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A comparative analysis of bacterial and mammalian glycomes based on the statistical analysis of two
major carbohydrate databases, Bacterial Carbohydrate Structure Data Base (BCSDB) and
GLYCOSCIENCES.de (GS), is presented. An in-depth comparison of these two glycomes reveals both
striking differences and unexpected similarities. Within the prokaryotic kingdom, we focus on the
glycomes of seven classes of pathogenic bacteria with respect to (i) their most abundant
monosaccharide units; (ii) disaccharide pairs; (iii) carbohydrate modifications; (iv) occurrence and use
of sialic acids; and (v) class-specific monosaccharides. The aim of this work is to gain insights into
unique carbohydrate patterns in bacteria. Data interpretation reveals significant trends in the
composition of specific carbohydrate classes as result of evolution-driven structural adaptations of
bacterial pathogens and symbionts to their mammalian hosts. The differences are discussed in light of
their value for biomedical applications, such as the targeting of unique glycosyl transferases, vaccine

development, and devising novel diagnostic tools.

Introduction

Carbohydrates are one of the four major classes of biomolecules,
in addition to nucleic acids, proteins and lipids." These highly
complex macromolecules fulfill a variety of tasks ranging from
structural and metabolic functions, to regulating development,
cell signaling, cell adhesion, and host-pathogen interactions.>*
The wide array of diverse functions governed by carbohydrates is
reflected in the wealth of structurally distinct carbohydrate
molecules. Individual glycan structural and chemical diversity is
determined by the specific combination of selected elements from
a set of monosaccharide building blocks, different glycosidic
linkages used to link these monosaccharides, and by the stereo-
chemical configuration of the glycosidic bonds. Branching and
site-specific modifications to particular glycans further increase
the complexity of the glycome.

The mammalian glycome, namely all glycans found in
mammals whether free or bound, is built from a limited number
of monosaccharides. In total, just ten monosaccharides are used
to cover the entire occupied mammalian glycospace.* These ten
building blocks can give rise to a tremendous number of possible
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glycans compared to linear macromolecules like nucleic acids or
proteins.® However, only a small subspace of the theoretical
glycospace — the theoretically possible combinations of mono-
saccharides, is occupied in mammals.

This situation changes drastically for prokaryotes.® The
bacterial outer cell surface behaves like the skin of multicellular
organisms and mediates all the interactions between bacteria and
their changing and sometimes harsh environment. In contrast,
most animal cell surfaces have to protect cells only within the
relatively constant environment of the body, and mediate cell-
cell communication.” Consequently, higher and more diverse
selective pressures are acting on bacterial cell surface molecules,
necessitating adaptations in the chemical and structural
composition of the bacterial cell surface. The relatively short
generation time of bacteria allows cell surface molecules to adapt
more quickly to external pressures.?

Different classes of carbohydrates decorate bacterial cell walls
that consist of complex and often composite glycoconjugates.
Both Gram-positive and Gram-negative bacteria contain
a peptidoglycan layer consisting of B(1-4)-linked N-acetylglu-
cosamine and N-acetylmuramic acid residues. Whereas this layer
is generally thicker in Gram-positive bacteria, Gram-negative
bacteria possess an additional outer layer typically containing
lipopolysaccharides (LPS). Finally, some bacteria produce
extracellular capsules, consisting mostly of polysaccharides, and
often containing highly variable structures that are strongly
antigenic to mammals (K-antigens). Besides preventing desicca-
tion® and their involvement in the adhesion processes during
biofilm formation,' extracellular capsule carbohydrates can be
important virulence factors in pathogenic bacteria and play key
roles in recognition by, or evasion of, host immune systems. In
general, many pathogenic bacteria find themselves in a “dual
glycan speedway”, having to evolve away from phage recogni-
tion from below, and from host recognition from above.'*!?
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Despite potential biological and clinical implications, little is
known at a statistical level about the differences and similarities
between bacterial and mammalian repertoires of glycans and
monosaccharides.

