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Abstract

Carbohydrate-active enzymes (CAZymes) are essential for the synthesis and breakdown 
of (complex) glycans and glycoconjugates. They are present in all living species, 
but are especially diverse in bacteria. In the gut microbiome, CAZymes are crucial 
for metabolizing complex carbohydrates of dietary and host origin, such as fiber and 
mucins, respectively. Currently, dbCAN2 is the most widely used computational 
tool for annotation of CAZymes in genomic data, but it cannot be directly applied to 
metagenomic data. dbCAN2 can identify protein sequences that are similar to those 
present in the CAZy database (the most comprehensive data and knowledge base on 
CAZymes) using Hidden Markov models (HMMs) specifically built for each CAZyme 
(sub-)family. However, detection accuracy (E-values cutoffs) has not been calibrated 
for these HMMs. A second challenge for wide application of this tool for metagenome 
analysis is the lack of systematic substrate annotations for CAZyme families, which are 
currently primarily grouped based on amino acid sequence similarity. A hierarchical 
annotation of CAZyme substrates would however be needed for functional interpretation 
of CAZyme profiles. To close this gap, the main aim of this study was to build the 
first tool for computing CAZyme profiles from shotgun metagenomic data, which can 
be interpreted in terms of substrate specificities. This entailed optimization of HMM 
E-values for precise detection of CAZymes and construction of a novel hierarchical 
substrate scheme to facilitate functional interpretation. Application of this tool 
using data from eight different colorectal cancer (CRC) cohorts revealed that CRC 
metagenomes were enriched in microbial CAZymes involved in glycosaminoglycan 
metabolism (p-value 7.44e^-04) and in peptidoglycan metabolism (3.52e^-02), and 
depleted in CAZymes involved in dietary fiber metabolism (p-value 3.68e^-04) as 
compared to control metagenomes, suggesting that known dietary risk factors, such as 
increased meat consumption/decreased fiber consumption in CRC, are reflected in the 
gut microbial CAZy repertoire. 
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Introduction

Carbohydrate-active enzymes (CAZymes) are a diverse group of enzymes which can build 
up and break down glycans and glycoconjugates, consisting of e.g. glycosyltransferases 
and glycosyl hydrolases. They are present in all domains of life, but an exceptionally 
diverse set is encoded in microbial genomes, thereby contributing to the extraordinary 
metabolic versatility of microorganisms1. Microbes present in the human gut possess a 
variety of CAZymes which, amongst others, aid in metabolizing (complex) carbohydrates 
consumed from the diet, one of the key functions of the gut microbiome2. As the human 
genome encodes for only 17 enzymes with limited capacity (involved in breakdown 
of sucrose, lactose and starch) for carbohydrate degradation1, microbial CAZymes are 
imperative for metabolizing diet-derived complex carbohydrates.

Fermentation of these complex carbohydrates leads to production of metabolites 
including short-chain fatty acids (SCFAs), of which butyrate, propionate and acetate 
form 90-95% of the total SCFA pool in the human gut3. The contributions of SCFAs 
to maintaining host health are difficult to overstate, but amongst the most important 
functions are butyrate being the main energy source for enterocytes4, regulating gut 
barrier integrity5 and being ligands for a variety of receptors present on enteroendocrine 
and immune cells5. 

Apart from metabolizing complex carbohydrates that are stemming from the diet, 
CAZymes can also metabolize host glycans such as the mucus layer, with negative 
consequences in certain conditions. For example, upon exposing fiber-deprived mice to 
the pathogen Citrobacter rodentium, mice suffered from a far higher mortality than mice 
who were provided a normal diet. This was likely due to the microbiome starting to use 
host-derived glycans (mucus layer) as the main energy source due to the lack of fiber. 
This led to mucus layer erosion and thereby to closer proximity of C. rodentium to the 
gut epithelium in these fiber-deprived mice, which likely facilitated infection6. 

