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Nutritional preferences of human gut bacteria
reveal their metabolic idiosyncrasies
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Bacterial metabolism plays a fundamental role in gut microbiota ecology and host-microbiome interactions. Yet the metabolic
capabilities of most gut bacteria have remained unknown. Here we report growth characteristics of 96 phylogenetically diverse
gut bacterial strains across 4 rich and 15 defined media. The vast majority of strains (76) grow in at least one defined medium,
enabling accurate assessment of their biosynthetic capabilities. These do not necessarily match phylogenetic similarity, thus
indicating a complex evolution of nutritional preferences. We identify mucin utilizers and species inhibited by amino acids
and short-chain fatty acids. Our analysis also uncovers media for in vitro studies wherein growth capacity correlates well with
invivo abundance. Further value of the underlying resource is demonstrated by correcting pathway gaps in available genome-
scale metabolic models of gut microorganisms. Together, the media resource and the extracted knowledge on growth abilities
widen experimental and computational access to the gut microbiota.

nected to both health and disease'™. It is influenced by sev-

eral host factors including the immune system and lifestyle,
but also by metabolic cross-feeding among different bacterial
species™°. Interactions of the microbiota with the host are often
mediated by bacterial metabolites such as vitamins, short-chain
fatty acids (SCFAs), amino acids, neurotransmitters, and virulence
factors and toxins*”®. For example, specific gut bacteria can cause
elevated serum levels of branched-chain amino acids that correlate
with insulin resistance in non-diabetic individuals’. Several com-
munity members, such as Bacteroides thetaiotaomicron, are known
to be capable of metabolizing complex substrates such as mucin,
which is critical for understanding their contribution to inflam-
mation and infection through, for example, weakening of the
mucosal barrier'’.

To examine the metabolic capacity of the gut microbiota and dis-
sect complex metabolic interactions, advanced culture-based model
systems are urgently needed. However, most gut bacterial species
have so far been grown in complex media of unknown chemical
composition, and defined or minimal media have been described
only for a handful of species''~'. This severely limits mechanistic
investigations into community functions—for example, discover-
ing cross-fed metabolites or linking functional metabolites to the
producer species’”. Moreover, computational efforts to reconstruct
species and community-level metabolic models critically rely on
the availability of defined growth media'>'*"”. Consequently, the
mechanistic link between diet or inter-species interactions with
microbiota composition and dynamics is currently difficult to
establish. To address this, here we report growth profiles of a large,
phylogenetically representative panel of human gut bacteria across
4 rich (undefined) and 15 defined media. This has allowed us to

| he composition of the human gut microbiota is closely con-

characterize their nutritional preferences, accurately map their
biosynthetic capabilities, discover metabolic features of several
bacteria, and contextualize growth characteristics in terms of gut
microbiota ecology.

Results

Selection of representative gut bacterial species. To cover a wide
range of phylogenetically as well as metabolically diverse repre-
sentatives of a healthy human gut microbiota, we selected a total
of 96 bacterial strains from 72 species. First, 95 species commonly
occurring within the human population—meeting the criteria
of relative abundance of 1% or more in at least one sample and a
prevalence of more than 10%—were preselected from published
metagenomics datasets collected in four countries from a total of
364 healthy humans (Fig. 1b, Supplementary Fig. 1 and Methods).
From these, 58 cultivable bacterial strains from 45 species—prefer-
ably isolated from human samples and with publicly available and
annotated genomes—were selected. We further added 13 probiotics
from the genera Lactobacillus and Lactococcus, 13 pathogens (from
the genera Salmonella, Shigella, Vibrio, Yersinia and enteropatho-
genic Escherichia), three Fusobacterium strains linked to colorec-
tal cancer and inflammatory bowel disease (IBD)***!, two strains
commonly causing foodborne diseases (Clostridium perfringens)?,
Eggerthela lenta and Actinomyces odontolyticus often associated
with abdominal sepsis or bacteraemia***, and one additional repre-
sentative of three abundant genera (Coprococcus, Eubacterium and
Prevotella). Finally, to increase the coverage of metabolic diversity,
we additionally selected two species, Clostridium saccharolyticum
and Pseudoflavonifractor capillosus, which were available in cul-
ture collections and formed separate metabolic clusters represent-
ing reactions not covered by the other selected species (Methods).
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Fig. 1| Species and media selection. a, Overview of selected bacterial strains. The numbers of selected strains in different categories are shown in
parentheses. b, Species core of the human gut microbiome based on faecal metagenomes collected from 364 healthy individuals in four countries

