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Abstract

Background—Host-microbe interactions at the intestinal mucosal-luminal interface (MLI) are

critical factors in the biology of inflammatory bowel disease (IBD).

Methods—To address this issue, we performed a series of investigations integrating analysis of

the bacteria and metaproteome at the MLI of Crohn’s disease, ulcerative colitis, and healthy

human subjects. After quantifying these variables in mucosal specimens from a first sample set,

we searched for bacteria exhibiting strong correlations with host proteins. This assessment

identified a small subset of bacterial phylotypes possessing this host interaction property. Using a

second and independent sample set, we tested the association of disease state with levels of these

14 “host interaction” bacterial phylotypes.
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Results—A high frequency of these bacteria (35%) significantly differentiated human subjects

by disease type. Analysis of the MLI metaproteomes also yielded disease classification with

exceptional confidence levels. Examination of the relationships between the bacteria and proteins,

using regularized canonical correlation analysis (RCCA), sorted most subjects by disease type,

supporting the concept that host-microbe interactions are involved in the biology underlying IBD.

Moreover, this correlation analysis identified bacteria and proteins that were undetected by

standard means-based methods such as ANOVA, and identified associations of specific bacterial

phylotypes with particular protein features of the innate immune response, some of which have

been documented in model systems.

Conclusions—These findings suggest that computational mining of mucosa-associated bacteria

for host interaction provides an unsupervised strategy to uncover networks of bacterial taxa and

host processes relevant to normal and disease states.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a group of remittent intestinal diseases, the two most

common forms being Crohn’s disease (CD) and ulcerative colitis (UC). Inflammation in UC

is typically restricted to the colonic mucosa while damage in CD can occur throughout the

gastrointestinal tract and penetrate deeper into the bowel wall. Although a precise

understanding remains elusive, IBD etiology appears to be complex, including both heritable

and environmental factors.1

Genome-wide association studies (GWAS) have identified as many as 71 putative

susceptibility loci,2 several of which are components of the immune system involved in

managing microbial infections. For example, variants of the NOD2 gene have been linked to

Crohn’s disease susceptibility,3–5 and one key function of NOD2 appears to involve clearing

intracellular infections. In studies that challenged mice (intragastrically) or cell cultures with

living intracellular pathogens, NOD2 variants/knockouts exhibited a diminished ability to

kill or clear the microorganisms.6–10 Similarly, GWAS studies have also discovered CD-

associated polymorphisms in ATG16L1 and IRGM, which are genes involved in

autophagy.11–15 Given that an important role of autophagy is in host cell elimination of

intracellular pathogens,16,17 these associations combined with the aforementioned NOD2

results and the functional linkages between these two groups of molecules18,19 point toward

intracellular infections playing a role in IBD etiology.

While results from both human and animal studies suggest a microbial role in IBD etiology,

the most compelling evidence comes from investigations with animals. In numerous rodent

models, colitis is absent in germ-free conditions but rapidly develops when standard

intestinal microorganisms are introduced.20 In addition, monoassociation studies have

shown that colitis phenotype is dependent upon the type of bacterial species,21,22 suggesting

disease etiology involves specific microorganisms.

In this study, we describe a series of investigations that endeavored to develop a greater

understanding of host-microbe interactions in human IBD. We hypothesize that bacteria that

play a functional role in IBD will be those that interact with the host. To identify such

bacteria, we collected and examined samples at the intestinal mucosal-luminal interface

(MLI), a critical locale for disease biology, but one not often studied. In addition to

cataloging the variables and relating them to disease type, we also searched for bacteria
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exhibiting strong and numerous correlations with host proteins, as we posit that such

relationships are indicators of microorganisms that interact with the host.

MATERIALS AND METHODS

Patients

Two patient cohorts were examined in this study (Table S1). The first was comprised of nine

patients: UC (n = 6) and HC (n = 3) subjects. The second was comprised of forty-two

patients: CD (n = 14) and UC (n = 15), and HC (n = 13) subjects. This study was performed

in accord with human subjects protocols approved by the institutional review boards of

UCLA and Cedars-Sinai Medical Center.