In the CAZy database, CAZyme families have been constructed and they are defined 
based on amino acid sequence similarity. For each family, at least one founding member 
is required to have been biochemically characterized7. These CAZyme families are 
rigorously curated and extensively evaluated before a new CAZyme family is accepted 
into the database7. This is one of the reasons why the CAZy database is regarded as the 
gold standard in the field. One drawback of the current classification scheme, based 
on amino acid sequence similarity, is that glycan substrate annotation is in many cases 
problematic. A CAZyme family can contain enzymes with similar amino acid sequences, 
while they can metabolize a variety of substrates8. This drawback can, however, not 
only be ascribed to the current classification scheme. For multiple CAZyme families 
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no substrate is known and to this day it remains unknown what determines substrate 
specificity. Nevertheless, the lack of a higher, systematic substrate system for CAZyme 
families for which substrates are known currently limits functional interpretability with 
regard to high-level substrate usage. 

A main goal of researchers interested in CAZymes is to discover which CAZymes 
are encoded in their (meta)genomic data and whether CAZyme abundances differ 
meaningfully between groups of samples. One of the most popular tools to annotate 
CAZymes in genomic data is the dbCAN2 tool, which uses CAZyme (sub)family-
specific Hidden Markov models (HMMs) to annotate gene sequences9. While this tool 
has proven valuable and remains widely used, optimization of E-value cutoffs (which 
aims to minimize conflicts between functional homology and sequence similarity) was 
performed on only six genomes9. This leaves considerable room for optimizing the 
detection accuracy of CAZyme annotation. In addition, dbCAN2 is an open-reading 
frame (ORF) annotation framework and not a profiler, which prevents estimating 
taxonomic or functional abundance profiles from a shotgun metagenome. From the 
ORF prediction it is not trivial to estimate (relative) abundances of CAZymes in a 
given metagenome, especially given that, due to their multimodular nature, multiple 
CAZyme families can occur within a single ORF. Lastly, to be able to annotate ORFs 
with CAZymes, researchers would first have to laboriously reconstruct these (via 
metagenome assembly, ORF prediction, and redundancy removal) from metagenomic 
data, posing a substantial challenge to many (non-)bioinformaticians.

Here, we aimed to develop the first easy-to-use tool to profile CAZymes from short-read 
metagenomic data and to optimize E-values for more accurate detection of CAZymes 
using HMMs. In addition, we suggest a novel substrate annotation scheme allowing for 
improved interpretation of the resulting CAZyme profiles in terms of broader substrate 
groups these act on. Lastly, we applied our tool on eight different colorectal cancer 
(CRC) cohorts to uncover novel associations between specific CAZymes, substrate 
metabolism and CRC. 

Materials and methods

Generation of CAZyme (sub)family module sequence set
In order to obtain family-wise CAZy modules, we first downloaded all CAZy sequences 
(http://bcb.unl.edu/dbCAN2/download/Databases/V9/ dbCAN HMMdb release 9.0 and 
CAZyDB released on 07/30/2020). We then identified CAZy modules on these sequences 
using the dbCAN HMMs (from the same dbCAN2 release) using an E-value threshold 
of 1e-15 and a coverage threshold of 0.35 (default cut-offs on dbCAN server). We then 
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generated (sub)family-wise multiple sequence alignments of module sequences using 
mafft for the 29 largest families (containing most sequences) and mafft-linsi for the 
remaining sequences on representative sequences obtained from mmseqs2 clustered at 
99% (clustered using mmseqs2 (arguments easy-cluster, –min-seq-id 0.99, --cov-mode 
0, -c 0.5)10, 11. The clustering was done in order to avoid bias in building the HMMs due 
to overrepresentation of very similar sequences. Default parameters were used unless 
stated otherwise.

Optimization of HMM E-value cutoffs 
To optimize HMM E-value cutoffs for each CAZy family we optimized HMM E-values 
using 5-fold blocked cross validation as well as an external negative sequence set: For 
each CAZy (sub)family and fold, we divided the module sequence set into two sets: 
The first set of sequences was used to build the module HMM and the second set was 
used as positive instances for evaluation, combined with the module sequences of all 
remaining CAZy (sub)families as well as non-CAZy sequences obtained from UniProt 
(see below) as negative instances. Division into training and test folds was done in a 
blocked fashion, where sequences in one block are always together in either training 
or test set. This was done to minimize information from the training set leaking into 
the test set. To define blocking groups, module sequences within each family were 
clustered at 60% sequence identity using mmseqs2 (arguments easy-cluster, –min-seq-
id 0.60, --cov-mode 0, -c 0.5)11. Folds were designed in such a way that test sets never 
overlap with each other (Figure 1). This setup was applied to 330 CAZyme families 
with at least 150 sequences in the CAZy database. For the 207 families which had 
less than 150 sequences, but more than 30 sequences, cross validation was performed 
without blocking. Non-CAZy sequences were obtained from UniProt in the following 
manner. First, all manually curated sequences (Swiss-Prot) with an annotation score of 
five out of five (indicating experimental evidence at protein level) were downloaded 
(n=54,978 sequences, March 5th 2021). We subsequently filtered out all sequences 
with an annotated Enzyme Commission (EC) number present in CAZy, yielding 51,507 
sequences. Since CBMs are non-catalytic (and thus have no EC number), we did not 
add UniProt sequences as negative instances when we optimized E-values for CBMs. 