(DK, Denmark; ES, Spain; CN, China; US, USA) and their representation in this resource (Methods). Boxplots show selected core species grouped by genus
(classified using a universal marker gene method*®) and coloured by phylum; the inner box indicates the inter-quartile range, with the median as black
vertical line; the outer bars extend to the 5th and 95th percentiles. Prevalence of individual genera across 364 metagenomics datasets is depicted in grey
on the right within the same panel. Species diversity across 364 metagenomics datasets within each genus and their relative abundances are depicted

in the middle panel with grey boxes indicating species represented in this screen. Cumulative fraction of relative abundance of represented species
normalized by the total assignable metagenomics read abundance is shown in the coloured right panel for each country separately (see inset).

The last panel shows cumulative enzyme coverage relative to the core microbiome. ¢, Overview of selected growth media. The numbers of media in
different categories are shown in parentheses. d, Comparison of nutrient group representation across all newly compounded media. Circle size correlates
linearly with the quantity of the respective nutrient group. Changes in media M4-M11 compared to the basis medium M3 dGMM + LAB are additionally

marked with a white dot.

The final species collection (Supplementary Table 1) thus represents
not only highly abundant and prevalent genera but also important
species linked to colorectal cancer, IBD, infectious diseases and taxa
of beneficial probiotics (Fig. 1a). For seven of the selected species,
genomes were sequenced and assembled in this study (Methods and
Supplementary Table 1). Overall, the selected bacteria represent a
cumulative enzyme coverage, at EC level4, of close to 90% when
mapping to 364 human gut metagenomes of healthy individuals and
cumulative abundance coverage of 72% on average across metage-
nomics datasets (Fig. 1b and Methods).

Media selection and design. For the vast majority of the selected
96 strains, neither growth characterization data nor defined growth
media were previously available. To our knowledge, only 7 defined
or minimal media had so far been established for a subset of these,
namely for Escherichia coli and other enterobacteria', Bacteroides
thetaiotaomicron'?, Veillonella parvula", Clostridium perfrin-
gens", Bacteroides caccae and Lactobacillus rhamnosus®, and other
Bacteroides species'®.

To enable detailed metabolic characterization of all 96 strains, we
designed several defined media by taking into account various known
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metabolic requirements of gut bacterial species. First, we developed a
chemically defined version of the gut microbiota medium (GMM?)
by excluding all non-defined compounds such as yeast and meat
extract. Another defined medium was prepared by combining the
Zhang-Mills-Block 17¢ and a chemically defined medium described
previously”” supporting growth of various lactic acid bacteria (here-
after referred to as LAB medium). A mixture of the defined GMM
(dGMM) and the LAB medium supplemented with 1gl™ lactose,
0.5mgI" hemin and 2mgl~! 8-NAD, named dGMM + LAB, formed
the basis for all other newly compounded media. These were obtained
by excluding either SCFA or aromatic amino acids, by lowering the
amounts of minerals and vitamins or by reducing the amounts of
amino acids to 10%. Three more media either contained additional
mucin, mucin as the sole carbohydrate source, or monosaccharides
as carbohydrate source (Fig. 1d and Supplementary Table 2). We
further expanded the media set by including defined and minimal
media (MM) previously described for Bacteroides thetaiotaomicron,
Clostridium perfringens and Veillonella parvula'~'* and two modified
versions of the E. coli MM (Fig. 1c and Supplementary Table 2). The
initial pH of all defined media was set to 7, which is in the range of
the small intestines and the colon?.
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To allow for the growth of more fastidious organisms, four unde-
fined rich media used for cultivation of gut microbial communities
or individual species were also included: GMM?*, mGAM?* (modi-
fied Gifu anaerobic medium broth, HyServe), WCA (Wilkinson
Chalgren anaerobic agar, Sigma-Aldrich) and BHI (brain heart
infusion broth, Sigma-Aldrich) supplemented with 0.5 mgl™" hemin
and 2mgl™' 8-NAD (BHI++). Together, our final set consisted of 15
defined and 4 rich media (Fig. 1c).