Intestinal MLI Sample Collection

MLI samples were obtained from various regions of the intestine using an endoscopic

saline-lavage sampling technique. Subjects were prepared for colonoscopy by taking

Golytely the day before the procedure. For IBD subjects, colonoscopy procedures were

performed during periods of inactive disease. During the colonoscopy procedure, 30 ml of

sterile 0.9% saline was injected to the surface of each of the six different locations of the

colon. The mucosal lavage samples were collected by vacuum suction with a Fujinon

magnifying colonoscope. Typically, 20 ml of saline was recovered for each region. Lavage

samples were kept on ice immediately after collection and processed as described below.

MLI Sample Processing for Metaproteomic Analyses

MLI samples were centrifuged at 4,200 × g for 30 minutes to pellet particulate matter

(samples were stored on ice between collection and centrifugation). Proteins in the

supernatant were precipitated by adding three volumes of acetone, incubating these mixtures

overnight at −80°C, and centrifuging at 4,200 × g for 30 minutes at 4°C. Pellets were

washed with 10 ml of ice-cold 70% acetone and then dried at room temperature for 1 to 2

hours.

Metaproteomic Analyses

Surface-enhanced laser desorption/ionization time of flight (SELDI-TOF) mass

spectrometry analysis of the intestinal MLI samples from the first cohort of subjects was

performed as described below. Pellets were resuspended by vortex mixing with 2 to 3 mL of

PBS containing 1% Triton X-100. These samples were centrifuged at 17,000 × g for 15

minutes to precipitate and remove the insoluble material. The resulting detergent-solubilized

protein solutions were examined by metaproteomic analyses. A small aliquot of the protein

detergent-soluble supernatant (10–20 μL) was added to 200 μL of binding buffer (0.2 M

ammonium acetate (pH 4) containing 0.1% Triton X-100) and shaken for 30 to 45 minutes

at room temperature on weak cation exchange (WCX) Protein Chip arrays (CM10, a

carboxymethyl WCX surface). These samples were then removed from the arrays and the

arrays were washed 3 times for 5 minutes with 250 μl of binding buffer and vigorous

agitation to remove non-specifically bound proteins. The arrays were rinsed with deionized

water to remove buffer salts and detergents and then twice spotted with matrix (2 μL of a

saturated solution of sinapinic acid (SPA) in 50% acetonitrile with 0.5% TFA) to allow laser

desorption and ionization. The arrays were read using a Ciphergen PBS-IIc instrument at a

laser setting of 195 to detect proteins between the masses of 2–30 kDa.

High-resolution reflectron matrix-assisted laser desorption/ionization time of flight

(MALDI-TOF) mass spectrometry analysis of the intestinal MLI samples from the second

cohort of subjects was performed as described below. To each precipitated protein sample,

500 μl of PBS with 1% Triton-X was added and thoroughly mixed, and then transferred to 2
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ml microcentrifuge tubes. Samples were centrifuged at 10,000 × g and the supernatant was

collected. A BCA assay was carried out for each supernatant sample to determine the protein

concentration. 300 μg of total protein from each sample was diluted in PBS and applied to

subsequent analyses. Samples were then passed through a 1-μm filter plate separately. 10 μl

of the extracts are mixed with 200 μg of weak cation exchange (WCX) magnetic beads (S-

COOH MoBiTec, Goettingen, Germany) with 90 μl of 0.2M ammonium acetate pH 4.0 with

0.01% TX-100. The process has been automated in a 96-well format with a Hamilton Starlet

robot (Reno, NV) where the beads are pelleted on a strong plate magnet and washed 3 times

with 100 μl of binding buffer. The beads were then desalted with 5 mM ammonium acetate

and extracted with 15 μl of 1% trifluoroacetic acid. 10 μl of the extracts are removed and

mixed with an equal volume of 5 mg/mL α-cyano-hydroxycinnamic acid matrix (CHCA,

LaserBio Labs, France) dissolved in 90% acetonitrile. 2 μl each of the extract-matrix

mixture is then applied to a 96-well MALDI target in triplicates. After drying, the plate is

read in a Perkin-Elmer Sciex (San Jose, CA) prOTOF2000 reflectron mass spectrometer

with settings for optimal detection of peptides and small proteins between 2 and 20 kDa.

