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ABSTRACT The composition and activity of the microbiota in the human gastroin-
testinal tract are primarily shaped by nutrients derived from either food or the host.
Bacteria colonizing the mucus layer have evolved to use mucin as a carbon and en-
ergy source. One of the members of the mucosa-associated microbiota is Akkerman-
sia muciniphila, which is capable of producing an extensive repertoire of mucin-
degrading enzymes. To further study the substrate utilization abilities of A. muciniphila,
we constructed a genome-scale metabolic model to test amino acid auxotrophy, vitamin
biosynthesis, and sugar-degrading capacities. The model-supported predictions were val-
idated by in vitro experiments, which showed A. muciniphila to be able to utilize the
mucin-derived monosaccharides fucose, galactose, and N-acetylglucosamine. Growth
was also observed on N-acetylgalactosamine, even though the metabolic model did
not predict this. The uptake of these sugars, as well as the nonmucin sugar glucose,
was enhanced in the presence of mucin, indicating that additional mucin-derived
components are needed for optimal growth. An analysis of whole-transcriptome se-
quencing (RNA-Seq) comparing the gene expression of A. muciniphila grown on mu-
cin with that of the same bacterium grown on glucose confirmed the activity of the
genes involved in mucin degradation and revealed most of these to be upregulated
in the presence of mucin. The transcriptional response was confirmed by a pro-
teome analysis, altogether revealing a hierarchy in the use of sugars and reflecting
the adaptation of A. muciniphila to the mucosal environment. In conclusion, these
findings provide molecular insights into the lifestyle of A. muciniphila and further
confirm its role as a mucin specialist in the gut.

IMPORTANCE Akkermansia muciniphila is among the most abundant mucosal bacte-
ria in humans and in a wide range of other animals. Recently, A. muciniphila has at-
tracted considerable attention because of its capacity to protect against diet-
induced obesity in mouse models. However, the physiology of A. muciniphila has
not been studied in detail. Hence, we constructed a genome-scale model and de-
scribe its validation by transcriptomic and proteomic approaches on bacterial cells
grown on mucus and glucose, a nonmucus sugar. The results provide detailed mo-
lecular insight into the mucus-degrading lifestyle of A. muciniphila and further con-
firm the role of this mucin specialist in producing propionate and acetate under
conditions of the intestinal tract.
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Microbial community composition and activity in the human intestinal tract are
largely dependent on the nutrition sources accessible to the gut microbiota (1–4).

The availability of diet-derived nutrients changes according to the diet of the host,
whereas host-derived nutrients, such as mucin, are constantly available. Therefore, the
capacity to use host-derived glycans can confer a competitive advantage to the
bacteria residing in the gut (5, 6).

The intestinal mucus layer is one of the most important niches in the gut where
microbes and the host are closely interacting. Mucus consists mainly of the heavily
glycosylated Muc2 and serves several purposes. It acts as a lubricant for food passing
over membranes, as a selective barrier to allow the passage of nutrients to the epithelial
cells, and as a protective system against mechanical damage or harmful substances
such as pathogens and toxins (7). Regarding the commensal microbiota, the mucus
layer offers the bacteria substrates for growth, adhesion, and protection (8). Oppositely,
the microbiota composition has been shown to influence mucus barrier properties,
with bacterial species commonly related to inflammatory conditions increasing the
permeability of the mucus layer and thus decreasing the barrier function (9).

The mucus layer covers the entire intestinal tract and can be divided into inner and
outer layers in the stomach and the colon, whereas the small intestine has only one
layer. There are strong indications that commensal bacteria in the colon thrive only in
the outer layer, whereas the inner layer is meant to keep the bacteria at a distance from
the epithelial cells and to enforce immune tolerance in the gut by delivering antimicrobial
proteins and IgA (10, 11). Mucins, the main components of the mucus layer, are large
glycoproteins secreted by goblet cells in the epithelium and consist of protein backbones
decorated with a variety of carbohydrate chains. The main sugar monomers present in
mucin are fucose, galactose, N-acetylgalactosamine (GalNAc), and N-acetylglucosamine
(GlcNAc); in some cases, they are modified with sialic acid (N-acetylneuraminic acid) and
sulfate. These glycans are attached to the protein backbone via O-glycosidic linkages to
serine and threonine residues (11).

One of the key players in the mucus-associated microbiota is Akkermansia mucini-
phila, which colonizes a considerable proportion of the human population (12). A.
muciniphila is the only member of the Verrucomicrobia phylum isolated from the
human intestine, and its presence has been detected in many other animal species (13).
It has been associated with a healthy intestine, and numbers of A. muciniphila in the gut
are inversely correlated with inflammatory bowel diseases (14, 15), appendicitis (16),
obesity (17, 18), and diabetes (19, 20). A. muciniphila seems to be highly adapted to its
living environment, as it has a great capacity for breaking down mucin. An analysis of
its 2.7-Mb genome predicted 61 proteins (2.8% of all proteins) involved in the degra-
dation of mucin (21, 22). These enzymes include various proteases, sulfatases, and
glycosyl hydrolases, including sialidases (23).

A. muciniphila was previously shown to produce acetate and propionate during its
growth on mucin (24). A. muciniphila is also able to grow on glucose or the mucin-
derived amino sugars GlcNAc and GalNAc, albeit much less efficiently than on mucin,
and only in the presence of large amounts of peptone, tryptone, casitone, and yeast
extract (24). A. muciniphila growth on purified mucin O-glycans, fucose, GlcNAc, and
GalNAc was recently described using a rich undefined medium based on chopped meat
broth (25). However, the specific substrate requirements, enzyme activities, and met-
abolic pathways behind these observations are not well described. Moreover, the
physiological growth parameters during growth on nonmucus substrates have been
poorly described. Finally, the annotation of the A. muciniphila genome suggested
several pathways (21), but these have not been further validated or experimentally
confirmed.

