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Abstract

Objective—The relevance of the microbe-gut-brain axis to psychopathology is of interest in
anorexia nervosa (AN), as the intestinal microbiota plays a critical role in metabolic function and
weight regulation.

Methods—We characterized the composition and diversity of the intestinal microbiota in AN,
using stool samples collected at inpatient admission (T1) (n=16) and discharge (T2) (n=10). At
T1, participants completed the Beck Depression and Anxiety Inventories and the Eating Disorder
Examination-Questionnaire. Patients with AN were compared to healthy individuals who
participated in a previous study (healthy comparison group; HCG). Genomic DNA was isolated
from stool samples, and bacterial composition was characterized by 454 pyrosequencing of the
16S rRNA gene. Sequencing results were processed by the Quantitative Insights Into Microbial
Ecology pipeline. We compared T1 vs. T2 samples, samples from both points were compared to
HCG (n=12), and associations between psychopathology and T1 samples were explored.

Results—In patients with AN, significant changes emerged between T1 and T2 in taxa
abundance and beta (between-sample) diversity. Patients with AN had significantly lower alpha
(within-sample) diversity than HCG at both T1 (p=0.0001) and T2 (p=0.016), and differences in
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taxa abundance were found between AN patients and HCG. Levels of depression, anxiety, and
eating disorder psychopathology at T1 were associated with composition and diversity of the
intestinal microbiota.

Conclusions—We provide evidence of intestinal dysbiosis in AN and an association between
mood and the enteric microbiota in this patient population. Future directions include mechanistic
investigations of the microbe-gut-brain axis in animal models and association of microbial
measures with metabolic changes and recovery indices.
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Introduction

The robust and documented role of the intestinal microbiota in metabolic function and
weight regulation provides a strong rationale for exploring the role of this complex
microbial community in the emergence, maintenance, and recovery from anorexia nervosa
(AN) (1). AN is a severe, life-threatening mental illness (2) associated with dangerously low
body weight and biochemical, metabolic, immunologic, and sensory abnormalities (3-8), as
well as mortality rates among the highest for any psychiatric disorder (9). Despite the
significant morbidity and mortality associated with AN (9-12), and decades of research, the
evidence base for its treatment is weak—especially during the initial renourishment phase
(13, 14). Current models are unable to account for how individuals with AN can achieve and
defend such low body weights.

The composition of the human microbiota, which includes the diverse microbial
communities living in and on the human body, as well as the genetic material of these
microorganisms (microbiome) and their interactions with the surrounding environment, has
become a burgeoning area of study. The composition of these microbial communities can
vary with age, sex, environment, geography, diet, and disease, but we understand little about
the nature of these variations or their impact on human development, physiology, immunity,
and nutrition (15). Seminal work by the Human Microbiome Project (HMP) has
characterized the microbiome in a cohort of healthy individuals (16), whereas other
investigators have focused on how deviations from the norm could contribute to diseases
such as inflammatory bowel diseases (IBD) (17), asthma (18-23), and obesity (24-30).

A growing body of evidence from both animal models and human studies shows
communication between the intestinal microbiota and the brain (i.e., the so-called “gut-brain
axis”) (31). This phenomenon has not been studied in individuals with AN, and the specific
mechanism(s) through which enteric microbes affect brain function remains unclear.
However, individuals with AN often present with comorbid anxiety and depression—up to
80 percent will experience major depression at some point in their lifetime (32), while up to
75 percent will suffer from some form of anxiety disorder, including social phobia, specific
phobia, and generalized anxiety disorder (33-35).
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The intestinal microbiota plays a demonstrable role in weight gain/loss (24-30) and energy
extraction from the diet (29, 30, 36) in human and animal models. Given that AN is marked
primarily by extreme weight dysregulation (37), exploring the role of the intestinal
microbiota in AN is a logical and inevitable next step. Consistent evidence implicates this
enteric microbial community in obesity and metabolic outcomes, though the degree of that
contribution is controversial (27-29, 38, 39). Findings suggest that the composition of the
intestinal microbiota differs between obese and lean individuals (27, 28), and that obese
individuals may extract more energy from a given diet than their lean counterparts (29), but
very little is known about the gut microbiome in individuals with AN.