Growth profiles reveal complex evolution of nutritional prefer-
ences. We evaluated the selected 96 strains for their growth perfor-
mance across all 19 media. All cultivations were carried out under
anaerobic conditions and growth was monitored by measuring
optical density (OD at 578 nm) for up to 48hours (Methods and
Supplementary Tables 3 and 4). To ensure that the observed growth
was not due to nutrient carryover during inoculation, we tested 55
of the 96 strains for their capability to consistently grow, in all tested
media, for three passages (Methods). Notably, we observed repro-
ducible growth (or no growth) between passages 1 and 3 for over
93% of the cases (Supplementary Fig. 2). In many of the remain-
ing cases, the OD measurements (in either passages 1 or 3) were
on the threshold of what we considered as growth (maxOD >0.15;
Methods). Furthermore, the cases where we observed discrepancy
between the passages are neither restricted to fastidious species or to
minimal media. These results, together with the high degree of repro-
ducibility, show that the nutrient carryover from pre-inoculations
in rich media had no or only a marginal effect.

Notably, the vast majority of strains, 76 out of 96, grew in at
least one defined medium. The median number of growth-enabling
media across different species is 10, and the median number of spe-
cies supported across different media is 51 (Fig. 2a-c). Altogether,
our media set allowed growth of phylogenetically as well as func-
tionally diverse gut bacteria in complex as well as defined media.

For 30 species, we also measured the pH after 48 hours of cul-
tivation (Methods). As expected, most species acidified media,
with the extent of decrease in pH being inversely proportional to
the observed growth (Supplementary Fig. 3). Some species also
increased pH, especially in rich media (Supplementary Fig. 3), indi-
cating peptide/protein utilization. Further analysis of pH dynamics
across a larger set of strains and media may thus provide additional
insights into the basic physiology of gut microorganisms.

Fastidious behaviour was observed for many species.
Interestingly, this is not confined to any particular phylogenetic
division: 19 strains growing in four or less media are from 13 differ-
ent genera (six phyla), while other tested members of the same gen-
era act more like generalists showing growth in five or more media.
For example, while one out of five Bifidobacterium strains tested,
B. animalis subsp. lactis BL-04, is clearly fastidious growing only in
the four rich media, the remaining four strains (B. longum subsp.
longum, B. animalis subsp. lactis BI-07, B. longum subsp. infantis and
B. adolescentis) grew in six to thirteen different (including defined)
media. Such divergent growth patterns are observed across most
genera. In case of Bacteroides, the most represented genus in this
study, B. coprocola, B. eggerthii and B. uniformis HM-715 grew only
in rich or specialized media. In contrast, other Bacteroides species
grew in several minimal or defined media, in addition to all four
rich media. A particularly generalist behaviour was observed for B.
fragilis and B. vulgatus HM-720, which grew in ten defined media.
Conversely, similar growth patterns were found between higher
taxonomic ranks. For example, Akkermansia muciniphila and
Ruminococcus torques displayed a noticeably similar growth pat-
tern in our screen. Although from different phyla, both species were
growing almost exclusively under two particular defined media that
contained mucin. Indeed, these two species have previously been
described to compete for a similar ecological niche in the mucus
layer®. Overall, growth patterns that reflect phylogenetic similarity,

as well as those implying parallel or convergent evolution towards
the same metabolic niche, are both apparent across most taxonomic
clades from order to strain level (Fig. 2d,e; Supplementary Fig. 4).

In vitro growth correlates with abundance in the human gut
microbiome. We next analysed growth characteristics of bacteria
in the context of their standing in the gut microbiota community.
For this, we correlated the growth capacity of the species (maximum
OD reached) in each of the 19 media with their abundance in the
gut metagenomes of each of the 364 healthy individuals (Methods).
Several of the tested media showed a significant positive correla-
tion (Fig. 3a). Among these, mGAM and M4 displayed the high-
est frequency of positive correlations suggesting that these might
more closely mimic growth conditions, in terms of nutrients used
by bacteria, in the gut. This hypothesis, although difficult to test, is
of high practical relevance: the media with good correlations offer
a basis for in vitro mechanistic studies wherein growth-rate depen-
dent effects’ would be reduced. Indeed, nGAM had been reported
to reflect the complexity of gut communities after cultivation®>*.