Metabolic reconstructions aggregate all the reactions identified in the annotated
genome of an organism. Constraint-based models provide the mathematical frame-
work to explore the metabolic potential of the living system and enable the prediction
of degradation capabilities, carbon source utilization, and growth rates (26). We con-
structed a genome-scale constraint-based metabolic model for A. muciniphila and
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validated this with in vitro growth experiments and measurements of its main metab-
olites, as well as global transcriptomic and proteomic responses as readouts, based on
whole-transcriptome sequencing (RNA-Seq) and advanced mass spectrometry, respec-
tively. In addition to this, we compared the metabolic responses of the bacteria grown
on mucin to those of bacteria grown on mucin-derived monosaccharides and the
nonmucin sugar glucose. The results were used to identify mucin-specific pathways and
provided indications for the hierarchal use of sugar sources, reflecting the adaptation
of A. muciniphila to a mucus-degrading lifestyle.

(The article includes content that first appeared in the dissertation of N. Ottman (27)
in partial fulfillment of the requirements for a Ph.D. degree from Wageningen
University, Wageningen, the Netherlands.)

RESULTS AND DISCUSSION

We have reconstructed a genome-scale constraint-based metabolic model of A.
muciniphila based on the complete genome sequence that we previously reported (21).
The model, named iAkkMuc_588, can be found in Data Set S1 in the supplemental
material. The model contains all reactions required to generate the macromolecular
components of the biomass, lipid precursors, various vitamins such as biotin and B12,
and cofactors such as NADPH, coenzyme A (CoA), and flavin adenine dinucleotide
(FAD). The model comprises a total of 744 reactions, of which 72 are transport reactions
and 63 are exchange reactions required to simulate growth on a mucin-like
medium. In the model, a total of 540 unique metabolites are interconverted. A total
of 588 genes are associated with the reactions, while 74 reactions are without a
gene-protein-reaction (GPR) association. Metabolite identifiers include IUPAC inter-
national chemical identifier (InChI) strings (28) so that the model can be mapped to
other external databases such as KEGG or other metabolic models.

Since the molecular composition of the preferred substrate mucin or the used
tryptone cannot be quantified exactly, a detailed analysis of yields cannot be made;
hence, the metabolic model is unable to accurately predict growth rates. However, the
model was able to qualitatively simulate the metabolic capacities of A. muciniphila. The
model predicted A. muciniphila to be able to synthesize all the essential amino acids,
including the amino acids which are abundantly present in mucin (serine, cysteine, and
proline), with the exception of threonine. The genomes of all the other members of the
Verrucomicrobia phylum encode the enzymes required for the synthesis of threonine
from homoserine, but these are missing from the A. muciniphila genome. As threonine
is abundantly present in mucin (29), threonine autotrophy is likely to be a consequence
of adaptation to the mucosal environment.

Furthermore, according to the initial metabolic model, A. muciniphila is able to
individually metabolize all the main sugars present in mucin (fucose, galactose, GlcNAc,
and N-acetylneuraminic acid), except for GalNAc, for which no good reference degra-
dation pathway was present in the MetaCyc database (30) at the time of model develop-
ment. Hence, a mucin-free medium containing threonine and the amino acid source
tryptone, termed basal tryptone threonine medium (BTTM), was designed to test A.
muciniphila growth on single sugars. The model-based predicted fermentation profiles
for the monomeric sugars are shown in Table 1.

Qualitative testing of the model. It was confirmed that A. muciniphila could grow,
but with limited efficiency, on fucose, GlcNAc, and GalNAc as the main energy source
in BTTM (see Fig. S2B, C, and D). Therefore, for GalNAc, the metabolic model did not
reflect the in vitro findings, as it did not predict growth on this substrate. Measuring
growth rates was in some cases challenging because a clear exponential phase was
absent, suggesting that some unknown limitation was occurring. However, it was
obvious that growth rates on single sugars were markedly lower than those on mucin
(Table 2; see also Data Set S2). Moreover, while GlcNAc, GalNAc, and to some extent
fucose supported growth, N-acetylneuraminic did not (see Fig. S3). The utilization of
fucose was confirmed by the presence of 1,2-propanediol, an end product of this sugar
fermentation, in the culture supernatant (Fig. S2C). Galactose did not support growth
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in our in vitro experiments (Fig. S2F), even though the genomic model predicted the
ability to ferment galactose through the Leloir pathway. We proceeded to test the
utilization of galactose in combination with mucin and observed that galactose was not
only taken up but was depleted very rapidly, between 15 and 24 h (Fig. 1G). This
suggests that A. muciniphila indeed has a system for efficient galactose metabolism, but
additional mucin-derived components are needed for growth. The galactose trans-
porter has not been identified in A. muciniphila and, as there are several steps in the
metabolic process, further research is needed to recognize the inducible genes.

A. muciniphila was also able to grow on BTTM when the nonmucin sugar glucose
was added as a carbon source (Fig. S2A). Interestingly, growth on glucose was expo-
nential, but only �6 mM glucose was utilized, after which the optical density at 600 nm
(OD600) dropped and glucose utilization slowed considerably. A similar trend was
observed when A. muciniphila was grown on a mixture of glucose and fucose (Fig. S2E).
This indicates a depletion of an unknown factor or factors, possibly amino acids or
proteins, which prevents further utilization of glucose and growth. Conversely, when
grown on GlcNAc or GalNAc, the exponential phase was very short, after which the
OD600 increased linearly until the end of measurements (100 h of incubation) and
substrate utilization was stable (Fig. S2B and D).

