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SUPPLEMENTARY METHODS  
 
Subjects and histological phenotyping of esophageal biopsies   
Patients were recruited from the Department of Veterans Affairs Medical Centers in New York, NY 
and in Nashville, TN during the years 2003-2006, as previously described.1, 2  The use of the 
subjects in this study was approved by the Institutional Review Boards at New York University and 
Vanderbilt University.  Esophagogastroduodenoscopy was performed and all biopsies were taken 
before the biopsy forceps entered further into the stomach, which differs from the retrograde 
method used in previous studies.1, 2 The biopsy location was about 2 cm above the squamocolumnar 
junction. Each biopsy was examined microscopically, and patients were classified into one of three 
phenotypes: normal, esophagitis, and Barrett's esophagus (BE) groups based on these histological 
findings.  Patients with no inflammatory infiltrate or only less than 10 lymphocytes per high power 
field (HPF, 400x magnification) in the squamous epithelium were assigned to the normal group; 
those with lymphocytes equal or more than 10 cells/HPF or with any numbers of eosinophils or 
polymorphonuclear leukocytes were assigned to the esophagitis group. Patients whose squamous 
epithelium was replaced by intestinal type epithelial cells and goblet cells were included as BE.  
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Sequence quality control 
We sequenced more than two plates for each samples. We performed a complex control on the 
quality of sequences because we were concerned by unexpected high number of novel species 
reported by many other studies using cultivation-independent techniques. First we manually 
inspected all sequence reads and eliminated all sequences that failed. We then removed chimeric 
sequences by using the methods referred to in our previous paper published in PNAS.1  Both the 
failed and chimeric sequences accounted for about 30% of the sequences. We performed taxonomic 
analysis on the remaining sequences. Any sequences unclassifiable at the species level were 
sequenced on another strand to obtain full length 16S rDNA sequence sequences were reconfirmed 
at the overlap region. This way, we avoided over-reporting novel species due to poor sequence 
quality.  To be comparable among samples, we included first 200 usable sequences in our analyses.  
This gave us a final sequence number of 6800.  By strictly excluding antilogous and artificial 
sequences, 308 of 6800 sequences in our dataset were unclassifiable at the species level, but 
classifiable at the genus level. 
 
Classification of samples of esophageal microbiome 
To classify samples of the esophageal microbiome, the 6,800 sequences (200 per sample) from the 
distal esophageal microbiome were aligned using the NAST aligner,3 and the alignment was 
manually curated. The Lane mask4 was used to restrict calculations to 1,287 conserved columns of 
aligned characters.  Genetic distance between each pair of sequences was calculated from the 
aligned sequences using the DNAML option of DNADIST in the PHYLIP package5 hosted at 
http://greengenes.lbl.gov/cgi-bin/nph-distance_matrix.cgi. Genetic distance between two samples 
was calculated as the mean of distances between all pairs of sequences from the two samples, by the 
following equation: 

where Di,j is the average distance between two samples i and j, di,j is the distance between a 
sequence in sample i and a sequence in sample j, and n is the number of sequence pairs between the 
two samples.  Distance for a sample from itself was defined as zero. Samples were classified by 
unsupervised hierarchical clustering analysis using the distance matrix calculated for all possible 
pairs of samples. The dendrogram was constructed using the average linkage algorithm and cosine 
measure of the distance matrix, by SPSS 13.0 (SPSS Inc., Chicago, IL).  Cluster analysis with 
cosine distance allows better visualization of the between cluster difference because it minimize the 
within-group differences as compared with other distances.    
 
 
Defining the normal reference range for esophageal microbiome 
The values of between-sample distance calculated by Equation (1) were used in this analysis.  To 
establish a normal reference range (NRR), the mean distance, jiX , , between normal sample i and 
each of n normal samples were calculated by: 

Where jix , is the distance between normal sample i and normal sample j.  A sample was considered 
an outlier if its mean distance from the n normal samples was > 1.5 x IQR (interquartile range) 
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above or below the third or first quartiles,6  respectively.  The 95% NRR was determined after 
exclusion of outliers by the following equations:  
   

 
Where X is the average of the mean genetic distance for each normal sample calculated by:   
 

                       
Where jiX ,  is the mean genetic distance for normal sample i as calculated by Equation (2); and s.d. 
is the sample standard deviation.  The mean genetic distance for sample k in a disease group and the 
n normal samples (excluding any outliers), jkY , , was calculated by: 

 
Where jky ,  is the genetic distance between sample k and normal sample i.  The assignment of a 
sample to a normal or abnormal microbiome types was determined by whether its distance to the 
normal samples fell inside or outside the NRR.   
 