Here, we present the first in-depth comparative analysis of the
glycomes of seven classes of pathogenic bacteria and compare
these with the mammalian glycome to reveal both common
patterns and striking differences. Bacterial glycome data was
extracted from the Bacterial Carbohydrate Structure Data Base
(BCSDB)'** currently the largest database for bacterial glycans,
while information regarding the mammalian glycome was
obtained from the database, GLYCOSCIENCES.de (GS).'*1%

Our statistical analyses aim at answering five main questions:
(i) which monosaccharide units are the most abundant in seven
distinct classes of bacteria, as judged by their frequency of
occurrence in the BCSDB; and how does this compare to the
most abundant mammalian monosaccharides in GLYCO-
SCIENCES.de; (i) which disaccharide pairs are found in
bacteria and how do they compare to the mammalian glycome;
(iii) which carbohydrate modifications are particular to bacteria
and how do these differ from mammalian carbohydrate modifi-
cations; (iv) given the importance of sialic acids as terminal
monosaccharides on most mammalian glycans, what sialic acids
or related nine carbon backbone monosaccharides (nonoses) do
bacteria utilize; and (v) are there monosaccharides specific for
a single bacterial class?

By directly comparing bacterial and mammalian glycomes, we
believe we will enhance the understanding of the host-microbial
pathogen coevolution at the molecular level. In addition, this
statistical analysis can be used when designing tailor-made
diagnostic tools for rapid identification of diverse bacterial
classes, and when searching for candidates for carbohydrate-
based immunoadjuvants'® and vaccines.'”*® Furthermore, illu-
minating glycosidic linkages and carbohydrate modifications
unique to microbes will give hints for the selection of glycosyl-
transferases that have potential as targets for novel antibacterial
drugs.

Results
Monosaccharide analysis

First, we compared the monosaccharide composition of seven
classes of bacteria, to that found in mammals (Fig. 1). The graph
displays the 25 most common monosaccharides found in the
BCSDB (from now on referred to as consensus monosaccharides).
For each class, the number in parentheses indicates the propor-
tion of the analyzed glycome that can be constructed from these
25 monosaccharides.

The 25 consensus monosaccharides constitute a significant
portion of the glycome in all classes analyzed. Of the mammalian
glycome covered in the database, 87% can be constructed with
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Fig.1 The 25 most abundant monosaccharides in bacteria and their relative abundance in seven human pathogenic bacterial classes and in mammals
(percentage of the glycome covered by the 25 monosaccharides is indicated in parentheses).
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the 25 consensus monosaccharides. An average coverage of 71%
indicates that a large portion of the bacterial glycome is built by
the consensus monosaccharides. Actinobacteria constitute an
exception where only 43% of the glycome is accounted for by
these 25 monosaccharides (Fig. 1). Actinobacteria are, along
with Bacilli, the two Gram-positive classes in our study, thus,
they are phylogenetically separate from the other five bacterial
classes that are all Gram-negative. The glycome coverage of
Bacilli by the consensus monosaccharides, however, is signifi-
cantly higher, with 74%. The underrepresentation of Actino-
bacteria glycans by the consensus monosaccharides is indicative
of the presence of a large proportion of Actinobacteria-specific
unusual monosaccharides. Actinobacteria include major players
in the carbon cycle of soil decomposition, nitrogen-fixing
symbionts of plants,' and interestingly also prominent human
pathogens from the genus Mycobacterium. The observation that
the 25 consensus monosaccharides are more widespread in the
glycome of Bacilli than Actinobacteria can be explained by the
fact that the class of Bacilli, in our statistical analysis, is mostly
represented by mammalian pathogens like Streptococcus,
Staphylococcus and  Bacillus. Mammalian pathogens and
mammalian gut symbionts have undergone rapid evolutionary
changes in their glycosylation patterns to closely mimic the
glycans of their hosts, thus evading the innate and adaptive
immune systems of the host.®