The main difference between these sugars and glucose and fucose is the presence
of an N-acetyl group in GlcNAc and GalNAc. One benefit of metabolizing amino sugars
is the production of ammonia, which can neutralize the environment and is acidified as

TABLE 1 Summary reactions and thermodynamic parameters of mucin-derived sugar degradation by A. muciniphilaa

Substrate Degradation reaction �rG=m (kJ/mol) �rG=° (kJ/mol)

Glucose Glucose (aq) ↔ 4/3 propionate (aq) � 2/3 acetate (aq) � 2/3 CO2

(aq) � 2/3 H2O (l)
�340.1 �311.6

Galactose Galactose (aq) ↔ 4/3 propionate (aq) � 2/3 acetate (aq) � 2/3
CO2 (aq) � 2/3 H2O (l)

�347.1 �318.5

Fucose Fucose (aq) � 1/3 H2O (l) ↔ 1,2-propanediol (aq) � 2/3 acetate
(aq) � 1/3 propionate (aq) � 2/3 CO2 (aq)

�187.3 �158.8

GlcNAc N-Acetyl-D-glucosamine (aq) � 4/3 H2O (l) ↔ 5/3 acetate (aq) �
ammonia (aq) � 4/3 propionate (aq) � 2/3 CO2 (aq)

�375.6 �312.9

GalNAc N-Acetyl-D-galactosamine (aq) � 4/3 H2O (l) ↔ 5/3 acetate (aq) �
3/3 ammonia (aq) � 4/3 propionate (aq) � 2/3 CO2 (aq)

�376.1 �313.3

NeuAc N-Acetylneuraminate (aq) � 5/3 H2O (l) ↔ 5/3 propionate (aq) �
7/3 acetate (aq) � 4/3 CO2 (aq) � ammonia (aq)

�477.2 �385.9

aΔrG=° is the standard reaction Gibbs energy (1 M). ΔrG=m is the reaction Gibbs energy with 1 mM standard, which is more suitable for comparing reactions in
biological settings. The large negative numbers indicate thermodynamically favorable events and potentially more favorable kinetics for the amino-sugars. The
summary pathways for the degradation of sugars were derived from the constructed metabolic model.

TABLE 2 Growth rates of A. muciniphila on the carbon and nitrogen sources used in the
study

Growth substratea Growth (� · h�1 � SD)

Mucin, 0.5% 0.41 � 0.05
Mucin, 0.25% 0.38 � 0.04
D-Glucose, 10 mM; mucin, 0.25% 0.37 � 0.03
L-Fucose, 10 mM; mucin, 0.25% 0.40 � 0.04
GlcNAc, 10 mM; mucin, 0.25% 0.40 � 0.03
GalNAc, 10 mM; mucin, 0.25% 0.42 � 0.04
D-Galactose, 10 mM; mucin, 0.25% 0.39 � 0.02
D-Glucose, 20 mMb 0.16 � 0.01
L-Fucose, 20 mMb 0.08 � 0.01
GlcNAc, 20 mMb 0.17 � 0.02
GalNAc, 20 mMb 0.18 � 0.03
D-Galactose, 20 mMb 0.09 � 0.03
D-Glucose, 2.5 mM; L-fucose, 2.5 mM; GlcNAc, 2.5 mM;

GalNAc, 2.5 mMb

0.20 � 0.01

D-Glucose, 10 mM; L-fucose, 10 mMb 0.15 � 0.02
aGlcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine.
bMedium was supplemented with L-threonine (10 mM) and tryptone (8 g/liter).
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a result of carbohydrate catabolism to organic acids, such as acetate and propionate.
Furthermore, the production of ammonia inside cells has the dual advantage of
neutralizing the cytoplasm and providing a nitrogen source. This eliminates the need
to devote energy to transporting ammonium ions or other nitrogen sources from the
environment.

The growth of A. muciniphila on BTTM with a mixture of the single sugars (fucose,
glucose, GlcNAc, and GalNAc [2.5 mM each]) resulted in cometabolism of all the sugars
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but with different consumption rates (Fig. S2G). The consumption of glucose and
fucose was three times faster than the consumption of GlcNAc and GalNAc at the 20-h
time point. GlcNAc and GalNAc still remained in the medium after 100 h of incubation.
After the depletion of glucose and fucose, growth (as measured by OD600) increased
linearly and no dip was observed, unlike in the case with glucose alone or in combi-
nation with fucose. This faster and longer growth indicates that the culture with a mixture
of sugars shows the combined characteristics of A. muciniphila grown on both nonamino
sugars (glucose and fucose) as well as on hexosamines (GlcNAc and GalNAc). A simple
explanation could be that the amino sugars serve as a nitrogen source and the nonamino
sugars glucose and fucose are rapidly transported and used for energy generation.