Intriguing published and preliminary findings suggest a role for the intestinal microbiota in
AN. A recent culture-based study of a stool sample from an AN patient at hospital
admission identified 11 completely new bacterial species in the Firmicutes (n=7),
Bacteroidetes (n=2), and Actinobacteria (n=2) phyla, suggesting distinct characteristics of
the gut microbiome in AN (40). Further research is needed to investigate whether these new
species are uniquely associated with AN. In addition, a molecular-based study (24)
analyzing the intestinal microbiota of nine patients with AN found increased levels of the
archaeon Methanobrevibacter smithii (M. smithii). Because M. smithii and other
methanogens play an important role in removing excess hydrogen gas from the gut and
improving efficiency of microbial fermentation (and associated energy yield), this could
demonstrate an adaptive response towards optimizing energy extraction from a very low-
calorie diet. Although novel findings were reported, this study analyzed a limited number of
microbial groups (two phyla: Bacteroidetes and Firmicutes; one genus: Lactobacillus; and
one archaeon: M. smithii). Animal models also suggest that the intestinal microbiota
influences satiety mechanisms through interaction with peptide signaling (41) and protective
adaptation in a starvation state (42). A more comprehensive characterization of the intestinal
microbiota of individuals with acute AN is required, along with exploration of changes in
enteric microbes over the course of medically supervised weight restoration.

This study sought to (i) gain insight into the composition and diversity of the intestinal
microbiota in a cohort of patients with acute AN; (ii) measure changes in the intestinal
microbiota of patients with AN after hospital-based weight restoration; (iii) compare the
intestinal microbiota in acutely ill patients with AN to that of a healthy comparison group
(HCG); and (iv) examine associations between these microbial measures and depression,
anxiety, and eating disorder psychopathology.

Methods and Materials

Ethics Statement

The study was approved by the Biomedical Institutional Review Board (IRB) at the
University of North Carolina at Chapel Hill (UNC). All participants provided written
consent prior to study participation.
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Study Population

Females (n=16) admitted for inpatient treatment at the UNC Center of Excellence for Eating
Disorders (CEED) participated in the study. Participants were recruited from consecutive
inpatient admissions from December 2012 to May 2013, and inclusion criteria were as
follows: (i) age 15-64 years; (ii) meet DSM-IV-TR criteria for AN; (iii) present at <75% of
ideal body weight (IBW). Exclusion criteria were based on factors known to influence the
composition of the intestinal microbiota: history of gastrointestinal tract surgery (other than
appendectomy or cholecystectomy); history of IBD, irritable bowel syndrome (IBS), celiac
disease, or any other diagnosis that could explain chronic or recurring bowel symptoms;
treatment in the last two months with antibiotics, non-steroidal anti-inflammatory drugs, or
steroids; or intentional use of probiotics during the last two months.

Data from HCG (n=12) with no recurring gastrointestinal symptoms were obtained from a
previous study (43). This study recruited controls via advertisement from the general
population in the same geographical region (central North Carolina) and from UNC
outpatient clinics. HCG participants were subject to the same exclusion criteria as patients
with AN and were selected for this analysis based on sex (female), age (15-64 years), and
body mass index (BMI; 18.5-24.9 kg/m?). They were not screened for psychopathology
during recruitment.

Data Collection and Preparation

Body composition and assessments—Weight and height were assessed using a
calibrated digital scale and stadiometer. HCG participants were measured once. AN patients
were weighed daily as part of standard treatment. Height was measured at admission for all
AN patients and again at discharge for those under age 21. Eating disorders diagnosis and
psychopathol ogy were established via the Eating Disorder Examination (44) and the
Structured Clinical Interview for DSM-1V-TR Axis | Disorders (SCID) (45) conducted by
credentialed members of the CEED Assessment Core. AN patients also completed electronic
versions of the Beck Anxiety Inventory (BAI) (46), Beck Depression Inventory-11 (BDI)
(47), and Eating Disorder Examination-Questionnaire (EDE-Q) (48) within 24 hours of
admission.

