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Abstract
BACKGROUND & AIMS—Non-alcoholic fatty liver disease affects up to 30% of the U.S.
population, but the mechanisms underlying this condition are incompletely understood. We
investigated how diet standardization and choline deficiency influence the composition of the
microbial community in the human gastrointestinal (GI) tract and the development of fatty liver
under conditions of choline deficiency.

METHODS—We performed a 2-month in-patient study of 15 female subjects who were placed
on well-controlled diets in which choline levels were manipulated. We used 454-FLX
pyrosequencing of 16S rRNA bacterial genes to characterize microbiota in stool samples collected
over the course of the study.

RESULTS—The compositions of the GI microbial communities changed with choline levels of
diets; each individual’s microbiome remained distinct for the duration of the experiment, even
though all subjects were fed identical diets. Variations between subjects in levels of
Gammaproteobacteria and Erysipelotrichi were directly associated with changes in liver fat in
each subject during choline depletion. Levels of these bacteria, change in amount of liver fat, and
a single nucleotide polymorphism that affects choline were combined into a model that accurately
predicted the degree to which subjects developed fatty liver on a choline-deficient diet.

CONCLUSIONS—Host factors and GI bacteria each respond to dietary choline deficiency,
although the gut microbiota remains distinct in each individual. We identified bacterial biomarkers
of fatty liver that results from choline deficiency, adding to the accumulating evidence that GI
microbes have a role in metabolic disorders.
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Intestinal microbes utilize nutrients and produce metabolites that influence a wide range of
human phenotypes, including susceptibility to conditions such as obesity,1-2 insulin
resistance,3-4 metabolic syndrome,3-4 liver steatosis,3-4 Crohn’s disease5 and cancer.6-7

Recent characterizations of the human gut microbiota have repeatedly observed that
microbial communities are distinct, even among closely related individuals.8 Nevertheless,
the specific interactions between gut microbes, the environment and the human host that
select for different microbial communities in different people are largely unknown.

Many studies have reported direct links between diet and the structure of the gut
microbiome in mouse models. One recent example observed that microbiome structure
rapidly shifts in response to a change from a low-fat, plant-based diet to a high-sugar, high-
fat diet, modifying both the available metabolic pathways and actual gene expression.9 This
study and others like it have demonstrated that symbiotic microbes are key for access to and
use of nutrients and energy from dietary sources1, 9-12 and have identified relationships
between specific gut bacteria and host metabolism.9, 12 These studies have demonstrated the
relationship between dietary exposure and microbial response, but extending these results
from mouse models to humans is complicated by differences in gut structure and
microbiome composition.9

A principal challenge in determining associations between the human gut microbiome and
health is the difficulty of standardizing the diet during sampling.12 Our study overcomes
this limitation by taking advantage of ongoing research that explores the effects of choline
depletion in human subjects under a rigorously standardized diet in a hospital setting.
Choline is an essential nutrient and a major methyl donor that supports physiological
processes from normal metabolism to neurological development in the fetus.13 Human
beings obtain choline from two major sources: diet and endogenous production in the liver.
The level of choline in the American diet varies substantially, with one study reporting a
median intake of 284 mg/day compared with the recommended daily intake of 550 mg/day.
14 Low-choline diets have been associated with health problems in humans and in mouse
models, including non-alcoholic fatty liver disease, neural tube defects, hepatic cancer and
an increased risk of breast cancer.15 Furthermore, common single nucleotide polymorphisms
(SNPs) in several genes have been shown to affect choline production and metabolism.16-17
One notable example is the gene, PEMT, which is important in the endogenous de novo
synthesis of phosphatidylcholine. A common haplotype associated with a defective estrogen
response element in PEMT’s promoter region disrupts this critical process.16-17

Gut bacteria can hydrolyze choline to form dimethylamine and trimethylamine.18-20

Phosphatidylcholine has been identified as a component of bacterial cell walls in
approximately 10% of bacteria.21 To obtain phosphatidylcholine, prokaryotes utilize two
pathways, the PMT pathway for endogenous biosynthesis and the PCS pathway that utilizes
exogenous choline to produce phosphatidylcholine.22 Different bacterial types may have
none, one or both pathways, and pathway specificity is important to microbe-host
interactions.23