Furthermore, as many as 11 species grow better in defined
media than in rich (Fig. 3b and Supplementary Table 7), and within
defined media show stronger growth than most other bacteria
(Supplementary Fig. 5). We hypothesize that the metabolic robust-
ness of these species would enable survival in nutrient-low envi-
ronments. Indeed, we find that these species are more prevalent
in the gut metagenomes of healthy individuals (Methods), prob-
ably representing diverse gut environments with different nutrient
limitations (Fig. 3¢).

SCFAs and amino acids inhibit growth of several gut bacteria.
Our screen also allowed us to assess the inhibitory effects of SCFAs
and amino acids, known to influence microbiome dynamics. SCFAs,
especially acetate, propionate and butyrate, are major by-products
of complex carbohydrate breakdown processes carried out by the
gut bacterial community”. SCFAs play a major role in bacterial
cross-feeding, but are also linked to various host health conditions™.
Furthermore, SCFAs have been reported to be toxic to some species
at low pH***. We observed that several species are also affected in
our screen wherein the starting pH was circumneutral. Physiological
levels of SCFA affected growth of 15 species (Fig. 4a and Methods)
in comparison to growth in standard dGMM + LAB medium. While
SCFAs boosted the growth of one species (Lactobacillus vaginalis),
their presence considerably inhibited several phylogenetically
diverse gut bacteria (Fig. 4a). To our knowledge, the growth inhibi-
tion of these species by SCFAs has not been described before. In
future, it would be interesting to study the effect of pH on these
inhibitory interactions. We also evaluated the inhibitory effect
of amino acids on growth, as several gut commensals are known
to be sensitive to (specific) amino acids”. We identified three
strains, B. clarus, B. xylanisolvens and P. merdae, being sensitive
to presence of aromatic amino acids while other species, such as
C. perfringens C36 and several Lactobacillus species, depended on
these amino acids for robust growth (Fig. 4a). Furthermore, the
growth of most tested species is negatively affected when total amino
acid levels were reduced by 90%. In contrast, Blautia obeum exhib-
ited increased growth following amino acid reduction (Fig. 4a). This
species also generally shows better growth in defined media than in
rich, and prefers media with nutrient exclusions (Fig. 2a), suggest-
ing sensitivity towards nutrient excess in general.

Growth promotion by mucin. Only about a dozen species from
four genera have, to our knowledge, so far been described as mucin
degraders®™. Within our screen, a much larger number of species
thrived in the presence of this biopolymer. The growth of 19 species
was boosted in media supplemented with mucin (M8 hits) and 15
species could survive with mucin as the sole carbohydrate source
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Fig. 2 | Growth profiles of 96 gut bacterial strains across 19 media. a, Heat map showing the growth capacity of 96 gut bacterial strains across minimal
(M1, M13-M16), defined (M2-M11) and rich media (GMM, BHI++, WCA and mGAM). The values shown are averages of maximum OD reached in the
respective media (Methods and Supplementary Tables 4 and 5). The median number of biological replicates is 5. The exact number of replicates for
each strain-media combination is reported in Supplementary Table 5. b, Growth-supporting capacity of 19 tested media; median shown as dotted grey
vertical line. ¢, Media preference frequency for 96 tested bacteria; median shown as dotted grey vertical line. d, Clustering of tested gut bacteria by their
growth profiles across 19 media (Methods). Colours mark different phyla. e, Distribution of growth capacity dissimilarity (maxOD; Euclidian distance)

within different taxonomic ranks. Boxplots show the interquartile range (IQR), the median value and whiskers extending to include all the values less than

1.5x QR away from the 1st or 3rd quartile, re

spectively.
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Fig. 4 | Selected metabolic characteristics of gut bacteria revealed by our screen. a, Gut bacteria inhibited or boosted in the absence of SCFAs (M5),
aromatic amino acids (M11) or when the amount of amino acids was reduced to 10% (M10) compared to basis medium (M3). b, Overlap of species
growing in the presence of mucin as the sole carbohydrate source (M9 hits), species with improved growth in the presence of additional mucin

(M8 hits) (>2-fold improvement compared to the basis medium M3), and species with >3 known mucin degradation enzymes (based on mapping to
CAZy database; Methods and Supplementary Fig. 6a,b). Strains benefiting in the presence of mucin (M8 or M9) are shown in the heatmap; *strains
previously known to degrade mucin®.