Sample collection, processing, and storage—The first stool sample produced after
admission (T1) was collected for all AN patients (n=16), and for a subset of these patients
(n=10), an additional sample was collected prior to discharge (T2). Input and output are
measured as part of routine treatment, minimizing risk of missing samples, and all samples
were collected by nurses trained in collection protocols. Fresh stool samples were collected
from HCG in the same manner as AN patients, as previously reported (43). All samples
were transferred to the laboratory, where they were mechanically homogenized with a sterile
spatula, aliquoted into sterile 2 mL cryovials, and stored in a —80°C freezer for future DNA
isolation and nucleotide sequence analysis.

DNA isolation—Bacterial DNA was isolated from collected samples using a phenol/
chloroform extraction method combined with physical disruption of bacterial cells and a
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DNA clean-up kit [Qiagen DNeasy® Blood and Tissue extraction kit (Qiagen, Valencia,
CA, USA)], as previously described (43, 49).

454 Pyrosequencing of 16S rRNA Genes

Bacterial community composition in isolated DNA samples was characterized by
amplification of the VV1-3 (forward, 8f:5-AGAGTTTGATCMTGGCTCAG-3; reverse,
518r:5’-ATTACCGCGGCTGCTGG-3') variable region of the 16S rRNA gene by
polymerase chain reaction (PCR), as previously described (43). 16S rRNA PCR products
were quantified, pooled, and purified for the sequencing reaction. Sequencing was
performed on a 454 Life Sciences Genome Sequencer FLX machine (Roche, Florence, SC,
USA) by the Microbiome Core Facility in the UNC School of Medicine.

Analysis of 16S rRNA Sequences using the QIIME Pipeline

16S rRNA sequence data generated by the 454 sequencer were processed by the
Quantitative Insights Into Microbial Ecology (QIIME) pipeline (50). Sequences that were
less than 200 base pairs (bp) or greater than 1,000 bp in length, contained incorrect primer
sequences, or contained more than one ambiguous base were discarded (51). Sequences
were clustered into Operational Taxonomic Units (OTUs; similar to species level) based on
their sequence similarity at a 97% threshold using BLAST and assigned taxonomy using the
Greengenes database (52). Principal coordinates (PCs) were generated using unweighted and
weighted UniFrac distances (53-55). The richness of the intestinal microbiota was
characterized by the number of observed bacterial species in each sample and the Chao-1
estimator of diversity (56, 57).

Statistical Analysis

Differences in alpha diversity (expressed as number of observed species and Chao-1
estimator), beta diversity (UniFrac distances), and taxa abundance of bacterial groups (at the
phylum, class, order, family, and genus levels) were examined in AN patients (n=10) at T1
vs. T2 using 16S rRNA sequence data. Bacterial groups present in at least 25% of all
samples at T1 or T2 were included in analyses. As response variables were not normally
distributed, non-parametric testing was used. Depending on the symmetry of the distribution
of the paired differences, differences were tested at the univariate level using Wilcoxon
matched pairs rank test (-2 < skewness < 2) or the sign test (skewness < -2 or = 2). Power
analysis was conducted in G*Power 3 to determine the effect size that could be detected
with n=10, a two-tailed test, an alpha of 0.05, and power of 80%; under these conditions the
Wilcoxon matched pairs rank test can detect a large effect (dz=1.1), as can the sign test
(g=0.41). The false discovery rate (FDR) procedure addressed multiple testing (58) and was
applied to the number of comparisons per outcome and per taxonomic rank. A global,
multivariate hypothesis test developed for high-dimensional small-sample data (i.e., the type
of data acquired through high-throughput technology in metabolomics, genomics, and
proteomics) was also used to test for differences in alpha diversity, beta diversity, and taxa
abundance across all bacterial groups (59). A global test offers additional conceptual
advantages to a univariate test, since microbiota can work together or in a pathway and may
have greater explanatory power when considered collectively.
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Differences in alpha diversity, beta diversity, and taxa abundance of bacterial groups (at the
phylum, class, order, family, and genus levels) were compared in AN patients at T1 (n=16)
vs. HCG (n=12) and AN patients at T2 (n=10) vs. HCG with two-tailed Wilcoxon-Mann-
Whitney tests. The Chi et al. (59) global multivariate test was used for beta diversity and per
taxonomic level, and FDR correction was applied as described above.