The cometabolism of sugars could be a consequence of the adaptation of A.
muciniphila to the mucin environment, where a mixture of sugars is constantly present
and the bacteria produce simultaneously a wide range of enzymes to degrade them. To
our surprise, the nonamino sugars were preferred over the thermodynamically more
favorable hexosamines (Table 1). This could be some form of catabolite repression of
monosaccharides, even though the canonical catabolite repression protein was not
found to be encoded by the genome of A. muciniphila. The release and subsequent
consumption of fucose, galactose, and sialic acid from mucin by A. muciniphila were
observed using high-performance anion-exchange chromatography (31). However, the
exact degradation pattern of mucin by A. muciniphila is not known, and the faster
consumption of fucose in comparison to GlcNAc and GalNAc may reflect the manner of
degradation taking place in vivo. The faster uptake of glucose in the presence of
mucin-derived sugars may also reflect the situation in the gut, where glucose may
be derived from consumed polysaccharides that end up in the colonic lumen, while
mucus is derived from the goblet cells embedded in the mucosa. Interestingly, genes
for two alpha-amylases and an alpha-glucosidase were identified in the annotated
genome (Amuc_1637, Amuc_1812, and Amuc_1187, respectively), the expression of
which was found to be upregulated on glucose in comparison to mucin (see Data Set
S2). We also tested the growth of A. muciniphila on the di- and trisaccharides maltose,
melibiose, trehalose, and raffinose but observed no growth or metabolic activity (data
not shown), suggesting that glucose is a preferred substrate.

Eventually, all the tested sugars ended up in glycolysis, but the routes leading up to
it and the final fermentation profiles were found to be different, as depicted in Fig. 2.
Differences in the growth kinetics of A. muciniphila grown on glucose as opposed to
mucin-derived sugars may be due to the transcriptional regulation of transporters or
kinases in response to environmental conditions. Overall, these data indicate that the
high-energy nitrogen-carbon compounds are important for A. muciniphila. This reflects
the adaptation of A. muciniphila to the intestinal environment, as GlcNAc and GalNAc
are abundant in mucin.

Quantitative testing of the model. Our results indicate that the BTTM with single
sugars added as carbon sources does not support optimal growth, as the growth rates
were higher on mucin medium (P � 0.001) (Data Set S2). When grown on 0.5% mucin,
A. muciniphila grew to an OD600 of �2.5 and produced acetate and propionate and
small amounts of 1,2-propanediol and succinate (Fig. 1A). As the exact decomposition
process for mucin is unknown, the expected ratios of fermentation products cannot be
predicted. Assuming that mucin contains the substrate molecules essential for optimal
growth, we set out to lower the mucin concentration and compensate the carbon
availability by adding single sugars. A reduction of the concentration of mucin from
0.5% to 0.25% resulted in lower biomass yields (OD600 of �1.4) and also halved the
amounts of fermentation products, indicating that substrate availability is the limiting
factor (Fig. 1B). The addition of 10 mM concentrations of the tested individual sugars
together with 0.25% mucin partially compensated for the decreases in OD600 and
amounts of fermentation products (Fig. 1C to G). This in turn implies that the energy
source limits the growth. More importantly, all the sugars, including fucose and
galactose, were used by A. muciniphila and were depleted 48 h after incubation.
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Based on the metabolic model, a 1:2 ratio of acetate to propionate was predicted to
be produced when the bacteria were grown on glucose as the sole carbon source, but
we detected equal amounts of these fermentation products. For growth on GlcNAc and
GalNAc, a 5:4 ratio of acetate to propionate was expected, but we observed 1.5 to 2
times more acetate than propionate. The carbon recovery for glucose, GlcNAc, and
GalNAc cultures was 80 to 90%. These discrepancies between the metabolic model and
the experimental data suggest the presence of an alternative fermentation product
and electron sink. While the model predicted the potential production of sulfide, this
has not been detected in A. muciniphila (24). However, high-performance liquid chro-
matography (HPLC) results indicated that sometimes succinate, which is an intermedi-
ate compound in the propionate pathway, was produced and may partially explain the
higher-than-expected acetate-to-propionate ratios. Succinate production cooccurred
with high growth rates and long exponential phases, as cultures with glucose or mucin
as the carbon source showed higher succinate levels than other cultures (Fig. 1A and
C; see also Fig. S2A). Under these conditions, conversion from succinate to propionate
seems to be a metabolic bottleneck, and as excess succinate is accumulated, it is
excreted outside the cell. In Bacteroides, the balance between succinate and propionate
is controlled by both CO2 and vitamin B12 availability (32). Higher succinate levels can
be a means to reduce CO2 levels, because the conversion of succinate to propionate
releases CO2. It may also be that during fast growth, the rate of B12 uptake limits the
conversion of succinate to propionate, as B12 is the cofactor for methylmalonyl-CoA
mutase, which is required in the process. The uptake of succinate at the stationary
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phase suggests that there is an energetic gain from further metabolizing it into
propionate (Fig. 1A and C). This is supported by the model, where the final step is
coupled to sodium transport, which in turn fuels proton translocation and ATP gener-
ation (Fig. 2; see also Data Set S1).

Interestingly, acetate is not produced from acetyl-CoA via the commonly used
acetate kinase. Instead, the CoA group is transferred to succinate to generate succinyl-
CoA, an intermediate of the propionate cycle, and conversely, ATP is generated via the
succinyl-CoA ligase complex. This link between the acetate and propionate pathways
may serve to enhance the thermodynamic properties of the primary ATP-generating
pathways.

As predicted by the metabolic model, 1,2-propanediol was produced when A.
muciniphila was grown on fucose as the sole carbon source. However, the ratio of
1,2-propanediol produced relative to acetate and propionate (3:2:1) was lower than
predicted. The carbon recovery for A. muciniphila cultures grown on fucose was 87%.
The amount of 1,2-propanediol should be equal to the amount of fucose consumed,
but we observed less than 1 mM 1,2-propanediol after consumption of 6 mM fucose
(Fig. S2C). Furthermore, the levels of propionate production were higher than expected
(Fig. S2C). A pathway in which 1,2-propanediol is converted to propionate exists in
some members of the gut microbiota (33), and recently it was shown that Eubacterium
hallii utilizes 1,2-propanediol in a cobalamin-dependent manner to form propionate
(34). However, the genes required for these conversions are not present in A. mucini-
phila.