Finally, we determined family- and fold-wise optimal E-values by iterating over E-value 
thresholds (from 1e^0 to 1e^-200) and choosing the E-value that maximizes the F1-
Score. The F1 score was calculated using the follow formula: 2*(recall*precision) 
/ (recall + precision). Recall was calculated using the formula: TP / (TP + FN) and 
precision using TP / (TP + FP). A schematic overview of the workflow for building 
novel HMMs and optimization of their E-values can be found in Figure 1.
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CAZyme annotation of the Integrated Gene Catalog (IGC)
To annotate the approximately 9.9 million genes present in the IGC12 with CAZy module 
information, we ran the CV HMMs of all folds against the IGC and assigned module hits 
by determining the overlap of all fold-HMMs hits.

Community profiling of datasets
We investigated eight different colorectal cancer cohorts. Raw metagenomic sequencing 
data was processed using NGLess (v1.0.0) and accompanying tools13, 14. In short, raw 
sequence data was pre-processed by quality-based trimming and reads with quality value 
below 25 were discarded, followed by discarding reads shorter than 45 bp. Second, reads 
were aligned to the human genome (hg19 reference) and discarded if reads mapped with 
more than 90% sequence identity and an alignment length of at least 45 bp. Third, we 
mapped filtered reads against the Integrated Gene Catalog (IGC) using BWA-MEM and 
obtained BAM files were sorted using samtools sort12, 14, 15. Fourth, bedtools intersect 
(-bed -wo) was used to investigate overlap between the mapped reads and CAZy 
modules16. Lastly, we used isect_quant (https://github.com/cschu/gff_quantifier/blob/
master/gffquant/isect_quant.py) to obtain CAZyme abundance profiles (which were 
corrected for the length of the respective CAZyme). Here, we focused on colorectal 
cancer (CRC) patients and controls (total n = 1225, CRC cases n = 632, controls n = 
593) from eight different cohorts spanning seven countries and three continents17-23.

Meta-analysis of differentially abundant CAZymes in CRC
We started our meta-analysis by investigating which CAZymes were differentially 
abundant between CRC and controls’ metagenomes through a blocked Wilcoxon-rank 
sum test as available through the coin (v1.4-1) package, where study was the blocking 
factor24. Next, to investigate whether signatures were consistent across studies, univariate 
nonparametric Wilcoxon tests and false discovery rate (FDR) correction were performed 
as implemented by the SIAMCAT package (v1.10.0), on a per-study basis25. Generalized 
fold changes for both tests were calculated as implemented by the SIAMCAT package. 
P-values were adjusted using FDR correction (Benjamini-Hochberg method)26 and 
adjusted p-values < 0.05 were considered significant.

Gene set enrichment analysis (GSEA)
Leveraging the extensive manual substrate annotations allowed us to perform GSEA 
to investigate whether there is differential metabolism of specific substrates between 
CRC patients and controls27. GSEA was performed using the R package fgsea(v1.16.0) 
and the fgseaMultilevel function with default parameters28. As input measure for fold 
change, generalized fold changes as obtained from SIAMCAT were used.

125

5

CHAPTER 5

https://github.com/cschu/gff_quantifier/blob/


572364-L-bw-Ducarmon572364-L-bw-Ducarmon572364-L-bw-Ducarmon572364-L-bw-Ducarmon
Processed on: 27-1-2022Processed on: 27-1-2022Processed on: 27-1-2022Processed on: 27-1-2022 PDF page: 124PDF page: 124PDF page: 124PDF page: 124

Results

Overview over the new CAZy profiler
We started building our profiler by annotating the IGC with our cross-validated HMMs 
and optimized E-value cutoffs, obtaining CAZy module annotations and locations on 
each ORF. Subsequently, we mapped quality-filtered and human-filtered reads from a 
given metagenomic sample to the entire IGC. We then computed overlaps of the aligned 
reads with the annotated CAZy modules using bedtools intersect16. We generated CAZy 
profiles by averaging individual CAZy module coverages (number of reads aligning to 
a module normalized by its length).