Associations between T1 psychopathology scores measured as continuous variables [BDI
(depression), BAI (anxiety), and EDE-Q (total + subscales for Dietary Restraint, Eating
Concern, Shape Concern, and Weight Concern)] and alpha diversity, beta diversity, and taxa
abundance of bacterial groups (at the phylum, class, order, family, and genus levels) were
examined in AN patients (n=15; one patient did not complete the surveys) with the tau-b
correlation coefficient. Bacterial groups present in at least 25% of T1 samples were
considered. Univariate analyses used the Wilcoxon-Mann-Whitney test, and the FDR
procedure was used to adjust for multiple testing, implemented per outcome and per
taxonomic rank. The global multivariate test was implemented for beta diversity and per
taxonomic level.

The alpha level used was 0.05, but for FDR correction, a more lenient criterion of 0.1 was
used given the exploratory nature and small sample size. All analyses were conducted in
SAS 9.3 (Cary, NC, USA).

Demographic and clinical characteristics

Fecal samples were collected at T1 from female patients with AN (n=16). Average age was
28.0 (+11.7) (Mean + SD) years, and mean BMI at T1 was 16.2 (1.5) kg/m2. A subset of
patients (n=10) provided an additional sample at T2, when they had reached a mean BMI of
17.4 (0.9) kg/m2. Female HCG (n=12) who provided samples had a mean age of 29.8 (11.6)
years and mean BMI of 21.5 (1.9) kg/mZ. Participants were predominately Caucasian (n=14
patients with AN; n=7 HCG), with a small representation of African American participants
(n=2 patients with AN; n=1 HCG). Four HCG participants did not provide information on
race.

At T1, patients with AN (n=15) had mean BDI and BAI scores of 26.6 (13.4) and 17.7
(11.9), respectively, reflecting moderate depression and anxiety (46, 60). The majority of
patients endorsed at least mild levels of depression (80.0%) and anxiety (66.7%). Mean
EDE-Q total scores of 3.6 (1.8), and scores on subscales for Dietary Restraint [3.7 (1.9)],
Eating Concern [3.4 (1.9)], Shape Concern [3.8 (1.9)], and Weight Concern [3.4 (2.1)] are
consistent with other clinical samples of patients with AN (61, 62).

From the 26 fecal samples analyzed from patients with AN, a total of 197,956 16S rRNA
sequences with acceptable quality were obtained with an average of 7,613 reads per sample
(range: 4,101-9,511). From the 12 fecal samples analyzed from HCG, a total of 122,461 16S
rRNA sequences with acceptable quality were obtained with an average of 10,205 reads per
sample (range: 5,265-15,596). Using a 97% similarity threshold, we found a total of 1,666
and 2,020 OTUs in the samples analyzed from patients with AN and HCG, respectively.
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Changes to the intestinal microbiota during hospital-based weight restoration in patients

with AN

Table 1 presents changes in bacterial composition and diversity over the course of inpatient
weight restoration. Global tests indicated significant differences between T1 and T2 in beta
(between-sample) diversity (p<0.001) and at the phylum (p=0.042) and genus (p=0.041)
taxonomic levels (Figure 1). Based on unweighted UniFrac distances, three principal
coordinates (5, 6, 10) were significantly different at hospital admission and discharge and
remained significant at an FDR level of 0.1. The average unweighted UniFrac distances
were significantly different between groups (p<0.0001), with T2 samples showing greater
similarity to each other than T1 samples (Figure 2). The strongest taxonomic changes were
seen in the family Ruminococcaceae, with significant changes in specified (Ruminococcus;
p=0.002) and unspecified (p=0.004) sub-genera.