Identifying the Index Bacterial Phylotypes

The index phylotypes were identified as follows. Starting with the entire complement of

3,374 phylotypes from the aforementioned OFRG analysis of the first cohort, we identified

the 48 phylotypes with the highest numbers of clones per phylotype and removed the rest

from further analysis. Correlation analyses were then performed on the numbers of clones

per phylotype for each of the remaining 48 phylotypes and the quantitative values of the

proteins from each of the 87 peaks. The resulting Pearson’s correlation coefficients were

subjected to a cluster analysis and then depicted in a heat map (Figure 1). Ten of these

remaining 48 phylotypes were included in our final set of 14 index phylotypes; they were

chosen because they (i) exhibited strong relationships with the proteins, (ii) represented

different regions of the heat map and (iii) possessed properties facilitating the development

of sequence-selective qPCR assays. The final set of 14 index phylotypes also contained 4

phylotypes exhibiting high abundance in several IBD subjects.

DNA Extraction of Intestinal MLI Samples

MLI samples were centrifuged for 1 minute at 14,000 × g. Pellets were resuspended with 1

ml CLS-Y buffer and transferred to Lysis Tubes from a FastDNA Spin Kit (Qbiogene,

Carlsbad, CA). DNA was extracted using the FastDNA Spin Kit (Qbiogene, Carlsbad, CA)

as described by the manufacturer, with a 30-second bead-beading step at a FastPrep

instrument setting of 5.5. DNA was further purified by subjecting it to electrophoresis in a

1% agarose gel and then recovering it from the gel using a QIAquick Gel Extraction Kit

(Qiagen, Valencia, CA) as described by the manufacturer, but without exposing the DNA to

UV or ethidium bromide and excluding the heating step to dissolve the gel in Buffer QG.

Additional Materials and Methods are provided in the Supporting Information.

RESULTS

The design of this study consisted of two phases. In phase one, we obtained the bacterial and

metaproteomic compositions of MLI samples from a first cohort of IBD and healthy

subjects. Analysis of these results led to the identification of a reduced set of bacterial

phylotypes, termed index phylotypes, which included those exhibiting strong correlations

(or relationships) with the proteins. In phase two, we tested the index phylotypes in a series

of experiments examining an independent set of subjects (second cohort).
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Phase One: Phylotype Reduction

Twenty-four MLI samples were obtained from various regions of the intestine from 9

subjects comprising the first cohort: 6 UC and 3 healthy controls (HC) (Table S1). These

MLI samples were collected using an endoscopic saline-lavage technique that samples

discreet sites (1 cm diameter). Each sample was examined for its bacterial rRNA gene and

metaproteomic composition using oligonucleotide fingerprinting of ribosomal RNA genes

(OFRG) and surface-enhanced laser desorption/ionization mass spectrometry (SELDI-MS)

analyses, respectively. These analyses identified 87 proteins and 3,374 bacterial phylotypes.

The relationships between the amounts of the proteins and the most abundant 48 phylotypes

were examined using a correlation analysis (Figure 1). The resulting heat map shows

numerous relationships among these bacteria and proteins, reflecting a myriad of putative

host-microbe interactions occurring in this habitat. Based on this analysis, we derived a

reduced set of phylotypes that were tested in the second phase of these investigations; the

resulting 14 index phylotypes included those exhibiting high population densities and strong

relationships with the proteins; for additional details on the selection process, see Identifying

the Index Bacterial Phylotypes in Materials and Methods. Sequence-selective qPCR assays

were developed for all 14 of the index phylotypes. The phylogenetic relationships among the

phylotypes (Figure S1) along with pertinent primer design information are provided (Table

S2).

Phase Two: Testing the Index Bacterial Phylotypes

To test the index bacterial phylotypes, we performed a series of experiments examining MLI

samples from a larger and independent cohort comprised of 42 subjects (second cohort): 14

CD, 13 HC, and 15 UC (Table S1). These experiments endeavored to (i) determine if there

were significant differences in the abundance of the index phylotypes between IBD and

healthy subjects, (ii) determine whether these phylotypes exhibited significant relationships

with host proteins and, (iii) assess if and how those relationships (and/or the variables

involved in those relationships) were linked to disease. These experiments also examined the

ability of the MLI metaproteomes to classify subjects by disease type.