It was previously shown that growth rates and bacterial cell yields are higher on
oligosaccharides than on their monomeric moieties (35–37). It can be speculated that
A. muciniphila substrate transporter systems are designed for oligosaccharide transport,
and metabolic features have been optimized for growth on complex carbohydrates. In
line with this is the expression of a carbohydrate-selective porin gene (Amuc_1085) that
is highly induced during growth on mucin (Data Set S2).

For practical reasons, our model was validated with hog gastric mucin. While this
mucin resembles that of human colonic mucin, notably for the nature of the sugar
modifications, small differences in the relative sugar ratios cannot be excluded (11, 38).
Moreover, the protein backbone differs (primarily Muc5 and Muc6 in gastric mucus and
Muc2 in colonic mucus), but the general protein composition is highly similar, and it is
known that A. muciniphila can use the protein moieties of both Muc5 and Muc2 (14, 24).

Transcriptomic and proteomic responses to A. muciniphila growth on mucin
and glucose. To answer some of the questions that arose from the growth experi-
ments, whole-genome transcriptome analyses of A. muciniphila grown on mucin,
glucose, and a mixture of the two were performed. In addition, we analyzed the
proteomes of A. muciniphila grown on mucin and glucose with mass spectrometry. The
proteome analysis showed results highly similar to the transcriptional response, cor-
roborating the findings from both methods (Fig. 3; see also Data Set S2). As the
similarity is so high (Spearman rank coefficient, 0.581), we focus here mainly on the
transcriptome data, as these were deeper and more global than the proteome results.

Comparison of the transcriptomic analyses revealed the largest difference in re-
sponses between the mucin- and glucose-grown cultures, while that of a culture grown
on the mixture of mucin and glucose was more similar to that of the mucin-grown
culture (Fig. 4; see also Fig. S4). Differential gene expression (DGE) showed only 57
genes to be significantly (P � 0.05) differentially expressed between the mucin and
the mixture (mucin plus glucose) cultures (Data Set S2). In the mixture cultures,
decreased levels of expression were observed for genes encoding hydrolases (see Fig.
S5), indicating a potential lower requirement for carbohydrate sources normally ob-
tained by release from the mucin substrate. Among the upregulated genes were
those encoding glycosyl transferases and a glucokinase (Amuc_1094) (Data Set S2). A
comparison of the glucose and the mucin cultures showed many more genes to be
significantly differentially expressed (1,074 in total, and 657 more than 2-fold; Data Set
S2). In addition to the processes already seen in the comparison between the mixture
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and the mucin cultures, genes involved in protein biosynthesis and energy metabolism
were upregulated under the mucin condition (Fig. S5). The mass spectrometry analysis
of the A. muciniphila proteome identified peptides from 1,129 proteins (52% of all
predicted protein-coding sequences). The abundances of 207 proteins differed signif-
icantly (fold change �2, P � 0.05) between mucin and glucose-grown A. muciniphila
cultures.

Several genes encoding ribosomal proteins, tRNA-charging proteins, and most
amino acid biosynthesis pathways were upregulated during growth on mucin com-
pared with those during growth on glucose. Sampling times were selected to capture
the mid-exponential growth phase (see Fig. S1). However, because of the specialization
of A. muciniphila in mucin degradation, the growth rate on mucin is higher than on the
other media, which is reflected in the upregulation of genes associated with the
indicated translation processes. Biosynthesis pathways for cysteine, proline, glutamate,
and glutamine were downregulated. Since both cysteine and proline are highly abun-
dant in the mucin protein backbone, this likely reflects the uptake of these amino acids.
Interestingly, the incorporation of ammonia via glutamine synthase (Amuc_1252) was
downregulated under mucin conditions, indicating a reduced requirement for ammo-
nia assimilation.

FIG 3 Correlation between fold change in relative abundance at the transcript and protein levels. Fold changes indicate differences
between A. muciniphila grown on mucin and glucose. Large filled circles represent genes that were significantly differentially abundant
at both levels. Positive values correspond to the mucin condition while negative values reflect the glucose condition. (Spearman rank
coefficient � 0.581.).
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Glutamate decarboxylase (Amuc_0372) was significantly upregulated in glucose
cultures at both the transcriptome and proteome levels (Data Set S2). The glutamate
decarboxylase (GAD) system is known to be activated in response to acid stress and
multiple other stresses in many bacteria (39). Oxidative stress response (Amuc_1466 and
Amuc_2070) and nucleotide excision repair (Amuc_1452, Amuc_1555, Amuc_1237,
Amuc_0683, Amuc_1938, and Amuc_0011) genes were also upregulated in the glucose
cultures, indicating the organism is dealing with a nonoptimal stressful environment
(Data Set S2). Other processes upregulated in the glucose cultures were polysaccharide
biosynthesis (Amuc_2096, Amuc_2077, and Amuc_2078) and inorganic ion transport
and motility (Amuc_0166, Amuc_1101, and Amuc_1584).