Striking differences in the glycome composition of the seven
bacterial classes directly reflect fundamental differences in the
envelope architecture of Gram-positive and Gram-negative
bacteria. Kdo} and mannoheptoses are integral constituents of
outer membrane LPS. The proportion of Kdo in the glycomes of
Gram-negative LPS containing bacteria (the sum of a-Kdo and
Kdo*) lies between 5% and 13% (Fig. 1). Conversely, the Gram-
positive Bacilli and Actinobacteria do not use Kdo. On the other
hand, Actinobacteria are rich in a-mannose (11%), the most
abundant monosaccharide in this class (Fig. 1). The occurrence
of a-mannose in Actinobacteria is comparable to that in the
mammalian glycome (13%). This can be attributed to the pres-
ence of lipoarabinomannans (LAM), a particularly important
class of glycans well-known in Mycobacterium tuberculosis, the
causative agent of tuberculosis.** Such group-specific membrane-
associated glycans are often described as “microbial motifs” and
include pathogen associated molecular patterns (PAMPs) that
are recognized by the mammalian host immune system by means
of pattern recognition receptors (PRRs). Toll-like receptors
(TLRs) and C-type lectins of dendritic cells (e.g. mannose
binding DC-SIGN) are two of the most important classes of
PRRs.*!

Neu5Ac is a widespread sialic acid that can be considered
a characteristic terminal monosaccharide of the vertebrate
lineage. In plants and most protostome animals (insects,
molluscs and helminths), NeuSAc is not found. Besides other
effects, the presence of sialic acid on cell-surface glycoconjugates
induces the binding of Factor H, a complement pathway regu-
lator, which protects the cell from attack by a complement
system, a mechanism to recognize and combat pathogens.?? In
addition, sialic acids on mammalian cells engage Siglecs, lectins
from an immunoglobulin superfamily, which mostly exert
inhibitory effects on a variety of immune cells.?® Interestingly, at
least five bacterial classes have acquired NeuSAc in order to

prevent activation of the complement system, albeit in lower
abundance than in mammals (Fig. 1). Although the presence of
sialic acids in bacteria was traditionally interpreted as a result of
the horizontal transfer of sialic acid biosynthesis genes from
metazoa to bacteria, recent results suggest that microbial sialic
acids are more likely a result of adaptations in an ancestral
biosynthetic pathway for nonulosonic acids.?*

Another very common mammalian terminal monosaccharide
is L-fucose (6-deoxy-L-galactose). In contrast to NeuSAc, the
content of L-fucose is very low in the analyzed bacterial classes,
with the exception of 3,e-proteobacteria, where L-Fuc constitutes
5.6% of the glycome. Indeed, previous work has demonstrated
that certain strains of Helicobacter pylori, an e-proteobacterium,
express a relatively large proportion of Lewis A glycan. Lewis A
glycan is a fucosylated O-glycan otherwise commonly found in
mammalian glycomes as yet another example of bacterial
mimicry of host glycans.?

The glycomes of the two classes of Gram-positive bacteria,
Bacilli (2.3%) and Actinobacteria (2.5%), contain a larger
proportion of the monosaccharide galactofuranose (Galf) than
the Gram-negative classes (<0.7%) (Fig. 1). For all Gram-nega-
tive bacteria, galactofuranose is primarily found in Enter-
obacteriales (0.7%). Galactofuranose is a particularly interesting
glycan since it is absent from the human glycome. The gal-
actofuranose metabolic pathways have been suggested as novel
targets for antimicrobial therapy.?*?” Our analysis indicates that
such a therapeutic tool could be effective against Gram-positive
bacteria and Enterobacteriales, but most probably not against
other classes of Gram-negative bacteria.