Comparison of intestinal microbiota in patients with AN before and after weight restoration
in comparison to HCG

We compared the intestinal microbiota in patients with AN at T1 and T2 to that of age- and
sex-matched HCG. At both time points, the alpha (within-sample) diversity remained
significantly lower in patients with AN vs. HCG, measured as either the number of observed
species or Chao-1 estimator (Figure 3, Tables 2 and 3). However, the bacterial composition
of samples from patients with AN at T1 showed greater differences with HCG than samples
collected at T2. At T1, patients with AN had greater levels of class Bacilli (p=0.007) and
unspecified genera in family Coriobacteriales (p<0.001) and reduced levels of class
Clostridia (p=0.007), order Clostridiales (p=0.006), and genera Anaerostipes (p=0.003) and
Faecalibacterium (p=0.002) vs. HCG (with all differences remaining significant at an FDR
level of 0.1) (Table 2). At T2, the only one of these differences that remained significant was
in unspecified genera in family Coriobacteriales (p<0.001), though there were additional
differences between patients with AN at T2 and HCG among the family Ruminococcaceae
(p=0.002) and genera Parabacteroides (p=0.006) (Table 3).

Association between bacterial composition and diversity and depression, anxiety, and
eating disorder psychopathology in patients with AN

Alpha (within-sample) diversity, measured as bacterial richness or the Chao-1 estimator,
was significantly associated with scores on the BDI and EDE-Q. Greater levels of
depression were negatively associated with the number of observed bacterial species
(p=0.026) and Chao-1 estimator (p=0.026) (Figure 4, Table 4). Lower number of observed
species was also associated with greater levels of eating disorder psychopathology,
measured as EDE-Q total score (p=0.026) or scores on subscales for Shape Concern
(p=0.008) and Weight Concern (p=0.025) (Table 5). All associations remained significant at
an FDR level of 0.1.

Significant associations were also seen between specific bacterial taxa and BDI, BAI, and
EDE-Q scores, but none remained significant at an FDR level of 0.1. The strongest
(negative) associations were seen with the family Ruminococcaceae (Tables 4 and 5).
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Discussion

In examining the composition and diversity of the intestinal microbiota in patients
undergoing inpatient treatment for AN, we report (i) changes over the course of hospital-
based weight restoration; (ii) significant differences between patients with AN and HCG;
and (iii) associations between microbial measures and depression, anxiety, and eating
disorder psychopathology. These results extend findings from earlier, smaller studies of
patients with AN and provide strong support for future work, including mechanistic studies
of gut-brain interaction, to better understand the biological mechanisms at work in the risk
and maintenance of AN.

Significant changes in the composition of the intestinal microbiota were seen in patients
with AN during renourishment, particularly among genera falling under the family
Ruminococcaceae. This family of bacteria has been associated with intestinal disorders
marked by inflammation, including IBS and IBD (63, 64).

In comparing the intestinal microbiota of patients with AN to that of HCG, we found that
alpha diversity was significantly lower in patients with AN both before and after inpatient
weight restoration. Alpha diversity was also significantly associated with depression and
eating disorder psychopathology in our patient group, with a lower number of observed
bacterial species associated with greater depression and greater weight concern, shape
concern, and overall eating disorder psychopathology. These results show intriguing
associations and underscore findings across various other disease states, including IBD (17)
and arthritis (65), which have shown that a healthier gut is a more diverse one. Moreover, as
we found greater differences in bacterial composition between AN and HCG before vs. after
hospital-based renourishment, our results may suggest that the intestinal microbiota is
trending toward a healthier state during treatment.

Although there has been limited research to date into the role of the intestinal microbiota in
AN, some parallels can be drawn to microbial changes associated with malnutrition. Studies
have demonstrated that acute malnutrition in children is marked by an intestinal dysbiosis
and that the malnutrition phenotype (marked by severe weight loss) can be transmitted via
the intestinal microbiota in a gnotobiotic mouse model (66, 67). This microbial dysbiosis
may also interact with a nutrient-deficient diet to affect energy metabolism and cause
malnourishment to persist (66, 68).