A total of 30 hydrolases implicated in mucin degradation were significantly upregu-
lated under the mucin condition compared with those on glucose, and 17 of these were
also significantly more abundant in the proteome analysis (Data Set S2). Conversely,
under the glucose condition, 15 glycosyl transferases were significantly upregulated,
including the entire gene cluster Amuc_2079 to Amuc_2098, which contains nine
glycosyl transferases. It is likely that A. muciniphila can produce exopolysaccharides
(EPS) as a protection to the sometimes harsh conditions present in the intestinal environ-
ment. Moreover, the production of EPS appears to be induced by glucose, and this is
likely to be the case when A. muciniphila is no longer located in the protecting mucus
layer but has a luminal location where other intestinal bacteria are competing for
food-derived substrates, such as glucose.

Of the 12 sulfatases found in the genome of A. muciniphila, six were significantly
upregulated under the mucin condition, along with the sulfate transporter (Amuc_0840).
On the proteome level, one of the sulfatases (Amuc_0491) and the sulfate transporter
(Amuc_0840) were also significantly more abundant under the mucin condition than
under the glucose condition (Data Set S2). Mucin contains substantial levels of sulfate
covalently bound to the oligosaccharide chains (40), and the sulfatases produced by A.
muciniphila most likely desulfate this to increase the susceptibility of the mucin to
degradation by other mucin-degrading enzymes (31). Recently, control experiments,
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FIG 4 Volcano plot of the distribution of gene expression for A. muciniphila grown on glucose versus
mucin. Positive fold change indicates upregulation under the mucin condition. Red data points indicate
genes having a P of � 0.05 and fold change �2.
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aimed to explain the gut bacterial response in fiber-deprived mice, revealed the upregu-
lation of a number of glycosyl hydrolases when A. muciniphila was grown on purified mucin
O-glycans compared with that grown on GlcNAc (25). The study confirmed the upregula-
tion of a few sulfatase genes during growth on mucin O-glycans. However, the reported
transcriptome analysis covered only 681 A. muciniphila genes, whereas here, we
describe the expression of 2,138 genes. Of all the significantly differentially expressed
hypothetical proteins, a total of 41 proteins (over 70%) were upregulated in the glucose
cultures. More insight on the adaption of A. muciniphila to glucose could be gained by
further research on the functions of these proteins.

The transcriptome and proteome data were also used to verify the metabolic model
of A. muciniphila and its visualization (Fig. 2). Analysis of the gene and protein
expression data showed that genes underlying the reactions included in the model
were expressed under the described conditions.

The identified GlcNAc transporters, Amuc_0502 and Amuc_0516, are among the
most highly upregulated genes under the mucin condition compared with those from
growth on glucose. Upregulation of the N-acetylglucosamine deacetylase (Amuc_1918)
indicates a possible GlcNAc degradation mechanism through the acetate-producing
conversion to glucosamine and subsequent conversion to glucose. However, the gene
associated with the glucosamine deaminase reaction is not known, and this reaction
has been included without an associated gene in the model. Moreover, the downregu-
lation of the glucokinases (Amuc_0097 and Amuc_1094) under the mucin condition,
together with the upregulation of the 6-phosphofructokinases Amuc_0210, at tran-
script level, and Amuc_1481, at the protein level, point to the prominent role of the
upregulated glucosamine-6-phosphate deaminase (Amuc_1822) in GlcNAc degrada-
tion. We conclude that GlcNAc entry into glycolysis proceeds through its conversion to
fructose-6-phosphate.

Gene expression in lower glycolysis (from glyceraldehyde-3-phosphate to pyruvate)
is also generally upregulated under the mucin condition, consistent with the observed
higher growth rate. The expression data also point to the major role of succinate for
energy generation. Succinate production in the higher growth phase is promoted by the
upregulation of the malate dehydrogenase (Amuc_2106) and the succinate dehydroge-
nase complex (Amuc_0984 to Amuc_0986). Genes associated with reactions leading
to propionyl-CoA or acetyl-CoA formation remain either unchanged or upregulated
(Amuc_2034 and Amuc_1543). The upregulation of the formate acetyltransferase
(Amuc_1543), both at the transcript and protein levels, indicates a possible formate
accumulation under mucin growing conditions. It is not possible to assess the relative
production rates of acetate and propionate from the expression data, given that CoA
group transfer to succinate to form succinyl-CoA is performed in both cases by
Amuc_0206, which remains largely unchanged. Nevertheless, the upregulation of the
succinyl-CoA ligase (Amuc_1712 and Amuc_1713) indicates that this might be a
preferred ATP generation mechanism.

The genomic diversity of A. muciniphila strains has recently been addressed in
various studies, including whole-genome assembly, a metagenomic analysis of single
nucleotide variations, and a genomic analysis of new isolates (41–43). The sequences of
the obtained genomes showed high similarity to those of the type strain analyzed here,
including the genes involved in mucin degradation. Nevertheless, it remains to be
explored what variations exist between A. muciniphila strains and to what extent these
might help explain differences between humans in the acquisition and retention of
these mucolytic strains in early life or following fecal microbiota transfer.

In conclusion, the transcriptome and proteome analyses, together with the analysis
of metabolic end products of A. muciniphila grown under different conditions, allowed
for the validation of the genome-based metabolic model, the predicted pathways, and
the metabolic end products. Notably, the production of propionate in the mucosa is of
interest, as this short-chain fatty acid is known to increase satiety in humans and is
involved in metabolic and immune signaling (44, 45). Moreover, the global analysis of
the response to mucin and its components demonstrates the adaptation of A. muci-
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niphila to the mucosal environment. Altogether, the results presented here provide a
knowledge-based platform for further studies aimed at understanding, and possibly
predicting, the potential health-promoting roles of this mucosal symbiont.

