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Abstract

Background The human gut microbiome produces and consumes a variety of compounds that interact

with the host and impact health. Succinate is of particular interest as it intersects with both host and microbiome
metabolism. However, which gut bacteria are most responsible for the consumption of intestinal succinate is poorly
understood.

Results We build upon an enrichment-based whole fecal sample culturing approach and identify two main bacte-
rial taxa that are responsible for succinate consumption in the human intestinal microbiome, Phascolarctobacterium
and Dialister. These two taxa have the hallmark of a functional guild and are strongly mutual exclusive across 21,459
fecal samples in 94 cohorts and can thus be used to assign a robust “succinotype”to an individual. We show that they
differ with respect to their rate of succinate consumption in vitro and that this is associated with higher concentra-
tions of fecal succinate. Finally, individuals suffering from inflammatory bowel disease (IBD) are more likely to have
the Dialister succinotype compared to healthy subjects.

Conclusions We identified that only two bacterial genera are the key succinate consumers in human gut microbi-
ome, despite the fact that many more intestinal bacteria encode for the succinate pathway. This highlights the impor-
tance of phenotypic assays in functionally profiling intestinal microbiota. A stratification based on “succinotype”

is to our knowledge the first function-based classification of human intestinal microbiota. The association of suc-
cinotype with IBD thus builds a bridge between microbiome function and IBD pathophysiology related to succinate
homeostasis.

Introduction
The intestinal microbiome interacts with its host through
the production and consumption of physiologically rel-
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specific microbe in a microbiome is the key responsible
for a specific function remains largely unknown.

Some metabolites—like succinate—are produced and
consumed by both the microbiome and the host. On the
host side, succinate is a key intermediate of the tricarbox-
ylic acid cycle and thus intricately related to host metabolic
homeostasis. On the microbiome side, succinate is an inter-
mediate product of anaerobic carbohydrate fermentation
and thus related to microbial energy production [3]. This
intersection of host and microbiome metabolism poses a
challenge for host regulation: while the host might attempt
to regulate how succinate is produced and used, its regula-
tory control does not expand to the microbiome. As a result,
disruptions in how succinate is produced and consumed by
the microbiome can have a multifaceted impact on the host.
In a healthy gut, succinate is rapidly converted into propi-
onate [4—6], which in turn is readily absorbed by the host
epithelium [7]. However, elevated concentrations of suc-
cinate measured in human feces have been associated with
intestinal inflammation [8-11], suggesting a pro-inflam-
matory effect of excess circulating succinate. Consequently,
microbes that metabolize succinate have been suggested to
alleviate this inflammatory effect [12, 13].

Only few bacteria are known to anaerobically consume
succinate. Various intestinal bacteria—including for exam-
ple many Bacteroidaceae—produce propionate from sug-
ars via the succinate pathway [14, 15] and in some cases
export the intermediate succinate due to the low energetic
yield of converting succinate to propionate [16]. But these
succinate producers have generally not been observed to
take up and convert succinate when supplied extracel-
lularly. Succinate can also be otherwise utilized by select
bacteria. For example, Veillonella parvula can decarboxy-
late succinate during lactate consumption to produce pro-
pionate and increase growth yvield [17], and Clostridioides
difficile can convert succinate to butyrate to rebalance
NADH. However, a substantial consumption of extracel-
lular succinate has only been demonstrated for isolates
of the Negativicutes, including Phascolarctobacterium
spp- [4, 18] and Dialister spp. [19-21]. Overall, the degree
to which these different taxa and pathways are active in the
human intestine remains poorly understood.

Here, we aimed to identify and characterize the key
bacteria involved in human intestinal succinate consump-
tion. In previous work, we showed that some human fecal
microbiomes were able to consume succinate within 48 h
of in vitro cultivation and that this mapped to the pres-
ence or absence of certain Negativicutes bacteria [22].
We first expanded upon this approach to differentiate
between succinate consumption that takes more than 48
h and an overall absence of the function. We observed
that all fecal microbiomes had the capacity to consume
succinate but did differ in the rate at which they did so.
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We then verified that the succinate consumption rate
in pure culture mapped to the consumption rate of the
whole fecal sample. Our data suggest that bacteria from
the genera Phascolarctobacterium and Dialister are the
dominant succinate consumers in the human GI tract but
that Phascolarctobacterium converts succinate to propi-
onate significantly more rapidly than Dialister. We then
analyzed publicly available cohorts of human fecal micro-
biota to show that Phascolarctobacterium and Dialister
are typically mutually exclusive in human microbiomes
and that IBD patients significantly more likely to have
Dialister as their dominant succinate consumer com-
pared to healthy individuals. We thus propose that the
slower rate of succinate consumption by Dialister in the
human intestine could be an important contributor to
the pathogenesis of intestinal inflammation.