(M9 hits); two species, A. muciniphila and R. torques, overlapped
between these two categories (Fig. 4b; Supplementary Fig. 6a,b),
both of which have previously been reported to metabolize mucin’.
Other known degraders, such as B. longum subsp. longum, B.

caccae, B. fragilis and B. thetaiotaomicron were among the M8
hits. Thus, other species assigned to this category are poten-
tial, yet undescribed, mucin degraders or utilizers, including six
Bacteroides strains, Collinsela aerofaciens, Clostridum bolteae,
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Parabacteroides merdae, Pseudoflavonifractor capillosus, Roseburia
hominis and intestinalis. Furthermore, four of these potential degrad-
ers, B. stercoris, C. aerofaciens, C. bolteae, R. hominis, are likely to
use yet unknown enzymes as only few or no known genes involved
in mucin-degrading pathways could be identified in their genomes
(Methodes, Fig. 4b and Supplementary Fig. 6a). In addition to poten-
tial active mucin degradation, part of the growth boost for some
species could stem from sialic acid released from mucin (Methods;
Supplementary Fig. 6¢). The species that cannot degrade mucin
but benefit from its degradation products like sialic acid would fall
in the category of mucin utilizers. Further experiments would be
necessary to clarify contribution of direct mucin degradation, sialic
acid utilization and perhaps also contaminants. For example, some
gut bacterial strains can degrade mucin but cannot use sialic acid®.
We note that the growth promotion by mucin is observed only for
some species, while substantial mucin degradation/impurity would
be expected to cause non-specific effect throughout the screen. This
supports mucin degrading/utilizing role of the species identified
here. Overall, these mucin supplementation experiments suggest
more widespread mucin degradation/utilization capabilities among
gut bacteria than currently appreciated and presents candidate spe-
cies for further investigation.

Defined media resource improves prediction of biosynthetic
capabilities of gut bacteria. Defined media, in addition to per-
mitting controlled cultivations, are a fundamental requirement for
assessing biosynthetic capabilities of microorganisms. Genome-
scale metabolic models can formalize this in a structured manner
and allow studying effects of genetic and environmental perturba-
tions as well as community behaviour'”*. Recently, a resource of
773 genome-scale metabolic models (AGORA models) of human
gut bacteria was reported”. These cover 40 of the 96 strains growing
in our screen on at least one defined medium (mucin-containing
media were not considered). However, only ten of these models
could recapitulate growth on our experimentally validated media
(Supplementary Table 9), suggesting that currently the information
used to reconstruct these models (genome sequences and literature
data, with defined media available for only a few species) is insuf-
ficient for capturing major metabolic capabilities of gut bacteria.
Indeed, when we used our defined media resource to improve these
models (by filling the gaps in the network; Fig. 5 and Methods), we
could successfully recapitulate growth on experimentally observed
media for the remaining 30 species (Supplementary Table 9). The
gap-filled reactions in the improved models span several meta-
bolic pathways ranging from central carbon metabolism to vita-
min biosynthesis (Supplementary Fig. 7 and Supplementary Table
9), many of which we could additionally validate using genomic
evidence from the TIGRFAM gene family database’' (Fig. 5 and

Gap-filled reactions Species with amended

with genetic evidence subsystem
CoQ and terpenoid-quinone bios. | ]
Amino acid metabolism® ]
Vitamin metabolism 1
Nucleotide interconversion | ]
Haeme synthesis |
Fatty acid metabolism ]

4'0 2'0 0(') 2'0 4'0 6'0
Percentage

Fig. 5 | Defined media resource improves genome-scale metabolic models
of gut bacteria. Metabolic reactions from several pathways needed to be
added to the AGORA models® to recapitulate experimentally observed
growth in our study (Methods). Pathway definitions are according to the
AGORA model annotations. Percentage evidence for the newly added
(gap-filled) reactions is based on comparison with the TIGRFAM gene
family database (Methods). "Merged subsystems.

Supplementary Table 9). The corresponding TIGRFAM sequence
match scores are, however, only moderate—most likely due to
annotation bias towards model organisms in the databases—and
thus may explain why these reactions were missed in the original
reconstruction. A comprehensive resource on defined media and
growth requirements is thus indispensable for accurate reconstruc-
tion of metabolic models of gut bacteria.