Our recent metabolomic analysis of the effects of choline deficiency on human beings has
identified metabolites, some of bacterial origin, that differentiated subjects who experienced
organ dysfunction associated with choline deficiency from those who did not.24 Other
studies have used mouse models to determine bacterial influences on host metabolism and
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biochemistry,3-4, 25-29 and some have suggested that gut bacteria affect the bioavailability
of dietary choline to the host.3, 29-30 One recent study used vancomycin to chemically
knock-out gut microbes in mice and observed a variety of metabolic changes, including
increased choline in feces.31. Another study reported on the effects from metabolic
syndrome in a mouse model. These were ameliorated when antibiotics were administered to
remove the gut microbiome.4 Taken together, these studies suggest that the gut microbiome
influences an organism’s need for choline, as well as the health outcomes associated with
choline deficiency. Our research seeks to further characterize this relationship.

Materials and Methods
Study Subjects

Healthy female subjects (n=15), a subset of those enrolled in an NIH-funded study
(DK055895) investigating choline metabolism, were recruited to participate in a gut
metagenomic study and provided informed consent (approved by the Institutional Review
Boards at the University of North Carolina at Chapel Hill [UNC] and at the University of
North Carolina at Charlotte [UNCC]). Inclusion was contingent on a good state of health, a
body mass index (BMI) of 18–34, and no history of hepatic, renal, or other chronic system
disease determined by physical examination and standard clinical laboratory tests.
Individuals eating unusual diets that would interfere with the study, using drugs or
medications known to alter liver metabolism or using choline-containing dietary
supplements during the previous 3 months were excluded. Subjects were genotyped for the
PEMT promoter SNP rs12325817 (supplemental table 1).

Dietary manipulation
After admission to the Clinical and Translational Research Center (CTRC) at UNC
Hospitals, subjects were continuously supervised to assure protocol compliance. Participants
were fed study diets, prepared in-house to protocol specifications.32 Total food intake was
adjusted to be isocaloric and to provide adequate intakes of macro- and micronutrients.
(supplemental table 2)

During the baseline study phase (Figure 1), all participants were fed a conventional diet of
normal foods containing 550 mg choline · 70 kg body weight · day [the current adequate
intake (AI) 33], 50 mg betaine · 70 kg body weight · day. After 10 days of this initial diet,
subjects entered the choline-depletion phase during which they were fed a low-choline diet
containing <50 mg choline · 70 kg body weight · day and 6 mg betaine · 70 kg body weight ·
day, as confirmed by chemical analysis of a sample of duplicate food portions.34-35
Periodic measurements of urinary choline and betaine concentrations35 were made to
confirm dietary compliance. Subjects consumed the depletion diet until they developed
organ dysfunction associated with choline deficiency or for 42 days if they did not develop
dysfunction. Subjects were deemed to have organ dysfunction if they had a more than 5-fold
increase in serum creatine phosphokinase (CPK) activity 36; a more than 1.5-fold increase in
aspartate aminotransferase (AST) or alanine aminotransferase (ALT); or an increase in liver
fat content of >28% during the choline-depletion diet and if these elevated measures
resolved when dietary choline was restored.

During the depletion phase, if functional markers indicated choline deficiency associated
organ dysfunction, subjects were transitioned to a high choline repletion diet, containing 850
mg choline · 70 kg body weight · day for 10 days. Subjects who did not manifest signs of
organ dysfunction after 42 days of the low-choline diet were likewise advanced to the
choline repletion diet for 10 days.
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Clinical assessment
Blood and urine samples were taken and laboratory tests were performed on each subject at
screening, on day 1, and at the end of each dietary phase, as well as every 3–4 days for the
duration of the study to monitor the depletion and repletion status. These laboratory analyses
(conducted at the McLendon Clinical Laboratory at UNC Hospitals; Clinical Laboratory
Improvement Act and College of American Pathologists accredited) included measurements
of AST, ALT, and CPK.