We have determined the 20 most abundant bacterial mono-
saccharides with corresponding glycosidic linkages (Fig. S17).
Compared to the mammalian glycome, where a relatively small
set of building blocks is needed for the construction of most
oligosaccharides, more than 700 different bacterial mono-
saccharides are listed in the BCSDB. This large number can be
explained by a combination of the following factors: (i) the rapid
rate of evolution in bacteria due to short generation times, less
efficient DNA proofreading, and ubiquitous horizontal gene
transfer, (i) fewer constraints on integrated development than
encountered by multicellular metazoans including mammals, (iii)
the long evolutionary history and diverse environments of
bacteria, (iv) bacteria are both host and pathogens at the same
time. However, 20 building blocks are sufficient for the
construction of 30% of the known bacterial glycome (Diagram
S1t). A comparison of the bacterial glycome with the entire
eukaryotic glycome would be more revealing, but this informa-
tion does not yet exist in the databases. It should be mentioned
that the glycan structures currently found in the database are
primarily derived from bacteria that can be cultured and, as
a consequence, they have been studied intensively. BCSDB
contains entries for only about half of the bacterial phyla and
nine bacterial classes have less than 10 records. However, the
majority of bacteria cannot be cultured in vitro, and thus access
to their undoubtedly rich glycan diversity is extremely limited
and solely accessible via metagenomic approaches such as char-
acterizing their glycan metabolic genes and synthesizing their
products.®®?® Similar limitations also apply to mammalian
carbohydrate entries in GLYCOSCIENCES.de, which are
heavily biased towards the well studied mammalian N-glycans.
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Disaccharide pair analysis

The distribution of disaccharide pairs in the bacterial and
mammalian glycomes is depicted in Fig. 2. These data provide
particularly useful information for the analysis of motifs in
polysaccharides such as glycosaminoglycans or cell surface
arabinomannans. Considering the substrate-specificity of glyco-
syltransferases, a structurally distinct set of disaccharides in
a certain bacterial class indicates the presence of unique glyco-
syltransferases involved in the synthesis of the respective disac-
charide motif. A tailor-made chemical inhibitor of these enzymes
could play an important role for future antibacterial therapy.*®
From this point of view, the disaccharide a-L-Man-6d/a-L-Man-
6d (a-L-Rha/a-1-Rha) is of particular interest as it is, at 4.5%
occurrence, the most abundant disaccharide sequence found in
bacteria (Fig. 2). This particular disaccharide motif is present in
six of seven analyzed bacterial classes, and it is not found in
mammals. This disaccharide pair is mostly present as poly-
rhamnose, a polysaccharide often found as side chain in bacterial
peptidoglycans. Interestingly, the presence of polyrhamnose in
cell walls of different Gram-positive bacteria was reported to be
crucial for the induction of chronic arthritis in rats.3!

The sugar L-glycero-D-manno-heptose is an important
constituent of the LPS inner core in Gram-negative bacteria

where it is directly attached to 3-deoxy-p-manno-2-octulosonate
(Kdo). Both L-glycero-n-manno-heptose and Kdo are absent in
mammals and Gram-positive bacteria (Fig. 1, Fig. 2). The
importance of these two monosaccharides for the vitality of
Gram-negative bacteria is illustrated by the fact that eight out of
the 25 most abundant bacterial disaccharide pairs, including the
second and third most abundant pairs, contain Kdo or L-gro-D-
man-Hep (Fig. 2).

Bacterial polysaccharides are traditionally discussed in the
context of toxicity and pathogenicity, yet some of them display
other features such as immunomodulatory and anticancer
activity. Mammals lack B-glucans, polysaccharides composed of
B-linked p-glucose monosaccharides (B-p-Glc/B-p-Glc, Fig. 4),
and B-glucanases, enzymes with hydrolytic activities against -
glucans. B-Glucose disaccharide pairs are ubiquitous in bacteria
with the exception of 8,e-Proteobacteria, where they are not
present (Fig. 2). B-Glucose disaccharides constitute 17% of all
disaccharides in a-Proteobacteria (Fig. 2), which can be mostly
accounted for by curdlan, a linear B(1-3)-glucan commonly found
in the capsules of non-pathogenic Agrobacterium and Rhizobium
species.®* Bacterial curdlan exhibits promising immune modu-
lating activity as it activates macrophages and neutrophils in
a similar way to the B(1-3)-glucans of fungal and algal origin.3?
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Fig. 2 The 25 most abundant disaccharide pairs in bacteria and their relative abundance in six human pathogenic bacterial classes and in mammals
(percentage of the glycome covered by the 25 disaccharides is indicated in parentheses).
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Carbohydrate modifications