MATERIALS AND METHODS
Bacterial growth conditions. Akkermansia muciniphila MucT (ATCC BAA-835) was grown in a basal

medium as described previously (24) supplemented with 1 mM L-threonine and 10 g/liter tryptone
(BTTM). BTTM was supplemented with carbon and nitrogen sources (Table 2) and used to test the growth
of A. muciniphila on single sugars. Hog gastric mucin (type III; Sigma-Aldrich, St. Louis, MO, USA) was
purified by ethanol precipitation as described previously (46). Briefly, 10 g of mucin was stirred for 24 h
at 4°C in 500 ml of 0.1 M NaCl containing 0.02 M phosphate buffer (pH 7.8) and a few drops of toluene.
After the first hour, the pH was adjusted to 7.2 with 2 M NaOH. After centrifugation at 10,000 � g, the
supernatant was cooled to 0°C and precooled ethanol was added to a final concentration of 60%
(vol/vol). The resulting precipitate was dissolved in 0.1 M NaCl and precipitated again with ethanol to
60% (vol/vol). The total precipitate was washed with 100% ethanol and dissolved in distilled water.
Thereafter, the mucin solution was dialyzed against distilled water for 24 h at 4°C. The dialyzed mucin
solution was then lyophilized, dissolved in distilled water, and autoclaved before use. No discoloring was
observed, and we assume that modifications due to the Maillard reaction were limited.

All medium components were purchased from Sigma-Aldrich, except for tryptone (Oxoid Ltd.,
Basingstoke, Hampshire, England). Incubations were performed in serum bottles sealed with butyl-
rubber stoppers at 37°C under anaerobic conditions provided by a gas phase of 182 kPa (1.8 atm) N2-CO2.
The culture volume was 20 ml. The cultures were inoculated with 2 � 107 bacterial cells from bacterial
cultures that were transferred three times on the respective carbohydrate before the start of the
experiment, except for the cultures with galactose or a mixture of more than one sugar, which were
inoculated from a culture grown on mucin. Growth was followed spectrophotometrically by determining
the optical density at 600 nm (OD600).

For RNA-Seq analysis, the bacteria were grown on mucin (0.5%), D-glucose (20 mM), or a mixture of
D-glucose (10 mM) and mucin (0.25%). Cultures with only glucose were supplemented with 16 g/liter
tryptone and 10 mM threonine. The culture volumes for cultures containing mucin were 50 ml and 100
ml for cultures with only glucose. Cells from cultures containing mucin were harvested for RNA extraction
at exponential phase after 10 to 12 h of incubation and from cells in cultures containing only glucose at
32 to 33 h (Fig. S1 and Tables S1, S2, and S3 in the supplemental material). Experiments for each
condition were performed in triplicate. Cells were collected by centrifugation at 4,800 � g for 15 min at
4°C. Cell pellets were suspended in TRIzol reagent (Ambion, Life Technologies, Carlsbad, CA, USA) and
stored at �80°C until RNA was purified.

Statistical analysis. Statistical analysis of the results for bacterial growth rates was performed by
one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) using R
version 3.3.2 (47); P values of � 0.05 were considered significant.

High-performance liquid chromatography. For fermentation product analysis, samples were ob-
tained at different time points of the incubations. One milliliter of bacterial culture was centrifuged, and
the supernatant was stored at �20°C until the HPLC analysis. Substrate conversion and product
formation were measured with a Thermo Scientific SpectraSystem HPLC system equipped with a Varian
MetaCarb 67H 300 mm by 6.5 mm column kept at 45°C and run with 0.005 mM sulfuric acid as the eluent.
The eluent had a flow of 0.8 ml/min, and metabolites were detected by determining the refractive indices
and identified by comparing the retention times to those of standards of pure compounds as described
previously (48).

RNA-purification and sequencing. Total RNA was isolated by a method combining the TRIzol
reagent and the RNeasy minikit (Qiagen GmbH, Hilden, Germany) essentially as described previously (49,
50). Briefly, 0.2 ml of chloroform was added per 1 ml of TRIzol reagent containing the cell pellet. The tube
was shaken for 15 s, incubated for 2 to 3 min at room temperature, and centrifuged at 12,000 � g for
15 min at 4°C. Phase Lock Gel heavy tubes (5 Prime GmbH, Hamburg, Germany) were used during phase
separation. The upper aqueous phase was transferred into a new tube. Subsequently, the RNA isolation
was continued with the RNA cleanup procedure according to the manufacturer’s instructions for the
RNeasy minikit. Genomic DNA was removed by on-column DNase digestion during RNA purification
(DNase I recombinant, RNase-free; Roche Diagnostics GmbH, Mannheim, Germany). For the RNA purified
from cultures containing only glucose as the growth substrate, Turbo DNase treatment was performed
according to the manufacturer’s instructions (Ambion, Life Technologies). Yield and RNA quality were
assessed using the Experion RNA StdSens analysis kit in combination with the Experion system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Depletion of rRNA was performed using the Ribo-Zero kit for
bacteria (Epicentre, Madison, WI, USA) according to the manufacturer’s instructions. The success of the
rRNA depletion step was checked using the Experion RNA StdSens analysis kit in combination with the
Experion System. Libraries for whole-transcriptome sequencing (RNA-Seq) were constructed using a
ScriptSeq v2 RNA-Seq library preparation kit in combination with ScriptSeq Index PCR primers (Epicentre)
according to the manufacturer’s instructions. Barcoded cDNA libraries were sent to BaseClear (Leiden,
The Netherlands) where they were pooled and 50-bp sequencing (single-end reads) was performed on
two lanes using the Illumina HiSeq 2500 platform in combination with the TruSeq Rapid SBS and TruSeq
Rapid SR cluster kits (Illumina).