Double principal coordinate analysis 
Double principal coordinate analysis (DPCoA)7 within the R statistical package (www.rproject.org) 
was used to reduce the complexity of the overall distances between samples to a principal 
coordinate system that best preserved the integrity of the genetic distance-based microbiome typing 
scheme.  Distances between each pair of sequences and between each pair of samples were 
calculated by Rao diversity analysis within the R statistical package.  The first two principal 
coordinates were obtained for each sample based on the between-sample distance and plotted to 
show the distribution of samples in a two-dimensional space, independent of their phenotypes.  The 
assignment of a sample into a microbiome type was based on its relative location on the plot and 
that of related samples on the first or second principal coordinate (PC1 or PC2), or a combination of 
both.  The border between the two microbiome types was determined by the rule of maximal 
separation of samples between the two types.  To validate, the types assigned by the reduced genetic 
data by DPCoA was compared with the two microbiome types.    
 
UniFrac test and FST analysis 
UniFrac test was performed to compare difference between microbiome types, among and between 
phenotypes as well as among samples.8 Unifrac was performed using online software, UniFrac 
(http://bmf.colorado.edu/unifrac), with 1000 permuations.  For data entry, all 6,800 sequences were 
used to construct rooted phylogenetic trees using the unweighted pair group method with arithmetic 
mean (UPGMA) algorithm.9   FST analysis was performed on the abundance-weighted the datasets 
using Arlequin 3.110 to examine whether there is a population-wise difference between the two 
types of microbiome.11 The Jukes-Cantor algorithm was used to calculate the distances between 
sequences. 
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Lineage through time curve analysis 
Lineage through time curves were constructed using the number of taxa at various identity levels 
(ID) calculated by DOTUR.12  This analysis measures changes in the richness of taxa over the entire 
taxonomic hierarchy of domain bacteria. The rates of change and their turning points were analyzed 
by linear regression.   
 
Correlation between microbiome types and relative abundance of taxonomic groups 
Microbiome-abundance correlation (MAC) analysis is a type of linear regression analysis that we 
have designed to further link a microbiome type to a specific group of bacteria.  This test 
determines whether the relative abundance of a group of bacteria significantly correlates with the 
criteria used in establishing the microbiome types, such as the first principal coordinates in the 
DPCoA-based reduced typing scheme, by the following equation: 
 
                
where x is the principal coordinate of a sample calculated by DPCoA and y is the relative 
abundance of a specific bacterial group in the sample.  For a bacterial group that was significantly 
correlated with the principal coordinate, we calculated the abundance-based 95% NRR for the 
bacterial group using Equation 3, where Y is the mean of relative abundances of the bacterial group 
in normal samples (excluding outliers).  Through the use of NRR, each of the 34 samples was 
assigned to a normal or abnormal taxonomic type.  For validation, the resulting taxonomy-based 
assignment was compared with the microbiome type assignment based on phylogenetic distance.  
Microbiome types also were compared using LIBRARY COMPARE at RDP II (release 9.39).  
Sequences belonging to the same microbiome type were pooled.  Each sequence was assigned to a 
taxonomic unit at the genus rank (or lowest classifiable taxonomic rank above genus) by the RDP 
naïve Bayesian classifier using an 80% confidence threshold.   The probability of the observed 
difference between the abundance of a given taxon was calculated for each microbiome type using 
the "digital Northern analysis",13,14 with P < 0.05 to define significance.   
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Supplementary Table 1. Summary of culture-based and non-culture-based studies on microbiome of the esophagus 

Category Culture-based 
1981-2007 

Non-culture-based 
2004-2007 

Study Lau 
1981 

Finlay 
1982 

Mannell 
1983 

Gagliardi 
1998 

Pajecki 
2002 

Macfarlane 
2007 

Narikiyo 
2004 

Pei 
2004 

This study 
2007 

Disease Cancer Cancer Normal 
Cancer Normal Chagas’ 

disease 
Normal 
Barrett’s Cancer Normal 

Normal 
Esophagitis 

Barrett’s 

Specimen Aspirate Resection Aspirate Aspirate Aspirate Biopsy 
Aspirate Biopsy Biopsy Biopsy 