Results

Human gut microbiota differ in their ability and rate

to metabolize succinate in vitro

To understand succinate consumption in complex intes-
tinal microbiota, we performed in vitro enrichments of
feces from 13 different human donors akin to what is
described in Anthamatten et al. [22]. Briefly, we inocu-
lated diluted fecal samples in triplicate into a defined base
medium either supplemented with 30 mM of succinate as
main carbon source or a non-supplemented control and
measured (i) how much of succinate was consumed after
2 and 7 days of strict anaerobic cultivation and (ii) what
metabolites were produced in return (Fig. 1a). Because of
the stochasticity with respect to diluted inoculum com-
position, we analyzed each replicate independently.

The time required to consume the supplied succinate
differed between enrichment cultures (Fig. 1b), with all
of the supplied succinate consumed within 48 h in some
enrichments and no succinate consumed in others after 7
days. We thus classified the enrichments into four catego-
ries as a function of their succinate consumption: “fast,
“intermediate,” “slow;” and “non-consumers.” Fast enrich-
ments consumed > 90% of the supplied succinate within
the first 48 h of cultivation (# = 11/39), intermediate
enrichments consumed > 90% within 7 days (10/39), slow
enrichments consumed between 20 and 90% within 7
days (6/39), and non-consuming enrichments consumed
< 20% within 7 days (12/39). Enrichments inoculated with
the same fecal sample were generally consistent in terms
of category, with M1 to M4 fast, M5 intermediate, M6
and M7 slow, and M8 to M13 non-consumers, although
we did observe differences in the categories between rep-
licates. This suggests that specific properties of the fecal
sample contribute—at least in part—to the category of
succinate consumption, for example specific taxa or dif-
ferent metabolic pathways. The optical density at 48 h was
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Fig. 1 Fecal microbiomes consume succinate at different rates. a We performed enrichment cultures of whole fecal microbiota from 13 different
donors in a basal medium supplemented with 30 mM succinate as the primary carbon source. The triplicate cultures were sampled after 2

and 7 days, respectively. b The supplied succinate is consumed differently across fecal microbiota and replicates. We classify a culture as fast
(red), intermediate (blue), or slow (orange) consumer, or non-consumer (green) of succinate. Each circle is a measurement of the succinate
concentration in a replicate enrichment. The lines connect multiple time points from the same replicate. ¢ The increase in optical density (OD)

at day 2 was highest for the fast consuming cultures. Each thin line is a replicate enrichment from (b) and the thick lines are the average in each
class. d The consumed succinate was converted to propionate at a molar ratio of 1:1. Each point corresponds to a point in (b). e Genus-level
composition of the enrichment cultures after either 2 or 7 days. Only genera with at least 5% relative abundance are shown. f The “enrichment”

is the difference in relative abundance between enrichments with supplemented succinate (SU+) and the corresponding enrichment

without supplemented succinate (SU-) of the same donor. Only genera with positive enrichment values are shown. g Coefficients from a linear
regression of the enrichment value on the rate category for each genus. Only genera with positive estimates are shown. Filled boxes are estimates

with p < 0.05

higher in the fast enrichments compared to the other cat-
egories (Fig. 1¢; Kruskal-Wallis test, p = 0.0004), further
indicating that different bacteria or even pathways might
be associated with the category of succinate consump-
tion. However, succinate was converted to propionate
at a molar ratio of 1:1 across all enrichments (Fig. 1d) as
expected from the succinate pathway [14], suggesting that
this same pathway was “in use” across fecal microbiomes.
We thus next set out to determine which bacterial taxa
were performing the conversion of succinate to propion-
ate across enrichments. To this end, we performed 16S
amplicon sequencing of the succinate enrichment cul-
tures (SU+) and the control cultures (SU-) on days 2 and
7 and computed the differential increase of each genus in

SU+ compared to the SU— (see the “Methods” section).
Some typically abundant genera dominated the enrich-
ment cultures irrespective of the consumption category,
including for example Bacteroides, Phocaeicola, or Fae-
calibacterium (Fig. 1e). To pinpoint those taxa that were
specifically associated with succinate consumption across
the three categories, we focused on those genera that had
an increase in relative abundance in the SU+ compared
to the SU— cultures (Fig. 1f).