Fatty liver
Liver fat was measured by magnetic resonance imaging (MRI) at the beginning and end of
the baseline diet, after 21 and 42 days of the low-choline diet, and at the end of the repletion
period. Liver fat content was estimated by MRI with a Vision 41.5T clinicalMRsystem
(Siemens, Malvern, PA) by using a modified “In and Out of Phase” procedure.37-38 This
approach used the differences in transverse magnetization intensity after an ultrabrief time
interval (FLASH; echo time _2.2 and 4.5 ms, flip angle_80 °, and repetition time_140 ms).
Processing of successive FLASH MRI images with software from Siemens Medical
Solutions (Malvern, PA) was used to estimate fat content. Quantification of organ fat
content was based on measurements across 5 images per subject and standardized using
similarly measured images of spleen fat content to create a liver fat to spleen fat ratio
(LF:SF), based on the assumption that spleen fat remained constant and could be used to
normalize liver fat results (supplemental table 3). A 28% increase in liver fat from B1 to D2
time points was the predetermined threshold for indicating organ dysfunction secondary to
choline deficiency. Liver fat measurements were subject to being mistimed by a couple of
days because of MRI unavailability.

Dietary Compliance
Our diets were well tolerated by subjects in this study. If subjects did not tolerate the diet,
their participation in the study was terminated. No side effects were observed other than
those associated with the removal of choline (hepatic dysfunction and muscle damage).
Symptoms typically resolved within days when dietary choline was re-introduced. All
subjects who completed our study were unaware of the diet treatment they received; none
felt sick or abnormal. No study-related physical illness occurred in any subject, nor were
there any serious adverse events.

Sample collection and preparation
Time-series stool samples were collected as indicated (Figure 1) based on the instructions
provided to study personnel and study subjects. Samples were frozen at −80°C and shipped
on dry ice to The University of North Carolina at Charlotte where they were stored at
−80°C. Samples were thawed on ice and metagenomic DNA was extracted using QIAamp
DNA Stool Mini-kit. Extracted DNA was quantified using a NanoDrop ND-1000
spectrophotometer and frozen at −20°C to await further preparation.

ARISA sample preparation and analysis
Automatic Ribosomal Intergenic Sequence Analysis39 (ARISA) was used to detect
microbial signatures in our samples. Using extracted DNA, the intergenic region between
the 16S rRNA and the 23S rRNA genes was PCR amplified for each of two technical
replicates using universal bacterial primers. (Supplemental Methods) Samples were run on
an Applied Biosystems 3130 genetic analyzer and resulting spectra were analyzed and data
vectors from all samples were compared using hierarchical clustering with custom JAVA
code.
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Sequencing sample preparation and sequence data management
Extracted DNA was thawed and used to PCR amplify the V1-V2 hypervariable regions of
the 16S rRNA gene. The PCR products for 454 tagged sequencing were prepared with
primers and thermalcycling parameters described in Fierer et al40 (Supplemental Methods).
PCR products were sent to the Environmental Genomics Core Facility at the University of
South Carolina for 454-FLX pyrosequencing. The resulting ~213,000 sequences were
subjected to quality control standards (see supplemental methods) and sequences that did not
meet quality criteria were removed from the dataset (supplemental table 4).

The remaining 194,781 sequences were assigned to Operational Taxonomic Units (OTUs) at
≥ 97% sequence similarity using the RDP-II infernal aligner and complete linkage clustering
from the RDP web-based pipeline.41 Sequences were assigned taxonomy using RDP
classification software.42 A minimum 50% threshold confidence score 43 was used to
include sequences in each taxonomic group. Sequence counts were analyzed using logged
proportion abundance, standardized to the average sample size across all samples
(Supplemental Methods).

Statistical Analysis
General descriptive statistics used all available samples, 74 samples across 15 subjects. For
statistical analysis, two subjects with an incomplete sample set (29, 04) were left out of any
statistical test where a missing sample was required for the analysis.

Sequence counts were standardized to the average sample size across all samples and the
resulting sequence frequencies were logged (adding 1 to each sequence to avoid logging
zeros). For the calculation and an example, see Supplemental Methods.