Associations Between Disease and the Bacterial Phylotypes or Metaproteomes

Associations between the 14 index bacterial phylotypes and disease type were examined in

the cecum and sigmoid colon, using ANOVA of qPCR data from the second cohort. Five of

the 14 phylotypes exhibited significant differences (P < 0.05) between disease types, with

the population densities being lower in either CD or UC or both compared to HC (Figure

S2). The population densities of 2 phylotypes were different in both intestinal regions while

3 were different only in the sigmoid colon, the latter of which suggests that specific host

responses can vary by compartment. Within each disease type there were no differences in

the population densities of the phylotypes between the cecum and sigmoid colon, suggesting

that the disease-associated changes can be broadly distributed through the intestine. A

similar analysis was performed on the metaproteomic data. Concordant with the bacterial

results, a larger number of proteins were significantly different (P < 0.05) between disease

types in the sigmoid colon (96/589) than in the cecum (36/589) (see Supporting Information

for details).

Classification of Disease Type by Bacterial Phylotypes or Metaproteomes

To determine if the levels of the index phylotypes or proteins in the MLI samples could

classify subjects by disease type, we performed nearest shrunken centroids analyses.23 This

method was originally developed to identify subsets of expressed genes that can classify

subjects by host phenotype. Applying this method to our data, optimal classification came

from inclusion of 27 of the 30 phylotype-region variables (see Figure 2 legend for more
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details). The posterior probabilities generated by this analysis showed that these MLI-

inhabiting bacteria were able to correctly classify (probability > 50%) almost all subjects

(28/32) and that classification was better in the category of IBD than healthy (Figure 2a).

Classification using a similar number of protein-region variables produced comparable

posterior probabilities (Figure 2b), suggesting that both types of variables (bacteria and

proteins) possess similar power to sort these biologic states. Optimal classification of the

metaproteomic data utilized 490 of the 1,178 protein-region variables, resulting in very high

probability values for almost all of the subjects (Figure 2c).

Relationships Among Bacteria and Proteins at the Intestinal MLI

To test the index phylotypes for their putative abilities to interact with the host, we

determined whether they exhibited significant relationships with proteins in MLI samples

from a second cohort of subjects. Sequence-selective qPCR assays were used to enumerate

the phylotypes while quantitative high-dimensional matrix-assisted laser desorption/

ionization mass spectrometry (MALDI-MS) was used to examine the metaproteomes. To

analyze these data, we used regularized canonical correlation analysis (RCCA), which is a

method that endeavors to identify linear relationships between two sets of variables.24

The RCCA demonstrated that the relationships between the index phylotypes and the

metaproteomes were able to sort most of the subjects by disease type (Figure 3). Patterns of

subject sorting were distinct between the sigmoid colon and cecum. The ability of the RCCA

to sort the subjects suggests that these bacteria-protein relationships may be contributing

factors in host-microbe interactions underlying IBD. To examine these relationships in

greater detail, correlations between the levels of 8 bacteria and 43 proteins, which were the

strongest contributors to the inter-relationships identified by the RCCA, were depicted using

a cluster analysis (Figure 4). In the Discussion, we describe how these relationships provide

new insights into IBD etiology.

DISCUSSION

Examining distinct and biologically important habitats will be a key factor in understanding

host-microbe interactions involved in disease and physiological processes. Biogeographic

variation in microbial communities can be striking, reflecting differences in host responses

as well as physical and chemical features of the habitats. A recent examination of 27

different locations from healthy humans provided a clear depiction of habitat selection.25

More pertinent to IBD, several studies have shown that fecal and mucosal communities are

highly divergent.26,27

In this study, we examined the interface between the intestinal mucosa and lumen (MLI).

The intestinal mucosa is a barrier layer that keeps microorganisms from entering host tissue.