Four bacterial genera were significantly associated with
the different consumption categories. We performed a lin-
ear regression of enrichment in SU+ versus SU— and iden-
tified those genera that were significantly associated with at
least one of the categories (Fig. 1g). Phascolarctobacterium
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and Phascolarctobacterium_A were most strongly associ-
ated with the fast category, Phascolarctobacterium and
Flavonifractor with the intermediate category, and Phas-
colarctobacterium and Dialister with the slow category. Of
the four identified putative succinate consuming taxa, only
one was typically dominant in any one specific enrich-
ment. These data imply that these four genera are most
likely those that are responsible for succinate consumption
in the enrichments.

Representative genomes of each of these four genera all
contained the gene cluster for succinate to propionate con-
version first described in Veillonella parvula, starting from
the succinate-CoA transferase to the methylmalonyl-CoA
decarboxylase (Supplementary Figure Sla). The methyl-
malonyl-CoA decarboxylase subunit alpha (mmdA) has
previously been used as a marker gene for the succinate
pathway [14]. We wanted to know whether mmdA gene
similarity was a good predictor for succinate consumption.
To answer this, we reconstructed the phylogenetic tree of
mmdA sequences from GTDB and tested a selection of
isolates from along the tree for their ability to consume
succinate (Supplementary Figure S1b). All the four genera
identified in the enrichments could consume succinate in
monoculture in the same in vitro conditions (Supplemen-
tary Figure S1c). However, the majority of the other tested
isolates did not consume meaningful amounts of succi-
nate, despite closely related mmdA genes (Supplementary
Figure S1c). This suggests that the presence of a homolo-
gous mmdA gene—or even the complete succinate path-
way as in many Bacteroidetes—is not sufficient to confer
the ability to consume extracellular succinate in the tested
conditions. Together with the fecal enrichments, these
results suggest that extracellular succinate consumption in
human fecal samples is constrained to very few taxa that
include the four genera identified here.

Intestinal succinate-consuming bacteria differ in their
succinate conversion rate

The in vitro enrichments essentially test for the competi-
tive ability of the bacteria that comprise the fecal micro-
biota for succinate. The outcome of such a competition
is influenced by two key factors: (i) the per capita rate at
which the taxa consume succinate and (ii) the population
size of each taxon in the inoculum.

To test whether the identified taxa differ in their per cap-
ita succinate consumption rate, we performed in vitro cul-
tures of eleven representative isolates in a growth medium
supplemented with 80 mM succinate and measured the
decrease in succinate concentration and the resulting bac-
terial growth over time (Fig. 2a). The representative isolates
included two from the genus Dialister (D. hominis and D.
invisus), four from Phascolarctobacterium (4x P. faecium),
one from Phascolarctobacterium_A (P. succinatutens), and
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three from the genus Flavonifractor (3x E plautii). We
then estimated the succinate consumption rates of each
isolate by deriving a substrate consumption and growth
model and subsequently fitting it to the succinate concen-
tration and optical density data in a Bayesian framework
(Fig. 2a and the “Methods” section).

The mathematical model provided a good fit to the
experimental data for the Dialister, Phascolarctobac-
terium, and Phascolarctobacterium_A isolates (Fig. 2b
and Supplementary Figure S2). This confirms that these
bacteria directly use the energy from converting suc-
cinate to propionate for growth. In contrast, the model
was not a good fit to the data for Flavonifractor for which
we observed diauxic growth with a first phase without
appreciable succinate consumption (Supplementary Fig-
ure S3). To account for this diauxie, we expanded the
model to include a second preferred but unobserved
growth substrate (Fig. 2a). Only once this substrate was
depleted does succinate consumption start. This updated
model proved a much better fit to the data (Fig. 2b and
Supplementary Figure S3). With the estimated model
parameters at hand, we then compared the strains based
on their per capita succinate consumption rate.

The estimated succinate uptake rates were consist-
ent within genera but differed strongly between genera
(Fig. 2¢). Phascolarctobacterium strains consumed succi-
nate at twice the rate compared to Dialister strains, with
63.7 mM/h/OD on average and 30.7 mM/h/OD on aver-
age, respectively. This translates to longer times required
to consume all of the supplemented succinate for the
Dialister cultures compared to the Phascolarctobacterium
cultures given equal inoculum densities. Flavonifractor
strains had an even lower uptake rate, with 11.5 mM/h/
OD on average. However, this did not translate to substan-
tially longer times required to consume the supplied suc-
cinate because the Flavonifractor cultures first grew on an
alternative preferred resource and thus initiate succinate
consumption at substantially larger cell densities. This
can explain why Flavonifractor is more strongly enriched
in the fecal microbiomes M8-M12 compared to Dialister
despite slower per capita uptake rate. Overall, these results
confirm that the observed differences in the rate of succi-
nate consumption between the whole fecal microbiomes
can be mapped to differences in uptake rates of the suc-
cinate consuming bacteria.