Mounting evidence from animal studies in which the intestinal microbiota have been
manipulated through probiotics, antibiotics, or microbial transfer to gnotobiotic mice has
shown that behavior is associated with changes in bacterial composition and diversity (69—
77). This includes models of depression and anxiety, which are common among patients
with AN (34, 35). However, we have little evidence supporting associations between the
intestinal microbiota and depression or anxiety disorders in humans (78-80). Our results,
particularly those showing that lower bacterial diversity is associated with greater depression
and anxiety, are at the forefront of providing evidence for the gut-brain axis in a human
population.
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Several limitations should be taken into account when considering these results. First, we
did not control for diet of either patients with AN or HCG. The composition of the intestinal
microbiota is strongly influenced by long-term dietary patterns (81, 82), and short-term
dietary changes can also induce dramatic microbial shifts (83). Because patients resided on
an inpatient hospital unit, dietary intake was controlled, and all participants consumed a
standard diet, with far less variation across individuals than what would be expected from
those in a free-living environment. In addition, our sample size limited power to detect
differences between patients and controls over the course of renourishment. However, we
did see some significant compositional changes during inpatient treatment, as well as
significant global changes in composition and diversity using a statistical method that
provides greater explanatory power by considering the intestinal microbiota collectively.
Third, all of our study participants were female, limiting generalizability of the results to
males, who comprise approximately 10 percent of individuals with AN (84). Given that we
would be unlikely to recruit a sufficient number of male participants to allow testing for sex
differences, we focused recruitment on females in order to maximize sample size. Lastly, we
are unable to distinguish between changes to the intestinal microbiota that reflect weight
gain vs. recovery from AN, which will be important in future work, as BMI alone is
associated with abundance of specific bacteria (85).

Although genetic and neurobiological research underscore that AN is most accurately
considered a biologically-based mental illness, the neurobiology of AN remains an enigma,
which has hindered the development of novel, safe, and effective treatments. These findings
are an important first step in uncovering the role of the intestinal microbiota in AN. Future
mechanistic studies examining the impact of specific taxa on behavior and adiposity,
including transplantation of the intestinal microbiota of patients with AN into gnotobiotic
mice, will allow us to distinguish between microbial markers of renourishment vs. recovery
from psychopathology and move us even closer to designing innovative therapies for AN
targeting enteric microorganisms. Such studies could identify specific bacterial taxa whose
promotion or elimination would improve the efficiency of therapeutic weight restoration, as
well as the psychological and physical treatment experience of patients, and lead to
pathophysiological-directed therapeutic approaches for the management of AN via
probiotic, prebiotic, symbiotic, or antibiotic means.
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Heatmaps of samples from patients with anorexia nervosa (AN) at hospital admission (T1;
n=16) and discharge (T2; n=10) at the (A) phylum and (B) genus taxonomic levels.
Bacterial composition was characterized by 454 pyrosequencing of the 16S rRNA gene, and
sequencing results were processed by the Quantitative Insights Into Microbial Ecology
(QIIME) pipeline. A global, multivariate hypothesis test was used to test for differences in
abundance across all bacterial groups at once, per taxonomic level, and indicated significant
differences between T1 and T2 at the phylum (p=0.042) and genus (p=0.041) levels.
Bacterial taxa are listed vertically, and samples are grouped horizontally by time point (T1
or T2). Greater abundance is designated by darker shading. * [Ruminococcus] indicates
unspecified genera in the Ruminococcaceae family.
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Figure2.
Principal coordinates (PC) plot of samples from patients with anorexia nervosa (AN) and

average unweighted UniFrac distances at hospital admission (T1; n=16) and discharge (T2;
n=10). Bacterial composition was characterized by 454 pyrosequencing of the 16S rRNA
gene, and sequencing results were processed by the Quantitative Insights Into Microbial
Ecology (QIIME) pipeline. (A) Based on unweighted UniFrac distances, three principal
coordinates (PC5, PC6, PC10) were significantly different at T1 vs. T2. Percentages indicate
the amount of variability in the data explained by each PC. Samples from T1 and T2 are
designated by royal blue and red dots, respectively. (B) The average unweighted UniFrac
distances were significantly different across groups (p<0.0001), with T2 samples showing
greater similarity to each other than T1 samples.
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Figure 3.