Transcriptome analysis. The data were processed for rRNA sequences, adapter sequences, and
low-quality reads using a set of dedicated tools. SortMeRNA (version 1.2) (51) was used to remove rRNA
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sequences. Cutadapt (52) was used to remove TruSeq adapter sequences. The Bowtie2 package v2.2.1
(53) was used to align the remaining high-quality (Phred score 	 30) RNA-reads to the genome using
default settings. SAMtools v0.1.19 (54) was used for postprocessing of the short DNA sequence read
alignments. BEDTools suite v2.17.0 was used to determine the read count for each protein-coding region
(55). Upon counting, reads that aligned only to the sense strands of the respective open reading frames
(ORFs) were taken into account. Reads at the 5= and 3= ends of an ORF were taken into account if they
showed a minimum of 30% overlap with the ORF region. Details on the RNA-Seq raw data analysis can
be found in Table S4 in the supplemental material. Differential gene expression was assessed with edgeR
(56) with default trimmed mean of M-values (TMM) settings.

Proteome analysis. The whole proteome fraction was obtained from A. muciniphila cultures grown
with mucin or glucose as the carbon source. Bacterial cells from an overnight 2-ml culture were spun
down, washed with phosphate-buffered saline (PBS), and suspended in 500 �l of PBS. Cells were lysed
by sonication using a Branson sonifier equipped with a 3-mm tip (four pulses of 20 s with 30 s rest on
ice between each pulse; the strength of the pulse was 4). The samples were stored in 2-ml low-binding
tubes (Eppendorf, Hamburg, Germany) at �20°C. A Qubit protein assay kit (Life Technologies, Oregon,
USA) was used according to the manufacturer’s instructions to determine the protein content of cell
extracts. Samples were loaded on a 10% acrylamide separation gel (Precise Protein Gels; Thermo
Scientific, Rockford, IL, USA) using the mini-PROTEAN 3 cell (Bio-Rad Laboratories, Hercules, CA, USA). The
electrophoresis procedure was according to the manufacturer’s instructions. Gels were stained using
Coomassie brilliant blue (CBB) R-250 as indicated in the protocol of the mini-PROTEAN 3 system.

In-gel digestion of proteins and purification of peptides were performed according to a modified
version of a protocol described earlier (57). Disulfide bridges in proteins were reduced by covering whole
gels with reducing solution (10 mM dithiothreitol, pH 7.6, in 50 mM NH4HCO3), and the gels were
incubated at 60°C for 1 h. Alkylation was performed for 1 h by adding 25 ml of iodoacetamide solution
(10 mM iodoacetamide in 100 mM Tris-HCl, pH 8.0). Gels were thoroughly rinsed with double-distilled
H2O water between steps. Each lane of SDS-PAGE gels was cut into five slices, and the slices were
cut into approximately 1 mm3 cubes and transferred to separate 0.5-ml protein LoBind tubes (Eppendorf,
Hamburg, Germany). Enzymatic digestion was performed by adding 50 �l of trypsin solution (5 ng/�l
trypsin in 50 mM NH4HCO3) to each tube and incubating at room temperature overnight with gentle
shaking. The extraction of peptides was performed with manual sonication in an ultrasonic water bath
for 1 s before the supernatants were transferred to clean protein LoBind tubes. Trifluoroacetic acid (10%)
was added to the supernatants to reach a pH between 2 and 4. The supernatants were used for
nano-scale liquid chromatography-tandem mass spectrometry (nLC-MS/MS) analysis. Samples were
measured by nLC-MS/MS with a Proxeon EASY nLC and a LTQ-Orbitrap XL mass spectrometer as
previously described (58).

LC-MS data analysis (false discovery rates were set to 0.01 on peptide and protein levels) and
additional result filtering (minimally 2 peptides are necessary for protein identification of which at least
one is unique and at least one is unmodified) were performed as described previously (57). To analyze
the abundance of proteins, their label-free quantification (LFQ) intensities were compared (59). Nonex-
isting LFQ intensity values due to insufficient amounts of quantified peptides were substituted with a
value lower than the LFQ intensity value for the least-abundant quantified protein. Differential protein
abundance was assessed using edgeR as described for the transcriptome analysis.

Construction of a metabolic model. A genome- and constraint-based metabolic model for A.
muciniphila was constructed. A draft metabolic model was generated using Pathway Tools gene-protein-
reaction (GPR) mapping and gap filling for the improvement of genomic annotation (60). The model was
iteratively curated in the MATLAB COBRA (61, 62) environment to get a functional model and reflect the
metabolic capacities observed in the fermentations. The Gibbs energy of the reactions was calculated
using eQuilibrator (63).

Model growth simulations. Exchange reactions for all extracellular metabolites in the experimental
media were added to the model. Limited negative lower bounds (�10) were set for mucin-derived
components, while other essential and abundant metabolites, such as water and phosphate, were set to
be nonlimiting. Flux balance analysis (FBA) simulations were used to qualitatively test the model. FBA
simulates interconversion of metabolites with a mass conservation constraint and obtains flux distribu-
tions leading to the optimization (maximization or minimization) of a selected objective function (26). All
FBA growth simulations were performed with Gurobi5 LP solver (Gurobi Optimizer version 3.0; Gurobi,
Houston, Texas) within the MATLAB COBRA toolbox environment and with setting various macromo-
lecular parameters, such as the synthesis of DNA and RNA or protein reactions, as objectives.

Accession numbers. The raw sequencing data have been submitted to the European Nucleotide
Archive under study code PRJEB9527.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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