Method Culture Culture Culture Culture Culture Culture PCR PCR PCR 
No. cases 79 12 101 30 15 14 20 4 34 
No. isolates/clones 61 85 377 30 ND ND 100 900 6800 
No. species 14 15 32 11 ND 46 7 95 166 
Mean species/case 1 6 4 1 ND ND ≤6 43 25 
% cases  positive for  
bacteria 64 100 100 67 93 71 ND 100 100 

% cases positive for 
Streptococcus 10 92 ND ND 93 50 87 100 100 

% cases positive for 
Bacteroides 39 92 ND ND 0 ND ND 100 97 

Reference 15 16 17 18 19 20 21 1 This study 
ND: not described. 
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Supplementary Table 2. Patient information 

Group Case# Age Sex Racea 
Indication 

for endoscopy Endoscopic findings Histological 
phenotype 

Biota 
type 

E10 51 M U Fecal occult blood HHb Normal I 

E11 80 M W Fecal occult blood Normal Normal I 

E15c 75 M W Iron deficiency HH Normal II 

E18 54 M B Heartburn  Normal Normal I 

E30 83 F B Fecal occult blood Normal Normal I 

E37 38 M W BE follow-upd Normal Normal I 

E40 44 F B Heartburn Normal Normal I 

E42 65 M B Heartburn HH Normal I 

E47 62 M W Heartburn Normal Normal I 

E49* 82 M W Fecal occult blood Normal Normal I 

E62* 57 M B Nausea LA Grade A esophagitise Normal I 

N
or

m
al

 

E67 59 M W Dysphasia BE and tumour Normalf  I 

E12 54 M U Iron deficiency HH Lc, Eo II 

E19 70 M B Heartburn HH Lc II 

E22 68 M W Heartburn Normal Lc II 

E38 76 M W Heartburn Schatzki ring, HH Lc, Eo I 

E39 75 M B Hoarseness Normal Lc I 

E41 63 M B BE follow-up HH Lc I 

E44 61 M W Chronic chocking Normal Lc II 

E45* 77 M W Chest pain Normal Lc I 

E51 54 M U Colon polyps Normal Lc II 

E53* 75 M B Epigastric pain Normal Lc, Eo, PMNg II 

E64* 66 M U Fecal occult blood Normal Lc, Eo I 

Es
op

ha
gi

tis
 

E66 72 M W Fecal occult blood Normal Lc, Eo II 

E25 57 M W Heartburn BE, tumour, HH BEf  II 

E27 66 M B BE follow-up BE, HH  BE II 

E50 70 M W Heartburn BE, HH  BE I 

E71 57 M U Fecal occult blood BE, HH  BE II 

E76 77 M W BE follow-up BE BE I 

E78 61 M W BE follow-up LA grade B esophagitis, HH BE II 

B288 73 M W BE follow-up BE, HH BE I 

B322 92 M W BE follow-up BE  BE II 

B330 59 M W Heartburn BE, HH BE I 

B
E 

B350 61 M W BE follow-up BE, HH BE II 
a B: black; W: white; U: unknown. 
b HH: hiatus hernia.  
c Outlier, not included in analyses of normal reference ranges, P test, FST test, and estimation of species richness.   
d BE: Barrett’s esophagus.  
e Los Angeles classification of esophagitis.21  
f These biopsies were taken from mucosa near a tumour.  
g Lc: lymphocytes, Eo: eosinophils, PMN: polymorphonuclear leukocytes.  
* Gastric biopsies from these cases are positive for Helicobacter pylori on histological examination. 
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Supplementary Table 3. Summary of hypothesis testing* 
UniFrac Groups compared Unweighted Weighted 

All 34 samples 0.001 N/A 
Normal Esophagitis Barrett’s 0.001 N/A 
Normal Esophagitis 0.003 0.003 
Normal Barrett’s 0.003 0.003 
Esophagitis Barrett’s 0.003 0.003 
Type I Type II 0.001 0.001 
*P values corrected by Bonferroni method. 