Overview of CAZy annotations on IGC
We started our analyses by obtaining a global overview of which CAZymes were 
annotated using our method in the IGC, a comprehensive gene catalogue constructed 
from metagenomes of the human gut microbiome12. We detected a total of 457 unique 
CAZymes in the IGC, which amounted to 225,946 unique ORFs (2.29% of IGC). 
The largest number of (sub)families was annotated in the glycoside hydrolases (GHs) 
category; 240 unique (sub)families, followed by 76 glycosyltransferases (GTs), 63 
carbohydrate-binding modules (CBMs) 55 polysaccharide lyases (PLs), 14 carbohydrate 
esterases (CEs) and 9 auxiliary activities (AA)s.

Constructing a novel glycan substrate annotation scheme
To construct a more informative scheme for glycan substrate annotation, we grouped 
carbohydrate substrates into five biological categories which we systematically 
annotated for each commonly encountered glycan in the human gut (Supplementary 
Table 1). We hereby focused on CAZy categories GH, PL, CE and CBM for two main 
reasons. First, there is relatively little information about the precise substrates of many 
GT and AA families precluding their grouping into functional categories. Second, our 
main interest was in digestion rather than synthesis of (complex) carbohydrates and GTs 
are less involved in the former process.

Based on the CAZymes that we annotated in the IGC, a list of all potential substrates 
was generated. Based on literature1, 6, 29-32, these substrates were further classified into 
broad biological categories: reflecting their origin (e.g. bacterial, plant), function in their 
original biological context (e.g. storage, structural) and function at destination/general 
biological role (e.g. dietary fiber, glycosaminoglycan) (Supplementary Table 1). We then 
annotated each CAZyme detected in the IGC with substrates and matched this to the 
annotations per glycan (Supplementary Table 2). This way of grouping and annotating 
CAZymes allows for a systematic investigation of substrate metabolism potential using 
metagenomic data. 
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Meta-analysis shows CAZymes to be differentially abundant between CRC patients 
and controls
Shotgun metagenomic data from eight different CRC study populations recruited in 
seven different countries (Austria, China, Germany, France, Italy, Japan and the US) 
were re-analyzed. 

The first aim of this meta-analysis was to investigate whether CRC-specific CAZyme 
signatures could consistently be identified across the included studies. To this end, we 
pooled data from all studies and performed a blocked Wilcoxon test to account for 
study heterogeneity (as blocking factor). As a result, we identified 203 CAZymes to 
be significantly differentially abundant between CRC patients and controls at an FDR-
adjusted p-value ≤ 0.05 (data not shown). Next, we aimed to identify which CAZyme 
signatures were consistent across the cohorts. Therefore, we explored the datasets by 
investigating differential abundance of CAZymes separately in each study by employing 
a Wilcoxon test and FDR correction. Significantly differentially abundant CAZymes 
were noted in all cohorts except from the US cohort, which previously showed weak 
associations between the microbiome and CRC, possibly related to the long-term sample 
storage (Figure 2)22, 23.

Among the consistently more abundant CAZymes in controls across different cohorts 
were GH94, GH53, GH5_2, CE17, CBM48 and CBM2. Of these CAZymes, GH94, 
GH53, GH5_2 and CBM2 have the annotation of dietary fiber as function at destination, 
while CE17 has no known substrate and CBM48 is involved in glycogen metabolism. 
Collectively, this points towards increased dietary fiber metabolism in control 
metagenomes. In CRC metagenomes, CE11, GT19, GH20, GT107, GH123, CBM40 
and GH33 were among the most consistently enriched CAZymes. We could not assign 
a function at destination to any of these CAZyme families, apart from GH20, which is 
involved in both dietary fiber and peptidoglycan metabolism. 
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Figure 2: Meta-analysis on a per-study basis using Wilcoxon tests and FDR correction for 
p-values. We selected CAZymes to be displayed by taking the 15 most significantly differentially 
abundant CAZymes in both CRC metagenomes and in control metagenomes as obtained by the 
blocked Wilcoxon test using combined data from all eight cohorts. Note that both Italian cohorts 
contained significantly differentially abundant CAZymes, but these were not among the 15 most 
significant ones in either direction. The different studies are indicated in the columns of the 
heatmap and labeled underneath (AT; Austria, CN; China, DE; Germany, FR; France, IT; Italy, JP; 
Japan and US; United States). Red indicates CAZymes that are more abundant in CRC patients 
and blue indicates CAZymes more abundant in controls. CAZymes are ordered on the y-axis 
based on average generalized fold change values.

