon tdrnL
sequencing reads using an expanded reference database. In our previous work, 27%
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Figure 2.1 : Generation and scope ofrnL metabarcoding data for dietary plant
intake

(a) Conceptual overview otrnL metabarcoding protocol and pMR calculation. Con-
served primers (F, R) ank a variabletrnL region, allowing ampli cation of a mixed
pool of plant food-derived DNA from stool. Following sequencing and taxonomic
identi cation, data can be analyzed as presence or count of each plant taxon per sam-
ple, or metrics like the number of taxa per sample (or plant metabarcoding richness,
PMR). (b) The referencernL sequence database used for taxonomic assignment had
broad representation (black and gray tick marks in outer ring) of food crop species
(full phylogenetic tree [99] and included multiple sequences for 27% of plant taxa,
which indicates within-food genetic variation at thetrnL -P6 locus. Leaves in the crop
tree terminate at the species level, though 70 subspecies- and 52 variety-level taxa
were included in the full reference. Plant crops tracked by the FAO (\major") were
more likely to be included in the reference than untracked crops (\minor"; Chi-square
188.94, df=2,p < 10 ). Example plants from each clade are shown in silhouette.
Clockwise from legend, these are: apple, pumpkin, cucumber, walnut, chickpea, cas-
sava, starfruit, orange, okra, mango, grape, bell pepper, chili pepper, potato, carrot,
Kiwi, beet, rice, wheat, corn, onion, banana, pineapple, and avocado.
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Figure 2.2 : Experimental optimization of a prior trnL metabarcoding protocol im-
proves dietary DNA ampli cation and sequencing.

(&) Non-specic product formation (>143 bp, the upper limit of trnL length, indi-
cated by arrow) is reduced at higher annealing temperaturegb) Samples ampli ed
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Figure 2.2 : with a 63°C annealing temperature have highetrnL sequencing read
depth. Lines connect identical samples tested under either condition & 28). (c)

More food ASVs (identi ed by the trnL reference) were detected in samples ampli ed

at 63°C despite no signi cant di erence in total ASVs, indicating a reduction in non-
speci ¢ ampli cation (n = 15). trnL PCR product formation (arrow) is increased
with addition of more template volume to the reaction. (e) Samples with higher
template volume added to the primary PCR have highetrnL sequencing read depth

(n = 23). (f) Higher template volume in the primary PCR increases the number

of detectedtrnL ASVs (n = 23). (g-i) Collectively, the suite of protocol changes
improved (g) DNA concentrations after the primary ampli cation, (h) trnL reads

by sequencing, and(i) the number of trnL ASVs per sample § = 199 samples
evaluated pre- and post-optimization). All statistical tests shown are paired-sample
Wilcoxon signed rank tests. *p < 0:05, ** p < 0:01, *** p < 0:001, and n.s., not
signi cant.

of reads did not have an exact match to a reference sequence and could not be
included in subsequent analyses. We therefore expanded our reference database of
dietary plants from 185 sequences (representing 72 species) to 791 sequences (468
species). In comparison to a recent food plant phylogeny [99], these species included
members of 62% of all families and 83% of major crop families tracked by the Food and
Agriculture Organization (FAO) (Figure 2.1b ). A curated, food-speci c reference
database also signi cantly improved the reported resolution of theenL -P6 loop [140]:

of all possible sequences identi ed by the reference, a plant species, genus, or family
could be exactly speci ed in 83.2%, 92.6%, or 99.3% of cases, respectively. To reduce
the percentage of reads without a taxonomic assignment, we shifted from grouping
similar DNA sequences into operational taxonomic units to inferring exact amplicon
sequence variants (ASVs), which enabled calculation of common summary metrics
(i.e. within-sample, or alpha diversity) independent of a reference assignment and
straightforward merging of metabarcoding datasets from multiple sequencing runs
that use the same primers and analysis parameters [20]. In concert, our expanded
reference database and new pipeline reduced the percentage of unassigned reads to

0.9% (per-sample median 0.2% and median absolute deviation 0.3gure 2.3 ).
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Figure 2.3 : Total and taxonomically assigned sequence reads by sample and study.

Sequence reads were assigned to a plant taxon by exact matching to sequences in the
customtrnL reference. The red dashed line indicates a complete mappinge( all
reads in a sample match at least one sequence in tineL reference and are assigned

to a plant taxon).

2.2.2 Validation using interventional diets

With our optimized experimental and bioinformatic protocols, we examined the po-
tential for trnL metabarcoding to capture recorded intake of specic plant taxa in a
cohort of individuals undergoing a dietary intervention (\Weight Loss"; Table S1;
n=41 samples from 4 individuals). Members of the Weight Loss cohort were clients
of a residential-style, medically supervised weight loss center, with all their weekday
meals prepared in the center's cafeteria and consumed on site. Although Weight
Loss diets were interventional, they had high day-to-day variability and included a
large number of unique items. Meal recipes and participant orders were logged by a
digital menu system, which allowed us to specify a plant taxon for 96% of the 425
unique plant-derived food items consumed, including those from complex meadsy,
\Mushroom Wild Rice Pilaf" could be separated into wild rice, white rice, portobello

mushrooms, onion, pecans, thyme, parsley, and sage).