Alpha diversity in samples from patients with anorexia nervosa (AN) at hospital admission
(T1; n=16) and discharge (T2; n=10) and a healthy comparison group (HCG; n=12).
Bacterial composition was characterized by 454 pyrosequencing of the 16S rRNA gene, and
sequencing results were processed by the Quantitative Insights Into Microbial Ecology
(QIIME) pipeline. Richness was characterized by the (A) number of observed bacterial
species in each sample; and (B) Chao-1 estimator of diversity. Differences in alpha (within-
sample) diversity were compared in AN T1 vs. AN T2 vs. HCG with two-tailed Wilcoxon-
Mann-Whitney tests. At both time points (T1 and T2), the alpha diversity remained
significantly lower in patients with AN vs. HCG, measured as either the number of observed
species or Chao-1 estimator.
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Figure 4.
Correlation between depression and alpha diversity in samples from patients with AN at

hospital admission (T1). Bacterial composition was characterized by 454 pyrosequencing of
the 16S rRNA gene, and sequencing results were processed by the Quantitative Insights Into
Microbial Ecology (QIIME) pipeline. Richness (vertical axes) was characterized by the (A)
number of observed bacterial species in each sample and (B) Chao-1 estimator of diversity.
AN patients (n=15; one patient did not complete the surveys) completed the Beck
Depression Inventory-I1 (horizontal axes) within 24 hours of admission. Associations
between T1 psychopathology scores and alpha diversity were examined with the tau-b
correlation coefficient. Depression was negatively associated with the number of observed
bacterial species (p=0.026) and Chao-1 estimator (p=0.026).
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Table 1

Page 20

Hospital admission (T1) vs. hospital discharge (T2): differences in microbial taxa and diversity measures in

females with AN (n=10)

Taxonomic/diversity Classification Test p FDR corrected p

level statistic

Global Tests

Phylum 2.66 0.042

Class 2.14 0.067

Order 1.77 0.064

Family 1.70 0.064

Genus 1.74 0.041

Beta diversity Weighted 1.50 0.22
Unweighted 6.07 0.0003

Univariate Tests

Family Eubacteriaceae -35 0.039 0.63

Genus Ruminococcaceae genus  -26.5 0.004 0.10
Oscillospira -22.5 0.020 0.34
Ruminococcus 275 0.002 0.10

Beta diversity Unweighted (PC 5) -235 0.014 0.070
Unweighted (PC 6) -215 0.027 0.090
Unweighted (PC 10) 26.5 0.004 0.040

a . o .
FDR = false discovery rate; PC = principal coordinate

bAlpha =0.05; FDR level = 0.1

A global multivariate test (59) was used to test for differences in alpha diversity, beta diversity, and abundance per taxonomic level. Depending on
the symmetry of the distribution of the paired differences, differences were tested at the univariate level using Wilcoxon matched pairs rank test
(=2 < skewness < 2) or the sign test (skewness < -2 or = 2).
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Table 2

Page 21

Hospital admission (T1): differences in microbial taxa and diversity measures in females with AN (n=16) vs.
healthy comparison group (n=12)