Enrichment analysis reveals decreased dietary fiber metabolism and increased 
glycosaminoglycan (GAG) metabolism in CRC patients
We next investigated whether dietary fiber, and other substrates, were enriched at the 
substrate level rather than the individual CAZyme level. To this end, we performed 
enrichment testing through GSEA. Leveraging our suggestion for novel manual 
substrate annotations in combination with GSEA, we could investigate enrichment 
of CAZymes at the substrate category level rather than at the individual CAZyme 
level. Enrichment analysis was performed at the level of the glycan’s function at 
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destination, with testing performed for five large substrate categories (dietary fiber, 
glycosaminoglycans, peptidoglycan, glycogen and mucin). The difference in number of 
CAZymes annotated with these specific substrates is large, with 266 unique CAZymes 
being involved in metabolism of dietary fiber, 27 in glycosaminoglycan, 25 in glycogen, 
16 in peptidoglycan and two in mucin. GSEA testing revealed an enrichment of dietary 
fiber metabolism in controls (adjusted p-value 7.44e^-04), while GAG and peptidoglycan 
were significantly enriched in CRC patients (adjusted p-value 3.68^-04 and 3.52e^-02, 
respectively) (Figure 3). GAG are important components of the extracellular matrix of 
animal tissues (for example in connective and skeletomuscular tissue) and, importantly, 
have never been detected in plants33, 34.
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Mucin

Category
Control
CRC

Presence
No
Unknown
Yes

Figure 3: Differentially abundant CAZymes and substrate enrichment testing. Horizontal bars 
show significant abundance differences in CAZymes depicting the effect size by the generalized 
fold change, as identified by a blocked Wilcoxon test and FDR correction (left) and results of 
GSEA analysis per substrate category (right) with their respective indication whether a substrate 
was annotated by a specific CAZyme or not. GSEA was performed on all CAZymes which had 
a substrate annotation and not only the ones displayed in this plot. CAZymes with ‘Unknown’ 
substrate annotation were not included in GSEA. Dietary fiber (DF) was significantly enriched in 
controls, while glycosaminoglycans (GAG) and peptidoglycan (PG) were significantly enriched 
in CRC patients. On the right side of the plot, black indicates a CAZyme to be involved in specific 
substrate metabolism, white indicates it is not and grey indicates that no substrate could be 
assigned to the respective CAZyme. CAZymes on the left side were included if their adjusted 
p-value was <0.01 and had a generalized fold change of more than 0.075 or lower than -0.075. 
Red indicates CAZymes that are more abundant in CRC patients and blue indicates CAZymes 
more abundant in controls.
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Discussion

We present a new tool for profiling CAZymes from shotgun metagenomic data 
generated from human fecal samples. To interpret these profiles with respect to broader 
substrate categories, we additionally derived a hierarchical substrate classification 
scheme and curated substrate information for all CAZyme families found in the 
human gut based on the scientific literature. To maximize the detection accuracy of 
CAZymes in uncharacterized (meta-)genomic sequences based on sequence homology, 
we systematically optimized and validated family-specific HMMs (and their E-value 
cutoffs) on a large set of manually annotated CAZyme sequences. By leveraging our 
novel substrate annotation scheme, we were for the first time able to perform enrichment 
testing with respect to substrate metabolism for CAZymes in metagenomic case-control 
studies. In an application to eight studies of CRC, these novel tools revealed a clear 
CRC-associated CAZyme signature that is largely consistent across the geographically 
diverse studies included in this meta-analysis. 