Discussion

Culture collections (such as www.atcc.org or www.dsmz.de) recom-
mend species-specific and complex undefined media for growing
individual gut bacteria. Moreover, the current knowledge on growth
capabilities of such bacteria across common and defined media is
sparse, and previous studies have focused on complex media and
on maintaining the community diversity after cultivation®*>*>. We
here performed a systematic evaluation of growth across a rep-
resentative set of gut bacteria in several undefined rich as well as
defined media. While each of the tested rich media supports growth
of around 80% of the strains, defined media such as dGMM +LAB
plus mucin’ and ‘dGMM + LAB excluding SCFASs’ closely approach
this number, supporting 70% of the tested strains.

Interestingly, differences between species in growth capacity
in mGAM (a rich medium), as well as in several defined media, is
correlated to their relative abundance in healthy human gut micro-
biomes (Fig. 3a). Together with the universality of these media, in
terms of enabling growth of phylogenetically very diverse species,
this opens up possibilities for systematic screening of bacteria thriv-
ing in the human gut, for example against drugs®, and for building
communities with a bottom-up approach.

The commonly held notion that most bacteria have complex
metabolic requirements appears to be incorrect in the case of gut
bacteria. Our results not only highlight robust growth in defined
media, but also several species grow considerably better in defined
than in rich media. Even within the defined media, several species
preferred exclusion or reduction of SCFAs and amino acids, show-
ing inhibitory effects of common nutrients. Although some spe-
cies require SCFAs such as acetate for good growth*, medium with
no SCFAs is among the top defined media in our screen in terms
of supporting a large number of strains. Such nutrient inhibitory
effects can be caused by, for example, intracellular accumulation
of toxic intermediates* or pH imbalance®. We further note that
although we mark species—media combinations showing growth in
less than half of the biological replicates as non-growing, the growth
capacity in some of these cases may have been masked due to sen-
sitivity towards difficult to control factors such as trace amounts
of oxygen. The media design for isolating and cultivating hitherto
uncultured gut bacterial species should thus consider, in addition to
supplementing (hypothetical) missing nutrients, accounting for the
toxicity of essential growth components when in excess.

The mucin-utilizing bacteria identified in this study warrant fur-
ther investigations into their role in health and disease. For example,
Coprococcus comes, which we found among the species that grow
with mucin as the main carbon source (Fig. 4b, M9 hits), has been
previously described to colonize the mucus layer”’. We note that we
only captured 6 out of the 10 known mucin degraders included in
our study, which is likely to be due to incomplete mucin degradation
pathways (utilization of intermediates only), or conditional mucin
utilization in the absence of other preferred carbon sources*. The
number of mucin-degrading species is thus likely to be much higher
than presently appreciated and hence also the number of species
with a role in colonic barrier integrity, which is crucial for the gut
microbial ecology and respective host-microbiome interactions.

Currently available metabolic models of gut bacterial species,
based on genomics and literature information of growth require-
ments”, in many cases (30 out of 40; Supplementary Table 9)
failed to recapitulate the growth on the defined media in our study.
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This highlights the value of the presented resource for accurately
assessing microbial biosynthetic capabilities. Furthermore, several
cases of inconsistencies between phylogenetic and growth prefer-
ence similarities, which have also been previously reported (for
example, for R. gnavus®), imply that using phylogenetic relatedness
alone as a guide for assessing metabolic capabilities does not suffice.

Opverall, the growth media and species characterization reported
here represent a resource towards an understanding of the struc-
ture and function of the human gut microbiome. We envision that
this resource can be explored to facilitate metabolic modelling, and
to study the effects of defined variations in nutritional conditions
and xenobiotics.

Methods

Species selection. Prokaryotic species were delineated based on 40 universal,
single-copy phylogenetic marker genes as previously described™. This species
definition was shown to be in good agreement to established taxonomies™.
Relative species abundance was quantified in 364 published faecal metagenomes
of pooled asymptomatic individuals from three continents and four countries™>*
using an approach that is based on the subset of these phylogenetic marker
genes™. From these taxonomic abundance profiles we estimated a species core