After their assembly by glycosyl transferases, the glycans in
eukaryotes and prokaryotes can be modified in a site-specific
manner, Le. they can be acylated, sulfated or epimerized. We
have divided the mammalian and bacterial monosaccharides into
15 distinct monosaccharide/modification classes based on: (i)
hydroxyl or amine modifications; (ii) sugar ring size; or (iii)
number of carbon atoms in the monosaccharide backbone, and
compared them (Fig. 3). Our analysis shows that sulfation,
a common mammalian glycan modification, is rarely found in
bacteria and is mostly restricted to the class of a-Proteobacteria.
In mammals, sulfation is found on various O- and N-linked
glycans, as well as on glycosaminoglycans (GAGs), a major class
of glycopolymers consisting of uronic acids and 2-aminosugars.’*
In GAG:s, sulfation occurs at hydroxyls of both uronic acids and
aminosugars, or at the amine of the aminosugar. Sulfation is
catalyzed by different mammalian GAG-modifying enzymes in
the endoplasmic reticulum — Golgi secretory system. GAGs are
also present in bacterial capsules, however, sulfation has not yet
been described in these structures.?s Sulfation on the mammalian
GAG heparan sulfate creates an important recognition element
for P- and L-selectins, mammalian C-type lectins involved in
leukocyte trafficking to the site of inflammation (P-selectin), or
leukocyte homing to lymph nodes (L-selectin).>¢ Thus, sulfation
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of GAGs, along with the epimerization of glucuronic to iduronic
acid, is considered a combinatorial trick of vertebrates that not
only allows GAG-binding proteins to distinguish between
multiple endogenous GAGs, but also excludes binding to
bacterial GAG-mimics.?”*® On the other hand, sulfated glycos-
aminoglycans on mammalian cell surfaces are used by some
viruses as recognition and attachment sites.*®

Monosaccharide modifications like N- and O-acylation, 6-
deoxygenation, and 6-oxidation to uronic acids appear to be
ubiquitous to mammals and all classes of bacteria (Fig. 3).
Intriguingly, our analysis also reveals that certain bacterial
classes have unique structural signatures in their glycomes.
Decoration of sugars with formyl- and pyruvyl-residues appears
to be typical for a-Proteobacteria, whereas 20% of all sugars in
Actinobacteria are methylated (Fig. 3). Moreover, although
phosphorylation of mammalian glycans is very unusual, it
appears to be a common modification in all seven bacterial
classes, being most abundant in y-Proteobacteria, where 10% of
all monosaccharides are phosphorylated (Fig. 3).

Sialic acids in the prokaryotic kingdom

In the constant evolutionary race to evade attack by mammalian
defense mechanisms, the ability to mimic the mammalian sialic
acid glycan cap represents a selective advantage and major
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Fig. 3 Overview of 15 different classes and modifications of monosaccharides with their relative abundance in six bacterial classes and in mammals.
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challenge for pathogens.'>** Many bacterial pathogens were able
to face this challenge by adopting the mammalian sialic acid
Neu5SAc (p-gro-p-gal-Non5NAc) as the predominant nonose in
their glycomes (Fig. 4 and Fig. S2t), whereas many other
bacteria attempt to mimic Neu5Ac with two structurally related
nonulosonic acids: legionaminic (Leg)***' (e.g. Legionella
species, y-Proteobacteria) and pseudaminic acid (Pse) (e.g.
Pseudomonas  species, y-Proteobacteria;  Campylobacter
species,**™*  g-Proteobacteria). Furthermore, our analysis
suggests that all seven classes of bacteria have at least one nonose
present in their glycomes (Fig. 4).