Advantages of our newly developed tool over dbCAN2 
The most widely used tool for detecting CAZymes in genomic data are dbCAN2 
and its predecessor dbCAN9, 35. This tool is largely based on building HMMs from 
CAZy (sub)families from the CAZy database. While it has proven to be extremely 
valuable for annotating genomic data, the E-value cutoffs have not been optimized for 
detection accuracy. Here we used blocked cross-validation on the protein sequences 
from the CAZy database to optimize HMM E-value cutoffs to more accurately identify 
CAZymes. Going a step further than annotation of genomic data, we devised a profiling 
framework to enable users to directly profile CAZymes from human gut metagenomic 
data. This is a major advance, as it allows for straightforward comparative analyses 
of CAZyme profiles between (groups of) metagenomic samples using statistical tests 
suitable for metagenomic data. We will ultimately make the workflow presented in this 
manuscript (from raw read processing to obtaining matrices with CAZyme abundances) 
publicly available as open-source software to enable other researchers to easily profile 
the CAZyme repertoire in their metagenome. While we purely focused on the human gut 
microbiome, we plan for future updates to extend the CAZyme substrate annotations to 
gene sequences found in metagenomic gene catalogs available for other mammalian gut 
microbiomes and environmental communities, such as those in the environment (e.g. 
soil, ocean)36-41.

Manual substrate annotations allow for informative grouping at higher functional 
levels and statistical enrichment testing
By detecting broader shifts in carbohydrate degradation capabilities of microbial 
communities, key insights into community function have been obtained, in some cases 
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with important implications for host physiology42, 43. However, this type of analysis 
is still not very commonly performed on human gut metagenomic data due to the 
following technical challenges. The combination of a lack of knowledge on substrate 
usage of specific CAZyme families and grouping CAZymes into families based on 
protein sequence similarity does not allow for easy interpretation of CAZyme profiles 
with regard to substrate utilization7. Therefore, it would be highly valuable to have 
a consistent higher-level substrate annotation that can be used to detect trends across 
families. A common workflow that researchers currently take when trying to assign 
functional information to CAZymes is to first investigate, through differential abundance 
testing, which CAZymes are differentially abundant between two groups of interest and 
then attempt to annotate these CAZymes only17, 44. However, this does not leverage a 
potential ‘substrate-level’ effect, as while individual CAZymes may not be significantly 
differentially abundant, their combined effect may be significant at the substrate level27. 
Such enrichment patterns can, however, be detected using our new substrate annotation 
scheme in combination with Kolmogorov-Smirnov type statistical tests that are also 
commonly applied in GSEA27. 

CAZyme and substrate enrichments correspond to and extend on previous 
nutritional epidemiological studies investigating CRC
Increased dietary fiber intake has long been linked to a reduced risk of developing CRC, 
although there is some conflicting evidence from nutritional epidemiological studies45-48. 
However, it has not been systematically investigated whether the gut microbiome may be 
involved in the physiological metabolic processes underlying this association17. Previous 
research showed specific CAZymes involved in fiber metabolism to be more abundant 
in controls and several CAZymes involved in host glycan metabolism (e.g. mucin) to be 
more abundant in CRC patients17. We investigated if this could be confirmed by applying 
our tool on data from eight different studies with patients recruited in seven different 
countries on three continents. Additionally, we moved away from exclusively testing 
individual CAZymes, but instead assessed enrichment of specific substrate categories 
through a GSEA. Importantly, we found dietary fiber metabolism to be increased in 
controls and an increase in GAG metabolism in CRC metagenomes (Figure 3). The 
latter possibly reflects increased meat consumption in CRC patients, which has been 
linked to an increased risk for developing CRC49-51. 