Taxonomic/diversity Classification Test p FDR
level statistic corrected p
Class Bacilli -2.72 0.007 0.026
Clostridia 2.72 0.007 0.026
Order Clostridiales 2.76 0.006 0.068
Lactobacillales -2.25 0.024 0.15
Family Actinomycetaceae -2.03 0.042 0.23
Lachnospiraceae 2.02 0.043 0.23
Porphyromonadaceae -2.60 0.009 0.14
Ruminococcaceae 2.53 0.011 0.14
Streptococcaceae -1.97 0.049 0.23
Genus Anaerostipes 2.99 0.003 0.042
Blautia 2.06 0.031 0.17
Coribacteriales_genus -4.62  <0.0001 0.005
Faecalibacterium 3.18 0.002 0.034
Lachnospira 2.16 0.030 0.17
Parabacteroides -2.60 0.009 0.10
Ruminococcaceae_genus 2.30 0.022 0.16
Ruminococcus 2.39 0.017 0.15
Alpha diversity # of observed species 4.02 <0.0001
Chao-1 estimator 3.83 0.0001

aFDR = false discovery rate

bAlpha =0.05; FDR level = 0.1

Psychosom Med. Author manuscript; available in PMC 2016 November 01.

Differences in alpha diversity, beta diversity, and taxa abundance of bacterial groups were compared with two-tailed Wilcoxon-Mann-Whitney
tests. A global multivariate test (59)was used for alpha diversity, beta diversity, and abundance per taxonomic level.
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Table 3

Page 22

Hospital discharge (T2): differences in microbial taxa and diversity measures in females with AN (n=10) vs.

healthy comparison group (n=12)

Taxonomic/diversity Classification Test p FDR
level statistic corrected p
Phylum Bacteroidetes 2.08 0.038 0.11
Firmicutes -2.08 0.038 0.11
Class Bacteroidia 2.08 0.038 0.35
Order Bacteroidales 2.08 0.038 0.42
Family Porphyromonadaceae 2.74 0.006 0.15
Genus Coribacteriales_genus 4.29 <0.0001 0.004
Parabacteroides 2.74 0.006 0.065
Ruminococcaceae_genus  —-3.07 0.002 0.047
Alpha diversity # of observed species -2.80 0.005
Chao-1 estimator -241 0.016

aFDR = false discovery rate

bAlpha =0.05; FDR level = 0.1

Differences in alpha diversity, beta diversity, and taxa abundance of bacterial groups were compared with two-tailed Wilcoxon-Mann-Whitney

tests. A global multivariate test (59) was used for alpha diversity, beta diversity, and abundance per taxonomic level.
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Table 4

Page 23

Hospital admission (T1): microbial taxa and diversity measures associated with depression and/or anxiety in
females with AN (n=15)

Taxonomic/diversity Classification Behavioral Test p FDR
level measure  statistic corrected p

Class Clostridia BDI -0.394  0.042 0.50

Order Actinomycetales BDI 0.406 0.040 0.40

Clostridiales BDI -0.394 0.042 0.40

Coriobacteriales BAI 0.410  0.036 0.40

Family Actinomycetaceae BDI 0.406 0.040 0.46

Rikenellaceae BDI -0.488 0.016 0.34

Ruminococcaceae BDI -0.587  0.002 0.16

BAI -0.566  0.004 0.16

Genus Blautia BDI -0.433 0.026 0.47

Faecalibacterium BDI -0.386  0.047 0.47

Lachnospira BDI -0.526  0.008 0.47

BAI -0.421  0.037 0.47

Rikenellaceae_genus BDI -0.488 0.016 0.47

Roseburia BDI -0.406  0.040 0.47

BAI -0.503 0.012 0.47

Ruminococcus BDI -0.490 0.011 0.47

BAI -0.527  0.007 0.47

Veillonella BDI 0.460 0.034 0.47

Alpha diversity # of observed species BDI -0.433 0.026 0.045

Chao-1 estimator BDI -0.433  0.026 0.090

Beta diversity Weighted (PC 2) BDI -0.510  0.009 0.45

BAI -0.488 0.013 0.45

aFDR = false discovery rate; PC = principal coordinate; BDI = Beck Depression Inventory-Il; BAl = Beck Anxiety Inventory

bAlpha =0.05; FDR level = 0.1

Associations were examined with the tau-b correlation coefficient.

Psychosom Med. Author manuscript; available in PMC 2016 November 01.
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