 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 Supplementary Table 4. Comparisons of histological phenotypes in relative abundance of Streptococcus 

Omnibus testa 
Phenotype 

Groups compared Normalb 
(n=11) 

Esophagitis  
(n=12) 

BE 
(n=10) 

P value 0.043 

Follow-up testsc 
Phenotype Groups compared 

Normal Esophagitis Normal BE Esophagitis BE 

P value 0.016* 0.029* 0.773 
a The Omnibus test was performed using one-way ANOVA. 
b An outlier (E15) in the normal group was not included in comparisons between esophageal phenotypic groups. 
c The follow-up tests were performed with two-tailed independent t-test. Tests that are statistically different at the false discovery rate < 5% are marked by *. 
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Supplementary Table 5.  Comparison of type II microbiome with known risk factors in gastroesophageal reflux disorders 

Category Subcategory Predictive factor Predicted outcome 
(defining method) Sample size Odds ratio 95% C.I. Reference 

Immediate relatives 1,524 2.6 1.8-3.7 23 Genetic 
Parental family history 

Heartburn (questionnaire) 
3,920 1.5 1.2-1.7 24 

Aging Increasing age 1.1 1.0-1.1 GERD (ICD-9 code) 163,085 
4.2 2.8-6.3 

25 

BE (histology) 457 3.9 2.5-6.0 Hiatus hernia 

Esophagitis (endoscopy) 451 2.4 1.5-4.0 
26 Structural 

Papillae elongation Heartburn (medical record) 1,128 2.2 1.5-3.2 27 
Esophagitis (endoscopy) 451 9.4 6.1-14.4 Symptomatic Heartburn/regurgitation 
BE (histology) 457 5.8 4.0-8.4 

28 

Gall bladder disease GERD (ICD-8 codes) 7,451 3.7 2.1-6.7 28 
Asthma GERD (ICD-9 code) 163,085 3.2 2.6-4.0 25 
Angina GERD (ICD-8 codes) 7,451 3.2 2.1-4.9 28 
Obesity GERD (ICD-9 code) 163,085 2.8 2.1-3.6 25 
Peptic ulcer disease 2.5 1.7-3.6 
Chest pain 2.3 1.8-2.8 
Cough 1.7 1.4-2.1 

Host 

Comorbid 

Irritable bowel syndrome 

GERD (ICD-8 codes) 7,451 

1.6 1.2-2.1 

28 

Tobacco 2.6 1.9-3.5 Behavioral 
Alcohol 1.8 1.4-2.4 
NSAID 

GERD (ICD-9 code) 163,085 

1.8 1.6-2.1 

25 

Anticholinergic drug Heartburn (questionnaire) 3,920 1.5 1.1-2.1 24 
Nitrates 1.5 1.1-2.0 

Medical 

Oral steroids 
GERD (ICD-8 codes) 7,451 

1.3 1.1-1.6 
28 

Esophagitis (histology) 24 15.4 1.5-161.0 

Environment 

Bacterial Type II microbiome 
BE (histology) 22 16.5 1.5-183.1 

This study 

NSAID: Nonsteroidal anti-inflammatory drug. 
GERD: gastroesophageal reflux disease.  
BE: Barrett’s esophagus. 
ICD: international classification of diseases.  
ICD-8 codes for GERD: gastroesophageal reflux, esophagitis, esophageal inflammation, or heartburn. 
ICD-9 code for GERD: not specified in detail.  
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Supplemental Figure 1
Schematic approach to the classifications and risk assessment of microbiome in the distal esophagus.  (A) Each biopsy 
was assigned to a phenotype as normal, esophagitis, or Barrett’s esophagus based on histological examination 
(Supplemental Table 2).  (B) Each biopsy also was assigned to a microbiome type based on the collective uniqueness 
of bacterial 16S rRNA gene sequences recovered from the biopsy.  This was accomplished by unsupervised cluster 
analysis followed by phenotype directed classification using the 95% normal reference range (NRR) calculated by 
genetic distances between phenotypically normal samples (Figure 1A and 1B).  Samples were classified as either 
normal (type I) or abnormal microbiome (type II).  (C) The risk of association of a microbiome type with an abnormal 
phenotype was assessed by Fisher exact test and calculation of odds ratio (Table 1).  (D) To define the microbiome 
types in easily comprehensible, taxonomic terms, the 6,800 bacterial 16S rRNA gene sequences cloned from the biop-
sies were binned into taxonomic groups at the phylum and genus levels using the CLASSIFIER at Ribosomal Database 
Project II (RDP II) (29) (Figure 3) and at the species level (SLOTU: species level operational taxonomic unit) by 
SEQUENCE MATCH (RDP II) (29)  (Supplemental Figure 2).  To test whether the complex difference between the two 
types of microbiomes could be caused by a principal subpopulation, double principal coordinate analysis (DPCoA)(7) 
was performed (Figure 1C). Microbiome-abundance correlation (MAC) analyses were performed to scan for any taxo-
nomic groups whose relative abundance in the 34 samples significantly correlated with the criteria used in the micro-
biome typing (Figure 4A).  For a bacterial group that was significantly correlated with the typing criteria, the abundance 
based 95% NRR for the bacterial group was calculated (Figure 4B).  Through the use of NRR, each of the 34 samples 
was assigned to a normal or abnormal taxonomic type.  For validation, the resulting taxonomy-based assignment was 
compared with the assigned microbiome types to determine whether the microbiome types can be translated into the 
taxonomic types.  Main findings are shown by text in black font.