Most interactions between the host and its resident luminal microorganisms therefore occur

at this interface. In this study, we used a saline-lavage technique to collect MLI samples,

which are comprised of a particulate component (diverse bacterial morphotypes, with rare

epithelial and hemopoeitic cells), and a soluble component (63% human, 30% bacterial, 7%

other eukaryote and viral, by protein identification). This technique therefore collects mostly

microorganisms and soluble proteins at this interface. Alternative approaches for examining

this region, such as endoscopically obtained mucosal biopsies, produce samples that are less

regionally defined, as they are comprised of contents from both the MLI as well as

numerous intestinal layers including the lamina propria. Analysis of biopsy samples by

methods including rRNA gene analysis could therefore produce results that are confounded

by aggregation of functionally distinct regions or by DNA from dead organisms that are

being processed in phagocytic cells. In future work, we will also endeavor to collect

materials from the epithelium, as such samples would include important host-associated
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proteins such as receptors, and because prior work investigating such samples in a mouse

model showed that most of the associations between bacteria and immunoregulatory cells

were found in that habitat.28

Our investigations showed that specific bacteria and proteins in the MLI can be used to

differentiate and classify IBD and healthy human subjects. Five of the 14 index phylotypes

exhibited differential abundance between disease types (Figure S2). We posit that this high

rate of success is primarily due to the biological importance of the MLI habitat. In addition,

nearest shrunken centroids analyses of the bacteria and proteins from this habitat showed

that their amounts could be used to classify most subjects at relatively high confidence

levels, even when small numbers of variables were utilized (Figure 2a,b). As was shown by

the classification analyses of the metaproteomic data (Figure 2b,c), we anticipate that

utilization of greater numbers of bacterial phylotypes will also considerably enhance the

classification results. The fact that the optimal classification solutions used almost all of the

bacterial variables (27/30) and approximately half of the protein variables (490/1,178)

provides further support for the importance of this habitat in both understanding host-

microbe interactions associated with IBD etiology and for developing methodologies for

stratifying disease subtypes. Indeed, to our knowledge, no other classification analyses have

sorted IBD subjects at the high confidence levels produced by our MLI analysis (Figure 2c).

To identify putative host-microbe interactions associated with IBD, we performed a

correlation analysis (RCCA) on the levels of bacteria and proteins collected at the MLI of

IBD and healthy subjects. The results from this analysis suggests that host-microbe

interactions in IBD involve a self-sustaining cycle whereby inflammation causes shifts in

bacterial composition, including an increase in the relative proportion of proinflammatory

bacteria, which causes an increase in local host inflammatory products.

Indeed, the level of the innate inflammatory protein, complement C3a, was correlated with

such changes in microbial composition (star) (Figure 4). Levels of 5 index bacterial

phylotypes were negatively correlated with local C3a, and, as expected, all of these

phylotypes were also depleted in UC or CD (Figure S2). In addition, some taxa identified in

this analysis, such as Faecalibacterium 2994, which has high sequence identity (97%) to

Faecalibacterium prausnitzii, have demonstrated protective anti-inflammatory roles in a

mouse model of colitis, and are depleted in IBD.29 However, two phylotypes

(Ruminococcus 03 and Clostridium 501) exhibited positive associations with C3a,

suggesting that these organisms may have contributed to inducing this inflammatory

environment (Figure 4). In addition to C3a, Ruminococcus 03 and Clostridium 501 also

exhibited positive associations with haptoglobin (circles), which is notable since both of

these host products contribute to epithelial permeability, another hallmark of IBD-associated

inflammation.30,31 Finally, these two phylotypes also exhibited a positive association with

serum amyloid A (triangles), a product of epithelial and resident mucosal hemopoeitic cells,

which contributes to the initiation of local innate inflammatory response. Recent work

examining several members of the Clostridiales, a taxon that includes these two phylotypes,

has uncovered examples of both pro- or anti-inflammatory pathways.32,33 One of these

Clostridiales, termed segmented filamentous bacteria (SFBs), was able to trigger both the

generation of TH17 cells33,34 and intestinal inflammation,35 in part by inducing intestinal

cells to produce serum amyloid A.33

Thus, the correlation analysis performed in this study not only identified disease-associated

bacterial and protein biomarkers, but it also provided an experimental framework to uncover

potential in situ host-microbe interactions. For instance, our study and others have shown

that IBD is associated with decreases in specific bacterial phylotypes in the mucosal

habitat.29,36,37 The question is why does this occur? By examining the relationships between
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the microorganisms and a measure of host response (in this study, the metaproteome), it

becomes evident that host-defense processes could be driving these population shifts.