of the human gut microbiome, which included those species with a minimum
prevalence of 10%, estimated by rarefying to 10,000 reads mapping to taxonomic
markers, and a relative abundance of 1% or more in at least one sample. Out of
95 remaining species, we selected 45 cultivable species, isolated from human
samples and preferably with an annotated genome. This equates to 58 of the
selected strains. Additionally, we selected 13 probiotics, 13 pathogens, seven strains
linked to colorectal cancer, IBD, foodborne diseases or bacteraemia and sepsis,
one additional representative of three abundant genera, namely, Coprococcus,
Eubacterium and Prevotella, and two strains forming separate metabolic clades
(represented by EC numbers 1.4.3.4,1.5.99.11, 2.3.1.178, 2.4.1.117, 2.7.1.14,
2.7.1.146,2.7.1.147,2.7.7.68, 2.7.8.28, 2.8.3.17, 3.2.1.132, 3.5.99.3, 4.1.99.2,
5.1.2.2, 6.3.2.31, 6.3.2.34; Supplementary Table 1). Enzyme gene annotations for
selection of metabolically unique strains were obtained from IMG/M (Integrated
Microbial Genomes and Microbiomes database; https://img.jgi.doe.gov/; accessed
18 December 2012)>>°°,

Enzyme coverage estimation. The enzyme coverage of the selected species was
estimated as a ratio of the EC numbers mapping to the selected species to those
mapping to the core gut microbiome species (as defined in the previous section).
The EC number mapping was performed using KEGG database (KEGG Release
79.1, 1September 2016).

Characterization of bacterial growth. Bacteria were cultivated at 37 °C under
anaerobic conditions in a vinyl anaerobic chamber (COY) inflated with a gas mix
of approximately 15% carbon dioxide, 83% nitrogen and 2% hydrogen. Prior to the
experiment, bacteria were pre-cultivated twice using one of the following media:
modified Gifu anaerobic medium broth (mGAM?¥, HyServe), gut microbiota
medium (GMM?), brain heart infusion broth (BHI, Sigma-Aldrich) supplemented
with 2mgl™" #-NAD and 0.5 mgl~" haemin (BHI++), MRS (de Man, Rogosa and
Sharpe, Sigma-Aldrich)+0.05% (w/v) cysteine (MRS+), mGAM supplemented
with 10 mM taurine and 60 mM sodium formate (nGAM++) or a 1:1 mixture
of GMM and mGAM (GMM + mGAM) (Supplementary Table 1). For long-term
storage, cryovials containing freshly prepared bacterial cultures plus 7% DMSO
were tightly sealed and frozen at —80°C.

For the exact compositions of all newly described and modified versions of
media, see Supplementary Table 2. A combination of dGMM and LAB served as
the basic medium (dGMM + LAB). For SCFA-containing media, most abundant
SCFAs were added in physiological concentrations, such as observed in the
colon®**: namely, acetate (30 mM), propionate (8 mM) and butyrate (4 mM), plus
isovalerate (1 mM), a branched-chain fatty acid (BCFA) and product of leucine
catabolism™*. For preparation of mucin-containing media, 20 g porcine gastric
mucin (M1778, Sigma-Aldrich) was dissolved per litre of 10 mM phosphate buffer
(pH7.5) and autoclaved for 20 min at 121 °C. After standing overnight at room
temperature, the precipitate was removed by centrifugation, and the supernatant
was added to the medium to reach a final concentration of 5g mucin per litre
of medium. Porcine gastric mucin (Sigma-Aldrich) contains up to 1.5% bound
and up to 0.2% free sialic acid, which is comparable to ~0.075 mg sialic acid
per ml of mucin-containing medium. For preparation of sialic acid-containing
medium 0.075 mgml~ sialic acid were added to the basic medium dGMM + LAB
(Supplementary Fig. 6¢). The pH of all defined media was adjusted to 7.

To monitor bacterial growth, pre-cultures of individual strains were diluted
in PBS to obtain an OD at 578 nm of 0.5 and subsequently inoculated at OD 0.01
in 100 ul of the respective media (passage 1) in a 96 microwell plate with Nunclon
Delta surface (NUNC) sealed with a Breathe-Easy sealing membrane
(Sigma-Aldrich)®'.
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Hourly, after thorough shaking for 1 min, growth was monitored by OD
measurement at 578 nm for up to 48 h, using an Eon microplate spectrophotometer
equipped with BioStack microplate stacker (BioTek) and a surrounding self-
designed incubator (located within the anaerobic chamber) to allow for constant
maintenance of 37 °C. For a subset of the tested conditions, we measured the
pH after 48 h of cultivation (Supplementary Fig. 3) using pH indicator strips
(MColorpHast, MERCK). All biological replicates (Supplementary Table 5)
were performed in independent batches with newly prepared media as well
as inoculums.