Strikingly, despite the large number of nonoses synthesized by
bacteria, there are no entries for N-glycolylneuraminic acid
(Neu5Gce)*¢ in the bacterial glycan database. Thus, Neu5Gc
appears to be a monosaccharide nonose exclusively used by
metazoans, although there is literature evidence for at least one
bacterium having the capacity to incorporate mammalian
Neu5Ge into its glycolipids.*” The two bacterial classes with the
smallest relative amount of nonoses (Fig. 3), a-Proteobacteria
and Actinobacteria, include several prominent obligate or
facultative intracellular parasites like Rickettsia and Brucella
(both a-Proteobacteria) or Mycobacterium (Actinobacteria),
which, by virtue of their intracellular localization, would not
benefit from the presence of sialic acid analogs. Indeed, both of
these classes lack Neu5Ac, in contrast to all other bacterial
classes that were analyzed (Fig. 4).
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Fig. 5 The 10 most abundant monosaccharides found in bacteria, but
not in mammals (relative abundance in all bacteria indicated in paren-
theses).
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Fig. 4 The 20 most abundant sialic acid derivatives and their relative abundance in six bacterial classes and in mammals.

Chem. Sci.

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C0SC00322K

Downloaded on 16 December 2010
Published on http://pubs.rsc.org | doi:10.1039/C0SC00322K

View Online

Actinobacterls y-Protecbacters Bacili
MeD. HO, OP0y*
H .

07 o
24 HO-
Hi AcHl
5
oDk 05 o-D-GalNACER [0.7)

oL-gro-O-man-Hep2P 4P {1.0)

H% y

a-D-0uNAs (0.5)

o
AcHN
W‘F‘iu 8
H CH HO.

Acl 0__"

.&%%1

o-D-MandMe (4.8)

S

BO-Am (31)

HO. NHAC
e,
o

B-D-MarNACAP (0.2)

a-4-GalNACA (0.3)

M
2 z P.S
NHA:
Moo HOOCP‘E%NHM

a-L-Rha3Me (Acolrioss ) (1.4) Hi

a-D-GalNAc-aNACEd [0.2)

oL-GUNAC-TNAC [0.2)

B-Proteobactoria Enterobactorialos
MO coom Ha"t-:;\
HO

”kifﬁ_{ 4

-0-Xy13d (0.6)

)

¥

§£-Proteobacteria

a-B-GaN-A (03)

0,0 ;C\
b 4

a-L-gro-0-man-Hep-3PEP 0.2)

ad-gubHeptd (0.5)

o-Proteobacteria
€, 9
,.;X";HY

o-D-Man-4NFormid (21)

o-DAmd (03)

Fig. 6 Monosaccharides found in only one bacterial class (relative
abundance in the glycome of this class indicated in parentheses).

Bacteria-specific monosaccharides

Finally, we identified the ten most abundant monosaccharides
that are present in bacteria but that are not found in mammals.
The structures of these sugars are presented in Fig. 5. These
monosaccharides either have an unusual chain length and
configuration, as in the case of octose Kdo or r-glycero-p-
manno-heptose, an inverted configuration as in the case of p-
rhamnose, or unusual modifications such as phosphorylations.

Rapid detection of bacterial contamination is undoubtedly of
great importance. In order to choose an appropriate antimicro-
bial treatment, it is useful to assign the detected contamination to
a specific bacterial class. Thus, we also identified mono-
saccharides that are abundant in a certain class of bacteria, but
completely absent in other classes. These unique diagnostic
sugars are shown in Fig. 6. Some of these sugars are highly
abundant in their corresponding glycome, such as the methylated
derivatives of glucose and mannose in Actinobacteria, or the 6-
deoxy-4-formamido-mannose in o-Proteobacteria. Many of
these structures also represent a fascinating future challenge for
synthetic chemists. Efficient stereoselective synthesis of mono-
saccharides that bear amines, phosphates or deoxygenated
carbons within the same scaffold, is not straightforward and will
require novel synthetic strategies and methodologies.

Conclusions

We have analyzed the most comprehensive carbohydrate data-
bases available to date with respect to questions of relevance

both to chemists and biologists. Although such a database
analysis suffers from the fact that not all existing carbohydrate
structures are listed, we believe that with more than 20 000
structures available, important trends can be extracted. Why
should a careful analysis of a carbohydrate database not have the
potential to lead us to new insights into the glycomics area? An
ultimate goal of bacterial glycomics is to determine the exact role
of specific bacterial glycans during the recognition, infection,
and/or manipulation of a mammalian host. Such understanding
could greatly assist the design of carbohydrate-based vaccines
and novel chemotherapies targeting bacterial glycan metabolism.