Hierarchical clustering of OTUs at 97% and of ARISA binned signal intensities were
conducted using Ward’s method on standardized logged sequence proportions. Statistical
analyses on RDP classifications were conducted at the most inclusive taxonomy for which
results were identified (at the class level) to ensure that the highest possible numbers of
sequences were used in comparisons (Supplemental Methods). All p-values were corrected
for multiple comparisons using an adjusted p-value (Supplemental Methods).

In Figure 5C, we used Principal Components Analysis (PCA) to build a simple linear model
which related gut metagenomic sequencing and LF:SF ratio changes. We conducted the
PCA on the two taxa at the class level (Gammaproteobacteria and Erysipelotrichi) with the
highest R2 values when regressed against LF:SF ratio change (supplemental Table 5). We
used the first component of the PCA as a regressor against the % change in LF:SF ratio from
B1 to D2 (Fig. 5C). In our final model (Figure 5D), we included the subject genotype for the
PEMT SNP with B1 abundance levels for Gammaproteobacteria and Erysipelotrichi to
conduct the PCA. The wild-type genotype value was set to 1 and, for either heterozygous or
homozygous genotype, the value was set to 2. Because such models are subject to over-
fitting, we performed permutation procedures that produced a permuted p-value to assess the
validity of our results (Supplemental Methods).

Statistical analyses were conducted using the R statistical package (R version 2.7.2
(2008-08-25)), JMP® 8.0 software for Microsoft Windows (SAS Institute) and Microsoft®
Office Excel 2003.
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Results
Experimental Design

Healthy adult female subjects (n=15; supplemental table 1) were brought into the hospital
and fed a proscribed experimental diet that included three dietary phases: 1) a standard
research diet providing the current recommended level of choline, 2) a diet with very low
choline and 3) a diet that included significant levels of choline to restore subjects’ choline
levels (Figure 1). Stool samples were obtained at time points reflecting dietary changes
(Figure 1), and the gut microbiome was characterized from these samples. Although we
recognize that the composition of mucosal-adherent microbes could differ from stool sample
results,44 invasive procedures required to sample that component were not advisable for this
study. By sampling under controlled conditions as choline levels were manipulated, we
observed the effects of dietary challenge on microbial community stability, identifying
changes in bacterial taxa that were coincident with controlled dietary manipulations and
disease states in human beings.

Distinctly individual gut microbial communities
Accumulating evidence has documented the diversity of gut microbial community
composition between individuals, even those who are closely related.8 If dietary differences
primarily defined gut microbial community structure, placing subjects on common diets
would erase some of those differences. To test the prediction that a common diet leads to a
homogenous microbial community, we conducted hierarchical clustering on Operational
Taxonomic Units (OTUs), groups of sequences identified as having at least 97% sequence
similarity. Our samples clustered perfectly by subject (P = 6.78E-65; Supplemental
Methods) regardless of sampling time point (Figure 2A). A profile of each subject’s
microbiome obtained from ARISA, a DNA fingerprinting technology that does not involve
direct sequencing (supplemental figure 1), also found nearly perfect clusters by subject
(Figure 2B). The highly similar clustering patterns observed from these two distinct methods
ensures that our results are not an artifact caused by sequencing errors that may be
associated with pyrosequencing methodology.45 These observations demonstrate that
differences between individuals were maintained despite subjects being fed a common diet
and that the established adult gut microbiome does not undergo wholesale, common change
in response to short-term, common dietary perturbations.

Effects of diet on the human gut microbiome
Although our subjects’ microbiota remained distinct, we observed shifts in microbial
community composition within subjects as their diets were altered. When bacterial
proportions were plotted for each sampling time point in each subject, changes were visually
apparent (Figure 3). Bacterial classes with the highest abundance, such as Bacteroidia and
Clostridia, were ubiquitous, whereas less abundant classes, such as Fusobacteria and
Bacilli, were present in only a few subjects.