Unfortunately, no food frequency questionnaire or other detailed dietary information was 
collected from the CRC patients or controls, which prevents us from correlating reported 
dietary intake to abundance of specific CAZymes or to the observed enrichment in GAG 
metabolism. Importantly, while we see this enrichment in GAG in CRC metagenomes, 
it should be noted that this remains an association and cannot be interpreted as a causal 
relationship. Lastly, we observed an enrichment in peptidoglycan metabolism in CRC 
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metagenomes, which is in line with a previous observation of an increase in bacterial cell 
wall components in CRC metagenomes17, but this result remains difficult to interpret. 
In conclusion, our novel tool allows for accurate profiling of CAZymes from 
metagenomic shotgun sequence data and the annotation scheme enables substrate-based 
analysis and interpretation. Together, the tool and substrate annotation scheme pave the 
way for more informative functional analyses from metagenomic data with respect to the 
CAZyme repertoire. We applied our tool and annotation scheme to investigate the role 
of CAZymes and substrate metabolism in CRC metagenomes and discovered specific 
CAZymes and substrates to be enriched and depleted in CRC metagenomes. While both 
the dietary fiber and GAG signatures are consistent with known dietary risk factors 
of CRC, it remains unknown whether the gut microbiome mediates the potentially 
beneficial and harmful effects of these dietary components in CRC development, or 
whether the gut microbiome simply adapts to the diet and plays no mechanistic role in 
the diet-CRC relationship. Therefore, future studies should aim to delineate whether the 
effects of dietary factors on CRC development are microbiome-mediated or not. 
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Supplementary tables
Table S1: Table with annotations at several functional categories per glycan. Dietary fiber (DF), 
non-starch polysaccharides (NSP), peptidoglycan (PG), glycosaminoglycan (GAG).
Glycan Origin Function_in_

origin
Function_
destination_1

Function_d
estination_2

Function_
destination_3

arabinogalactan Plant,Bacteria Structural  DF NSP Gum,Pectin
arabinoxylan Plant  Structural DF NSP Hemicellulose
beta-glucan Plant,Bacteria,Fungal Structural DF NSP Hemicellulose
beta-mannan Plant  Structural DF NSP Mannans_and_

Heteromannans
cellobiose Plant Structural DF NSP Cellulose
cellulose Plant Structural DF NSP Cellulose
galactomannan Plant,Fungal Structural DF NSP Mannans_and_

Heteromannans
glucomannan Plant,Fungal,Bacteria Structural DF NSP Mannans_and_

Heteromannans, 
Hemicellulose 

xylan Plant Structural DF NSP Hemicellulose
xyloglucan Plant Structural DF NSP Hemicellulose
amylopectin Plant Storage DF Resistant_starch Unknown
amylose Plant Storage DF Resistant_starch Unknown
arabinan Plant Structural DF NSP Pectin
glycogen Animal Storage Glycogen Unknown Unknown
pullulan Fungal Structural DF  Unknown Unknown
starch Plant Storage DF Resistant_starch Unknown
alginate Algae,Bacteria Structural  DF NSP Gum
carrageenan Algae Structural DF NSP Gum
galactan Algae,Plant Structural DF NSP Pectin 
laminarin Algae Storage DF NSP  Unknown
porphyran Algae Structural DF NSP Unknown
fucoidan Algae Structural DF NSP Unknown
ulvan Algae Structural DF NSP Unknown
alpha-mannan Fungal  Structural DF NSP Unknown
chitin Animal,Fungal Structural DF Unknown Unknown
chitosan Animal,Fungal Structural DF Unknown Unknown
chitodextrin Animal,Fungal Structural DF Unknown Unknown
dextrin Plant Storage DF Resistant_

oligosaccharides
Unknown

chondroitin Animal GAG GAG Unknown Unknown
chondroitin_sulfate Animal GAG GAG Unknown Unknown
heparin Animal GAG GAG Unknown Unknown
heparin_sulfate  Animal GAG GAG Unknown Unknown
hyaluronan Animal,Bacteria GAG GAG Unknown Unknown
mucin Animal Unknown Mucin Unknown Unknown
fructan Plant Storage DF NSP Unknown
inulin  Plant Storage DF Resistant_

oligosaccharides
Unknown

homogalacturonan Plant Structural DF NSP Pectin
rhamnogalacturonan Plant Structural DF NSP Pectin
melibiose Fungal Unknown Unknown Unknown Unknown
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Glycan Origin Function_in_
origin

Function_
destination_1

Function_d
estination_2

Function_
destination_3

raffinose Plant Unknown DF Resistant_
oligosaccharides

Unknown

agarose Algae Structural DF NSP  Unknown
peptidoglycan Microbial Structural PG  PG PG
lichenin Plant Storage DF NSP  Unknown
GlcNAc Animal,Bacteria Structural Unknown Unknown Unknown
GalNAc Animal,Bacteria Structural Unknown Unknown Unknown
sialic_acid Animal,Bacteria, 

Archaea,Algae
Unknown Unknown Unknown Unknown
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