The monosaccharide analysis shown in Fig. 1 has revealed
significant differences in the use of galactofuranose between
mammals and bacteria. Galactofuranose-containing microbial
glycans, such as arabinogalactan in M. tuberculosis, have been
shown to be highly antigenic and render galactofuranose an
excellent vaccine candidate. M. tuberculosis, despite several
decades of successful chemotherapeutic treatment, has re-
emerged through the evolution of multidrug resistance. Conse-
quently, tuberculosis has once again become one of the leading
causes of death, with approximately 3 million fatalities annually
worldwide.*® The disaccharide pair analysis gives hints that the
glycosyl transferases involved in the incorporation of a-L-Rha/a-
L-Rha, Kdo or L-gro-n-man-Hep are promising targets for new
antibiotics. Finally, the ten most abundant monosaccharides that
are present in bacteria but not found in mammals (Fig. 5) are
promising molecular markers — if unambiguously detected with
immuno- or lectin assays — for the presence of bacteria in
a mammalian system.

In conclusion, our report represents an important step towards
a quantitative analysis of the bacterial glycome. Not only does
this direct comparison between the mammalian and bacterial
glycomes illuminate significant differences between these two
kingdoms, it also unveils the unique nature of glycomes from
different bacterial classes. Striking differences in the repertoire
and usage of monosaccharides by several distinct prokaryote
classes is evident from this comparison. The results presented in
this report provide the first panoramic overview of lineage-
specific glycome evolution of bacteria and mammals, and
contributes to a better understanding of glycan structural
diversity in bacteria, particularly from the point of view of
molecular evolution.

Methods

All sequences from the Bacterial Carbohydrate Structure Data
Base (BCSDB)'*'* and the database GLYCOSCIENCES.de'*'%
(GS) were translated into GlycoCT, a uniform XML-based
format, and added in a nonredundand fashion to GlycomeDB, an
open source meta-database of carbohydrate structures. Data
extraction and analysis were performed as previously
described.* The detailed database composition is represented in
Fig. S3.¥ BCSDB contains a total of 8504 bacterial glycan
entries, 8479 of those correspond to bacteria with an assigned
taxonomy. GS contains 23 120 records for pro- and eukaryotes,
with 13 704 entries related to organisms with assigned tax-
onomical information. The statistical analyses use the combined
data from BCSDB and GS. Eukaryotic glycans are further
divided in accordance with the standard eukaryotic class system.

This journal is © The Royal Society of Chemistry 2010
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Mammalian glycan structures comprise 78% of all the eukaryotic
glycans, and constitute by far the largest group of eukaryotes
analyzed. Primates and rodents represent the two largest
mammalian subgroups. Our analysis of the data available for the
bacterial glycome focuses on the six best studied bacterial classes:
v-Proteobacteria, Bacilli, Actinobacteria, B-Proteobacteria, a-
Proteobacteria and 9d,e-Proteobacteria. Each class contains
prominent human pathogens, which are listed in parentheses.
Since the order Enterobacteriales is particularly well-studied, and
since they exhibit significant differences to other y-Proteobac-
teria, they have been analyzed separately. Class-specific mono-
and disaccharide compositions represent percent proportions of
a mono- or disaccharide in all entries for this bacterial class
available in BCSDB or GS.
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Monosaccharide with glycosidic | # found in the | Abundance (%)
linkage analyzed data set
1 B-D-Glc (terminal) 877 3.1
2 o-D-Glc (terminal) 707 2.5
3 B(1-3)-D-Gal 654 23
4 B(1-4)-D-Glc 633 23
5 B-D-Gal (terminal) 617 2.2
6 0(1-3,4)-L-Gro-D-Man-Hep 520 1.9
7 o-D-Gal (terminal) 447 1.6
8 o(1-3)-L-Rha 431 15
9 0/(1-4,5)-D-Kdo 417 15
10 o-D-Kdo (terminal) 398 1.4
11 o-L-Rha (terminal) 393 1.4
12 0/(1-2)-L-Rha 379 14
13 o-L-Gro-D-Man-Hep (terminal) 364 1.3
14 B(1-4)-D-GIcNAc 357 13
15 B-D-GlcNAc (terminal) 294 1.1
16 B(1-3)-D-GlecNAc 289 1.0
17 0(1-2,6)-D-Glc 261 0.9
18 o-D-Neu5Ac 251 0.9
19 B(1-6)-D-Glc 250 0.9
20 0/(1-3)-D-Gal 248 0.9