We measured phylogenetic differences between dietary time points using Unifrac46 to assess
the degree to which a phylogenetic tree for each sample differed in branch lengths from a
subject’s “community” tree, constructed from all sequences from that subject. In six
subjects, the p-values from these comparisons revealed that the microbial community
present when subjects consumed an ad libitum diet at baseline was more phylogenetically
unique than would be expected by chance based on a threshold of P ≤ 0.05 (supplemental
table 6), indicating that switching from an ad libitum diet to a balanced, standardized
research diet substantially altered gut microbiome composition in a subset of our subjects.
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To quantify any common impact of dietary changes on frequencies of individual taxa, we
compared differences in bacteria abundance between study time points that corresponded to
changes in diet (Figure 1): the ad libitum diet (B1) vs. the controlled research diet (B2), the
ad libitum diet (B1) vs. the choline deficient diet (D2), the ad libitum diet (B1) vs. the high
choline repletion diet (R1) and the choline deficient diet (D2) vs. the high choline repletion
diet (R1). Using paired t-tests, we found no common change in abundance of any taxon from
one time point to another after correcting for multiple comparisons (supplemental table 7).
These results indicate that, while subjects experienced changes to their microbial community
on exposure to a new diet (Figure 3), there is little compelling evidence for a common
pattern of change across subjects for individual types of bacteria. Nevertheless, test results
before multiple comparison correction for Gammaproteobacteria (P = .006) and
Betaproteobacteria (P = .008) from D2 to R1 indicate a potential impact either from
restoring dietary choline (supplemental table 7) or possibly from removing the soy shake
from the repletion diet (Supplemental Methods). Based on these results, we examined the
differences in Gammaproteobacteria abundance between time points D2 and R in greater
detail.

We plotted the distributions of Gammaproteobacteria for all time points (Figure 4). At D2,
where subjects had been on an extended diet containing very low daily choline levels (50
mg), subjects exhibited a variety of Gammaproteobacteria abundance levels. When high
dietary choline levels were restored to subjects’ diets at the R1 time point, abundance levels
in all but two subjects dropped to zero. This suggests that Gammaproteobacteria may be
inhibited by very high levels of dietary choline. Although evidence for such a direct effect of
choline on Gammaproteobacteria is not unprecedented in the literature,47 further evidence
will be necessary to confirm this observation at a threshold of statistical significance that
survives correction for multiple tests.

Relationships among choline deficiency, fatty liver, gut microbes and host genotype
We next examined whether each taxon’s abundance levels at the B1 (baseline) time point, an
“experiment-free” condition prior to dietary changes, could predict how subjects would
respond to dietary choline insufficiency at D2 (end of the depletion phase). Abundance
levels of two taxa, Gammaproteobacteria (Figure 5A) and Erysipelotrichi (Figure 5B), were
correlated to the percentage change in the LF:SF ratio from B1 to D2.
Gammaproteobacteria showed the strongest correlation, and the negative association with
liver fat changes survived correction for multiple comparisons at a 5% false discovery rate
(R2 = .5679, P = .00118, adjusted p-value .011) (supplemental table 5). These results
suggest that a subject’s baseline levels (ad libitum diet) of this taxon predict the degree of
subject susceptibility to fatty liver when dietary choline is deficient.

Although both Gammaproteobacteria and Erysipelotrichi abundance levels offered some
predictive power for fatty liver development in our subjects, we wished to explore whether
multivariate models could better explain subjects’ susceptibility. Principal Components
Analysis (PCA) provides a simple method to combine Gammaproteobacteria and
Erysipelotrichi B1 abundance levels as explanatory variables. A regression of the first
principal component generated from this analysis against the percentage change in the
LF:SF ratio from B1 to D2 improved predictive value for fatty liver susceptibility over
either taxa alone (Figure 5C). To correct for the possibility of model over-fitting, we
completed one million permutations of this analysis (Supplemental Methods), and the
resulting permutation derived p-values supported the observed correlation.