We began by assessing the detection accuracy tofiL metabarcoding for indi-
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vidual plant taxa. Overall, 76% of taxa in participants' cafeteria records were also
present intrnL metabarcoding data (=56 of 74; Figure 2.4a ). Comparing each
Weight Loss stool sample to corresponding menu records from two days prior to
collection, trnL and menu data were consistent in 74% of per-sample, per-taxon
comparisons (14.4% true positives and 59.7% true negativdsgure 2.4b ). Still,
concordance betweetrnL and menu data varied across plants (n=96Figure 2.4b ):
per-taxon accuracy, or the percentage of detections that concorded with the menu,

ranged from 97 to 9% (median 78%, absolute deviation 21%).

One factor that can markedly impact perceived accuracy is the reliability of the
\known" diet record. There is no gold standard method of dietary assessment, and
Weight Loss center menus were an imperfect comparator despite their detail: menus
indicated only ordered foods rather than consumed ones and participants could eat
foods that were not tracked by the menu systeme(g. a daily fruit o ering, salad bar,
or o -menu eating that occurred away from the center). To speci cally evaluate how
features of the Weight Loss diet record may have a ected per-taxon detection accu-
racy, we examined a stricter intervention cohort consuming a Western-style diet that
was provisioned food from four recurring daily menus, with uneaten items returned
and detailed daily food logs captured additional items consumed (\Controlled Feed-
ing", Table S1, n = 28 samples from 14 individuals) [148]. Across foods in common
between the Weight Loss and Controlled Feeding cohort® E 42), detection errors
were signi cantly correlated for false negative rate (Spearman= 0:63, p = 0:0003;
Figure 2.4c ). Consistency in false negativestinL metabarcoding failing to detect
a food recorded in the menu) supports a model in which food-speci ¢ factors a ect-
ing detection like digestibility and chloroplast copy number remain the same across
study settings. In contrast, false positive rates were uncorrelated between studies

(Spearman =-0.14 and p = 0:42; Figure 2.4c ). This lack of relationship for false
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Figure 2.4 . Overall and per-food accuracy ofrnL metabarcoding in the Weight
Loss cohort.

(@) Across all menu days, 76% of plant taxa recorded in menus were detected by
trnL metabarcoding. The majority of recorded plants that were never detected by
trnL were seasonings and spices €10 of 18 taxa). (b) Agreement betweentrnL

28



Figure 2.4 : and menu data varied across plants. Di erences between recorded and
detected values originate from three main sources: biological factors, experimental
errors, or aws in recorded dietary data. For instance, food items like onions, citrus,
black pepper, and coriander were often recorded in the menu data but not detected
by trnL , which could result from food-speci c variations in chloroplast content (onion
tissue originating from underground bulbs); in processing (citrus often consumed as
juice); intake below thetrnL detection threshold (seasonings like black pepper and
coriander); or items recorded as ordered but left on the plate. In contrast, plants
like coconut, arugula, banana, tea, chocolate, and psyllium were often detected by
trnL without an accompanying menu record. Although this could indicate experi-
mental contamination (e.g, coconut was intermittently ampli ed in negative control
reactions in our laboratory, handled in Methods), other examples indicatettnL
revealed meaningful data not captured in menus: menus did not record daily bev-
erage, fruit, and salad bar selectionse(g. tea, banana, arugula); o-menu intake
was possible when clients were not at the center (chocolate); and plant-derived sup-
plements were not tracked by the cafeteria (psyllium detected only in samples from
a participant who indicated daily ber supplementation with Metamucil on a study
guestionnaire). (c) Two-tailed Spearman correlations between per-food false positive
(FPR) and false negative (FNR) rates in foodsr{ = 42) shared between the Weight
Loss and Controlled Feeding cohorts.

positives ¢rnL reporting a food taxon that the menu does not) is consistent with a

factor that impacts false positive detections in only one study: here, the fact that

the Weight Loss menus have potential omissions.

We next examined the potential for DNA metabarcoding to capture variation
in portion size in the Weight Loss cohort (by design, the Controlled Feeding menu
did not feature large variation in servings of plant-based foods). Considering all
foods in the Weight Loss cohort, the proportion of totaltrnL sequencing reads per
sample was signi cantly associated with both continuous and categorical measures of
portion size recorded in menu data (gram weight or intake tertile of food consumed,
with Spearman = 0:31, p < 10 *® and two-tailed Mann-Whitney U p < 10 15,
respectively; Figure 2.5a, b ). This quantitative signal persisted for a subset of
individual taxa when trnL sequencing reads were compared to menu data from the

1-2 days before sampling on a per-food basig € 0:05 for grains [rye and wheat]
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