Concerning our putative proinflammatory phylotypes (Ruminococcus 03 and Clostridium

501), while the RCCA identified these two bacteria as key variables in this study, and

Pearson’s correlation demonstrates their statistical significance (P = 0.004 with

haptoglobulin in the sigmoid colon for both phylotypes), tests relating their amounts to

disease type would not have classified them as important variables: P values = 0.368 and

0.133 for Ruminococcus 03 and Clostridium 501, respectively, using ANOVA and sigmoid

colon samples. These examples provide compelling evidence for the utility of examining

relationships between host and microbial variables, because they enable key organisms and

host responses to be both detected and linked. The idea of focusing on the linkages between

variables is gaining strength as several groups have independently converged on this concept

in the fields of host-microbe interactions (this study) and network analysis.38,39 Inspired by

these network studies, we reanalyzed the strongest relationships identified by the RCCA

(from Figure 4) using a network analysis; an example of potential specific host-microbial

interactions uncovered and visualized by this strategy is illustrated in Figure 5.

Our correlation analysis also corroborates a current concept in IBD etiology, positing that

shifts in the populations of common intestinal microbiota are contributing factors. An

examination of the 2 strongest pairwise correlations showed that these bacteria-protein

relationships likely represent biologic interactions that are shared among all subjects (Figure

S3), as even though many subjects cluster by disease type (CD and UC versus HC), there is

also crossover among groups. These results also indicate that some host-microbe

interactions involve binary states. We speculate that phylotypes that are highly sensitive to

inflammatory proteins represent one instance where binary relationships will exist.

Deciphering the intricacies of such relationships, and how other factors such as host genetics

influence them, will certainly lead to a greater understanding of the underlying biology in

IBD.

Lastly, we compared four different methods for identifying putatively important host and

microbe variables – a crucial but daunting task given the need to identify a small number of

key variables from enormously complex datasets. To facilitate the comparisons, we

identified 8 bacteria and 43 proteins from each method (Tables S3 and S4). For the two

means-based methods, ANOVA and nearest shrunken centroids, we identified the variables

whose amounts best sorted the subjects by disease type. For the RCCA, we identified the

variables that were the strongest contributors to the interrelationships defined by the first

two canonical variates. For the fourth method, we performed an analysis that included

identifying the bacterial phylotypes that exhibited the largest numbers of strong relationships

(LNSR) with the proteins (see Supporting Information for details).

Focusing on the proteins first, the two correlation methods identified higher percentages

(93%, LNSR; 88%, RCCA) of proteins previously associated with IBD than the means-

based methods (77%, ANOVA; 73%, nearest shrunken centroids) (Table S3, see IBD

column). However, given the lack of a comprehensive model of IBD pathogenesis, the

meaning of these results remains uncertain. What is clear is that, compared to the other

methods, the LNSR correlation method uncovered a key observation that supports its

underlying rationale. Using the LNSR method, 53% of the proteins with a database match

were immune system molecules, compared to only 9%, 12% and 14% for the other methods

(Table S3, blue bold text). These molecules are induced by an integrated host immune

response through contact with microorganisms and their products, and as such are indicators

of intimate host-microbe interactions occurring in the MLI habitat. In contrast, the most

predominant proteins identified by the traditional approach (e.g., transthyretin, hemoglobin

and serum amyloid) were high abundance proteins commonly and non-specifically
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associated with many settings of tissue injury. We anticipate that the LNSR method may

yield new and important clues regarding upstream host-microbe interactions associated with

IBD, and that these new capabilities will complement existing strategies and enhance

investigations of causal relationships in IBD and other multifactorial etiologies. A similar

comparison analysis was also performed on the bacterial phylotypes (Table S4).