55 of the 96 strains (Supplementary Table 3) were further tested to control for
potential nutrient carryover effects. After incubation for 48 h (passage 1), 5ul
of culture were transferred to 100 pl fresh medium twice in a row, resulting in
passages 2 and 3. Measurements from only the first passage were treated as an
additional biological replicate in overall growth statistics.

Purity of our bacterial stocks was regularly checked by 16S rRNA gene
sequencing. Incidences of cross-contamination during the growth screen were
estimated to be very low based upon two observations: (1) the screen design
included wells with blank media, which showed contamination in only 0.28%
of cases (2 out of 714); and (2) growth in minimal media is highly selective and
reproducible indicating that well growing/robust species did not
cross-contaminate.

Statistical analysis. All analysis was performed using R (version 3.2.2, www.R-
project.org) and python (version 2.7.6, www.python.org). Boxplots show, unless
otherwise stated, IQ, the median value and whiskers extending to include all the
values less than 1.5 X IQR away from the 1st or 3rd quartile, respectively. All figures
show data from biological replicates.

Growth curves analysis. Raw growth curves were first normalized with

inoculum OD (BlankOD) to correct for the medium turbidity. The curves were
then characterized as: (1) viable, to classify between growth or non-growth; (2)
unfinished, marking when the stationary phase was not reached. The growth for
the viable curves was then quantified by estimating: (1) maxOD, the maximal OD
value reached; (2) rate, the growth rate measured as a slope, OD per hour; and

(3) AUC, the area under the curve at 8, 12, 18 and 24 h. Where possible we used
maxOD from finished growth curves only to calculate average OD. Where needed,
relative growth was assessed as maxOD on particular medium divided by maxOD
on dGMM + LAB medium. Furthermore, for qualitative analysis, a minimal
maxOD of 0.15 was used to determine successful growth. A species was considered
to grow in a given medium by applying majority rule across all biological replicates.
Only data from replicates with growth phenotype were used for calculating
average maxOD. Quality of the data was checked by correlating measures from
corresponding biological replicates considering only measurements in agreement
with majority rule: R? (maxOD)=0.59.

Species clustering by growth profiles. Dissimilarity between species growth
profiles were calculated using average of Euclidean distance between vectors

of maxOD values on defined media (M2-M8 and M10-M11), and rich media
(GMM, BHI++, WCA and mGAM). The resulting distance matrix was used for
clustering with the average linkage method.

Preferential media analysis. We calculated media preference as log,
transformation fraction of median rank of species growth on rich and defined
media. Preference towards defined media was stated where preference value was
bigger than 1. When we required species level resolution we averaged maxOD
values at species taxonomic rank.

Mucin degradation genes analysis. List of HMM models representing
carbohydrate-active enzyme families (CAZy) involved in mucin degradation™
was obtained from dbCAN® on 17.01.2017. HMMSCAN with default parameters
was executed to check the presence of mucin genes in studied organisms

(e-value <1073, as suggested on the dbCAN webpage).

Gap-filling of genome-scale metabolic models. Metabolic models of the gut
bacteria used in this study were obtained from a previous study'”. We then used
linear programming to identify minimal number of reactions missing in the
model to satisfy growth phenotype (biomass yield constraint >0.1) in defined
media wherein growth was experimentally observed. To further characterize the
gap-filled reactions, we used EC numbers provided by the TIGRFAM (release
15) protein families annotation. We used HMMSCAN with default parameters
to search for families present in organisms (e-value < 10~°) and filtered matched
protein families that had complete EC number assigned.

Correlation of growth with in vivo abundance. Spearman’s rank correlation
coefficient was used to assess correlation between core microbiome species
abundances in 364 individuals and average growth (MaxOD) in each of the 16 tested
media (media M15A, M15B and M16 were excluded as they did not have sufficient
number of observations). Significance was assessed by calculating Wilcoxon two-
sample rank sum test against subject-wise abundance permutation background.
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study.
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8. Materials availability
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12. Description of human research participants

Describe the covariate-relevant population N.A.
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