Supplementary Figure 2
Representation of bacterial species in the distal esophagus by phenotypes and microbiome types.  Sequences represent-
ing unique species were used to construct the phylogram, as described in Experimental Procedures.  Bootstrap values 
(based on 1500 replicates) are indicated at each node when >70%, and the branch length index is represented below the 
phylogram. Names of species-level operational taxonomic units (SLOTU) are located at the termination of each branch.  
SLOTUs represented by 16S rRNA gene clones are those that had ≥97% homology with PCR-amplified 16S sequences 
but no cultivation-defined species.  They are named by the closest genus, followed by the Genbank accession number of 
the best-matched sequence. Unknown SLOTUs are represented by the closest taxon followed by the serial number of the 
clone used in this study, as well as the percent sequence identity (in parentheses). The abundance of a species and its 
sources were indicated on the right. The 166 SLOTUs belong to nine phyla, contrasted by alternating red and blue print.
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Supplemental Figure 3
Estimation of species richness in the esophagus. The total number of species-level operational taxonomic units (SLOTU) 
that may be present in the human distal esophagus and their associated 95% confidence interval (C.I.) were calculated 
using a nonparametric richness estimator, Chao1 (30), hosted at http://purl.oclc.org/estimates. (A) Estimation of SLOTU 
richness in normal, esophagitis, and Barrett’s esophagus (BE). Observed SLOTU richness for normal (blue), esophagitis 
(red), and BE (green) is represented by solid lines.  Predicted SLOTU richness is shown by solid lines with square and 95% 
C.I.  Based on the prediction, the present study has identified 82.5% (observed/predicted: 80/97), 82.0% (100/122), and 
78.7% (100/127) SLOTUs in normal, esophagitis, and BE group, respectively (E15, as an outlier, was excluded from analy-
sis of the species richness for the normal group).  (B) Estimation of SLOTU richness in type I (blue) and type II (red) micro-
biome.  Based on the prediction, the present study has identified 82.2% (observed/predicted: 106/129) and 68.6% 
(142/207) SLOTUs in type I and II microbiome, respectively.   (C) Estimation of combined SLOTU richness in the distal 
esophagus based on 6,800 rDNA clones from 34 subjects.  Chao I estimation indicates that the human distal esophagus 
may harbour ~213 (95% C.I. 191-254) SLOTUs and suggests that 77.9% of the SLOTUs (166/213) have been identified in 
this study.



0

20

40

60

80

100

0 
- 4

0.
6%

Outlier

 

A
na

er
ob

es
/m

ic
ro

ae
ro

ph
ils

 (%
)

0

20

40

60

80

100

0 
- 4

4.
1%

Outlier

 
Normal           Esophagitis      BE

A B

G
ra

m
-n

eg
at

iv
e 

  (
%

)

(n=12) (n=10)(n=12) (n=10)

NRR

Normal            Esophagitis     BE
(n = 12) (n = 11)

NRR

(n = 12) (n = 11)

Supplemental Figure 4
Classification of samples by the relative abundance of anaerobes/microaerophils (A) and Gram-
negative bacteria (B).  An outlier (solid circle) was excluded using a box plot in which the upper 
whisker length is 1.5*IQR.  The 95% normal reference ranges (NRR) (mean ± 1.96 S.D.) were 
calculated by the relative abundance of anaerobes/microaerophils or Gram-negative bacteria in the 
normal samples after excluding the outlier. The dotted line is the upper limit of the 95% NRR, which 
separates the 34 samples into normal (inside the NRR) and abnormal taxonomic types (outside the 
NRR).  Microbiome type II samples that were classified as the normal taxonomic type are shown by 
triangles.  