The results from this study also highlight several additional and potentially useful

experimental design features. The first involves the importance of examining specific and

narrowly defined taxa. For example, two closely related (96% identity of near full-length

16S rRNA genes) Ruminococcus phylotypes (312 and 323) were analyzed in this study. One

of the phylotypes (Ruminococcus 312) demonstrated the ability to differentiate subjects by

disease type while the other did not (Ruminococcus 323). Our investigations were able to

detect these differences because we designed the qPCR assays to amplify sequences with a

narrow range of identities (98.2–100%). The second consideration is the importance of

validating population results using methods such as qPCR, as most PCR-based methods that

are currently used to examine microbial composition, including high throughput sequence

analyses, produce skewed results.40,41 Addressing both of the first two considerations,

utilization of the PRISE software facilitates the development of sequence-selective qPCR

assays.42 Finally, our studies also demonstrated that the phylotypes with the largest number

of protein relationships were not the most abundant ones. Indeed, Akkermansia 498 was the

least abundant index phylotype examined in this study (data not shown), and yet it exhibited

both the largest number of protein relationships and the ability to differentiate subjects by

disease type.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Self-organizing map (SOM) cluster analysis of the relationships between the amounts of the

bacterial phylotypes and proteins in MLI samples from the first cohort of IBD and healthy

subjects. Bacterial rRNA gene and metaproteome composition were examined by OFRG

and SELDI-MS analyses, respectively. Pearson correlation coefficients for each phylotype-

protein pair are depicted by the color in each cell; stronger correlations have brighter colors

(see scale bar). Bacterial phylotypes are on the horizontal axis while the proteins are on the

vertical axis (see Supporting Information for details). The heat map contains a subset of the

bacterial phylotypes; for details on how this subset was selected, see Identifying the Index

Bacterial Phylotypes in Materials and Methods.
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FIGURE 2.

Classification of healthy and IBD subjects by nearest shrunken centroids analyses of the

amounts of the index bacterial phylotypes or proteins from intestinal MLI samples. Values

are posterior probabilities: healthy (circles) and IBD (triangles). Means are solid horizontal

lines and standard deviations are dashed lines (only the lower value is shown). Only second

cohort subjects sampled in both cecum (CE) and sigmoid colon (SIG) were used in this

analysis (n = 32), and both regions were analyzed separately. A: Bacterial population density

values were generated using 15 qPCR assays: 14 index phylotypes (Table S2 and Figure S1)

and one targeting all bacterial rRNA genes; the optimal classification solution (threshold =

0.175, error = 4/32) included all bacteria-region variables except Eubacterium 2766 from the

cecum and Clostridium 12 from the cecum and sigmoid colon (27/30 phylotype-region

variables). B and C: Proteins were enumerated by MALDI-MS. B: Classification from 25

protein-region variables (threshold = 1.788; error = 5/32) produced similar posterior

probabilities as those from the bacterial analysis (A); C: The optimal classification solution

(threshold = 0.670; error = 3/32) included 490 protein-variables (see Supporting Information

for protein lists).
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FIGURE 3.

Regularized canonical correlation analysis of bacteria and proteins from MLI samples of

IBD and healthy subjects. Canonical variates 1 and 2, based on correlation analysis of the

levels of bacteria and proteins, are plotted for samples from the cecum and sigmoid colon.

CD, HC and UC indicate Crohn’s disease, healthy controls and ulcerative colitis. n = 13

(CD-SIG), 7 (CD-CE), 12 (HC-SIG), 13 (UC-HE), 14 (UC-SIG) and 14 (UC-CE).
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FIGURE 4.

Self-organizing map (SOM) cluster analysis of the correlations between the levels of the 8

bacteria and 43 proteins that were strongest contributors to the interrelationships identified

by the RCCA. Bacterial rRNA gene and metaproteome composition were examined by

sequence-selective qPCR and MALDI-MS analyses, respectively. Pearson correlation

coefficients for each phylotype-protein pair are depicted by the color in each cell; stronger

correlations have brighter colors (see scale bar). Bacterial phylotypes are on the horizontal

axis while the proteins are on the vertical axis. The selected bacteria and proteins had the

largest coefficients for canonical variates 1 and 2.
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FIGURE 5.

Network analysis of the relationships between the amounts of selected bacterial phylotypes

and proteins in MLI samples from the second cohort of IBD and healthy subjects. The

variables examined were the 8 bacteria and 43 proteins depicted in Figure 4. Phylotypes and

proteins are depicted as yellow and blue circles, respectively. Only correlations > 0.4 or <

−0.4 are shown. Negative and positive associations are depicted as red and black lines,

respectively. The thickness of each line indicates the strength of the correlation. The

interaction map was constructed using the social networking package (SNA) in R

(http://cran.rproject.org/web/packages/sna/index.html).
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