To further refine our model, we borrowed insight from previous studies that demonstrated
that subject genotype for the PEMT SNP influences susceptibility to choline deficiency
induced fatty liver.16-17 Results from Welch’s t test (Figure 6A) confirmed that this SNP

Spencer et al. Page 7

Gastroenterology. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genotype would be an effective predictor of liver fat changes in our subjects (P = .0028). We
combined the PEMT SNP genotype values with B1 abundance information from
Gammaproteobacteria and Erysipelotrichi (Supplemental Methods) using PCA (Figure 6B).
The first principal component from this analysis proved to be highly correlated with the
change in LF:SF ratio (Figure 5D) for all our subjects (R2 = 0.8388, P = 2.4e-06). A
permutation based p-value, designed to correct for over-fitting remained highly significant
(P = 7.0e-04), demonstrating that these three factors together (Figure 5D), are a powerful
predictor of the physiological effects of choline deficiency. We obtained similar results
using multivariate regression (supplemental table 8).

Discussion
Our study demonstrates the importance of longitudinal experimental design and rigorous
dietary control to identify changes in the gut microbiome that have potentially significant
ramifications for human nutrition and health. We have verified previous findings 8, 48 that
gut microbial communities are distinctly individual and have demonstrated that there is little
generalized convergence between subjects on a common diet over a two-month time period
(Figure 2). Although gut microbiota remained characteristically individual, dietary changes
did produce some effects, altering overall gut microbial composition when subjects shifted
from their normal diets and changing the abundance of specific microbes when the essential
nutrient, choline, was perturbed (Figure 3). The lack of statistically significant general
microbial community convergence between subjects suggests that immigration of bacteria
from food or the environment was not a major contributor to microbiome composition in our
subjects.

Our results are presented in the context of non-alcoholic fatty liver disease estimated
prevalence as high as 30% in the U.S. population49-50 and observed interrelationships
between choline, high fat diets, fatty liver, insulin resistance, diabetes and other metabolic
syndrome conditions. Previous literature suggests that changes associated with menopause
in women, particularly when combined with relevant SNPs, may disrupt endogenous choline
production, increase a subject’s need for dietary choline and predispose post-menopausal
women to developing fatty liver.16-17, 51-52 If this model is correct, the subjects who deplete
most on a choline deficient diet are those who are least efficient at endogenous choline
production and are, therefore, the most dependent on obtaining needed choline from their
normal diets. In Figure 5C, 3 subjects (33, 29 and 04) did not show the same strong
correlation as the other subjects when the combination of Gammaproteobacteria and
Erysipelotrichi abundance was plotted against LF:SF ratio changes. All 3 of these subjects,
however, are WT for a SNP in the PEMT gene, which suggests that they are in the group of
women better able to endogenously synthesize phosphatidylcholine.52 Combining the SNP
status of PEMT with the abundance of the two taxa produces a correlation with essentially
no outliers (Figure 5D). These data support a model in which subjects with the ability to
endogenously produce phosphatidycholine are less dependent on the composition of the
microbial community. While such a model will need further validation, the observation that
Gammaproteobacteria abundance went to zero in all but two of our patients when dietary
choline levels were high (Figure 4) lends further support to the assertion that members of
this taxa are involved in choline-sensitive pathways that have implications for host health.

Animal models have also suggested a relationship between choline deficiency induced fatty
liver and the gut microbiome. Dumas et al. described a microbiota-mediated mechanism
underlying the development of fatty liver that mimicked choline deficiency in mice fed high
fat diets and was also associated with insulin resistance.29 This mechanism was explained by
microbial flora that disrupt choline bioavailability to the host by converting choline to
methylamines, although no specific taxa were named. Increases in Proteobacteria, the
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phylum that includes Gammaproteobacteria, were also observed in mice that were fed high
fat diets and that exhibited increased obesity.12 A study of metabolic endotoxemia, high-fat
diets and obesity identified lipopolysaccharide (LPS), a phospholipid in the outer membrane
of most gram-negative bacteria53, as a possible culprit in the chronic inflammation that
accompanies metabolic dysfunction, insulin resistance and diabetes.28 Recent work by
Kudo et al. implicated gut-derived bacterial endotoxin in up-regulation of TNF-alpha,
apoptosis of primary hepatocytes and development of liver injury in a murine model of non-
alcoholic steatohepatitis.54 Taken together, these studies provide support for the assertion
that nutrient imbalance may trigger a bloom of inflammation-producing bacteria and
concurrent metabolic dysfunction. The Gammaproteobacteria genera identified in our study,
including Klebsiella spp., Enterobacter spp. and Eschericha spp., are known gram-negative
bacteria with LPS-containing membranes.53 Their combined association with fatty liver
development suggests that these mechanisms may be at work in our subjects, as well.