Fig. S1: The 20 most abundant monosaccharides with specific glycosidic linkages in bacteria and their relative

abundance.
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Classes Entries Classes Entries Percentage
Percentage (%) [%o]

Mammalia 4739 34.4 Gammaproteobacteria 3625 26.32

- Primates (2174) - Enterobacteriales

. (e.g. E. coli,
- Rodentia (1107) Salmonella,
- Rest (237) Shigella, Yersinia
pestis) (2279)

- Pseudomonadales
(e.g.
Pseudomonas
aeruginosa)
(590)

- Rest(e.g. Vibrio
cholerae,
Haemophilus
influenza,
Legionella) (756)

Liliopsida (e.g. lily plants) 308 2.24 Bacilli (e.g. Streptococcus, 706 5.13
Staphylococcus, Bacillus
anthracis)

Aves (birds) 294 2.13 Actinobacteria (e.g. 515 3.74
Streptomyces,
Mycobacterium tuberculosis)

Saccharomycetes (e.g. yeasts) 284 2.06 Betaproteobacteria (e.g. 386 2.80
Neisseria meningitides, N.
gonorrhoea)

Actinopterygii (ray-finned fishes) 156 1.13 Alphaproteobacteria (e.g. 373 2.71

Sphingomonas, Rickettsia)

Insecta 91 0.66 Epsilonproteobacteria (e.g. 282 2.05
Helicobacter,
Campylobacter)

Eurotiomycetes (e.g. Penicillum) 87 0.63 Clostridia (e.g. Clostridium 73 0.53
tetani)

Heterobasidiomycetes (jelly fungi) 75 0.54 Chlamydiae (e.g. Chlamydia 51 0.37
trachomatis)

Chondrichthyes (cartilaginous fishes) 45 0.33 Bacteroidetes (e.g. 39 0.28

Bacteroides fragilis)

Coniferopsida (conifers) 27 0.20 Fibrobacteres 11 0.08

Total 6106  44.32 Total 6061 44.01

Fig. S3: The 10 eu- and prokaryotic classes with highest number of oligo- and polysaccharide entries in the BCSDB
and Glycosciences.de databases and their relative percentage to all assigned records in both databases.
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Abbreviations
A uronic acid
Ac acetyl
Ara Arabinose
d deoxy
f furanose
Fm formyl
Fuc Fucose
gal galacto-
Gal Galactose
GalA Galacturonic acid
Galf Galactofuranose
GalNAc N-Acetyl-galactosamine
Glc Glucose
GIcA Glucuronic acid
GlcN Glucosamine
GIcNAc N-Acetyl-glucosamine
gro glycero-
GulNAc N-Acetyl-gulosamine
Hep Heptose
Kdn 3-Deoxy-D-glycero-D-galacto-nonulosonic acid
Kdo 3-Deoxy-D-manno-oct-2-ulosonic acid
Leg Legionaminic acid
man manno-
Man Mannose
Me methyl
Neu Neuraminic acid
Neu5Ac N-Acetyl-neuraminic acid
Non Nonose
p phosphate
p pyranose
Pse Pseudaminic acid
QuiNAc N-Acetyl-quinovosamine
Rha Rhamnose
Xyl Xylose

List S1: Carbohydrate-related abbreviations.
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