Even though we cannot yet assign cause and effect, our results suggest that host genotype
and specific members of the microbial community are important predictors of susceptibility
to choline deficiency induced fatty liver disease (Figure 5D). Defining the interrelationships
between these bacteria, host genotype and choline metabolism could begin to establish the
biological mechanisms through which the gut microbiome influences human health. Such
work could ultimately yield important insights into the causes and risks associated with fatty
liver disease and related, increasingly prevalent conditions, such as obesity, insulin
resistance, diabetes and cardiovascular disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ARISA Automated Ribosomal Intergenic Sequence Analysis
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BLAST Basic Local Alignment Search Tool

BMI Body Mass Index

CPK creatine phosphokinase

DRI Dietary Reference Intake
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FDR False Discovery Rate

LF:SF liver fat to spleen fat ratio

LPS lipopolysaccharide

MRI magnetic resonance imaging

OTU operational taxonomic unit

PCA Principal Components Analysis

PCR polymerase chain reaction

RDP Ribosomal Database Project

SNP single nucleotide polymorphism
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Figure 1. Experimental Design
Participants were fed a controlled research diet that included adequate daily choline intake
during the baseline period (red). During depletion, subjects were fed a diet very low in
choline until they demonstrated signs of deficiency or for a maximum of 42 days (grey). The
10-day repletion diet was very rich in choline (green). Arrows indicate timing of stool
samples.
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Figure 2. Hierarchical clustering of gut microbiome samples
A. Hierarchical clustering based on OTUs at 97% sequence similarity. Samples are colored
by subject. B. Hierarchical clustering based on ARISA profiles, a DNA fingerprinting
technique.
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Figure 3. Diagrams of bacterial sequence proportions by time point at the Class level
The key shows ordering of time points in the ring: B1-baseline, B2-standard diet, D1-
choline-deficient diet, D2-end of choline-deficient diet, R1-high dietary choline and R2-
second high dietary choline sample (subjects 34, 32, 37, 39). Blue subject labels designate
those who developed fatty liver (liver fat change ≥ 28%) on a choline deficient diet; those
with red labels did not. Subjects 4 and 29 do not have all samples, and time points are
labeled.
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Figure 4. Distribution of Gammaproteobacteria abundance by time point by subject
Plot of logged standardized sequence frequencies (log10) for Gammaproteobacteria colored
by subject.
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Figure 5. Gammaproteobacteria and Erysipelotrichi abundance, particularly when combined
with subject geneotype, predicts choline deficiency induced fatty liver
Regressions of A. Gammaproteobacteria B1 abundance and B. Erysipelotrichi B1
abundance against the Liver fat/Spleen fat (LF:SF) % change from baseline (B1) to choline
deficient (D2) diet. C. Regression of PCA1 from PCA of Gammaproteobacteria and
Erysipelotrichi B1 abundance against the LF:SF % change from B1 to D2. D. Regression of
PCA1 from PCA of PEMT genotype for rs12325817, Gammaproteobacteria and
Erysipelotrichi B1 abundance (6B) against the LF:SF % change from B1 to D2.
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Figure 6. The PEMT SNP affects risk of developing choline deficiency induced fatty liver
A. Variability plot of PEMT genotype for SNP rs12325817 and the % change in Liver fat/
Spleen fat ratio (LF:SF). WT, wildtype; HET, heterozygous; HO, homozygous. B. PCA of
PEMT genotype for rs12325817, Gammaproteobacteria and Erysipelotrichi B1 abundance.
Open circles indicate subjects who did not develop fatty liver; closed squares are subjects
who did.
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