Having demonstrated that the succinate consumption
rate differs between taxa, we next asked to what degree
the starting abundances of the succinate consumers
might have impacted the overall consumption rate. We
thus quantified the relative abundance of the four genera
in the thirteen fecal microbiota.

The three genera
Phascolarctobacterium_A,

Phascolarctobacterium,
and Dialister followed a
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Fig. 2 Succinate-consuming gut bacteria differ in their succinate uptake rate. a To estimate the rate at which different representative isolates
consume succinate, we performed replicate cultures of a panel of eleven isolates in media supplemented with 80 mM of succinate as the primary
carbon source. Each replicate culture was destructively sampled at a different time point between 0 and 60 h. We then estimated the succinate
uptake rate by fitting a mathematical model of succinate uptake and growth to the data. We accounted for the observed diauxic growth

of Flavonifractor sp. by adding a second (unobserved) resource to the model (blue terms). b Experimental data and model fits for one representative
isolate of each genus. For each isolate, two biological replicate “sets” were inoculated (circles and triangles). Initial bacterial concentrations, x,,

and succinate concentrations, A,, were estimated separately for each replicate set and are shown as separate lines. Data for Flavonifractor isolates
used the diauxic model. ¢ Posterior mean estimates (bars) and 90% highest-probability density intervals (black lines) for the eleven strains. P1: P
faecium DSMZ 14760; P2: P faecium PB-SDVAP; P3: P faecium PB-SJWFW: P4: P faecium PB-SPUPY:; P5: P succinatutens DSMZ 22533; D1: D. hominis
DSMZ 109768; D2: D. invisus PB-SARUR; D2: D. succinatiphilus DSMZ 21274; F1: F. plautii DSMZ 24814; F2: F. plautii PB-SCBYV; F3: F. plautii PB-SSJQB

different compositional pattern than Flavonifractor
(Fig. 3a). The former three all had a bimodal abundance
distribution in the fecal samples and were either present
at 1-7% or otherwise undetectable. In contrast, Flavoni-
fractor was detected in all thirteen fecal microbiota at
a consistent abundance of 0.01-0.4%. Because Flavoni-
fractor only consumes succinate as a secondary prefer-
ence, we hypothesized that the bimodal prevalence of
the three “primary” consuming genera was the result
of mutual exclusion from strong substrate competition.
If this was the case, then each fecal sample should only
harbor one of the three consumers. Indeed, each of the
thirteen fecal microbiota only had one dominant pri-
mary succinate consumer (Fig. 3b), in most cases with
full mutual exclusion (at the sensitivity of sequencing),
and this pattern of mutual exclusion also occurred at
the species (Fig. 3c) and ASV level (Supplementary
Figure S4).

The clear association between the dominant primary
succinate consumer and inoculum microbiota indi-
cates that different human intestinal microbiota might
be well-classified by the identity of their primary succi-
nate degrader: their “succinotype” Based on the patterns

observed here, we introduce the “P” and “D” succinotypes
for fecal microbiota that have either Phascolarctobacter
ium/Phascolarctobacterium_A or Dialister, respectively
(Fig. 3c). For the P succinotype, we grouped the two gen-
era together because of both their phylogenetic proxim-
ity and similarity in per capita uptake rate. We next asked
whether such a classification of human microbiomes
into succinotypes was robust beyond the 13 tested fecal
microbiota.

Succinotypes appear broadly across human cohorts

and are associated with disease

To test whether our classification of succinotypes was
generalizable to fecal human microbiota more broadly,
we analyzed nine publicly available cohorts of 16S ampli-
con human fecal microbiome data comprising a total of
11,885 samples [23—27]. Furthermore, we also analyzed
85 cohorts with shotgun metagenomic data from the
curatedMetagenomicData collection [28]. We used a
consistent taxonomic classification based on the Genome
Taxonomy Database (GTDB r95) [29].
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Fig. 3 Human fecal microbiota can be classified into “succinotypes”based on their dominant succinate consuming bacterium. a Relative
abundances of the four identified succinate consuming genera in the fecal microbiota. b The three genera Phascolarctobacterium,Phascolarctoba
cterium_A, and Dialister are strongly mutually exclusive. The position in the ternary diagram shows to the relative abundance of the three genera
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in the fecal microbiota resolved at the species level. The asterisk indicates the dominant species in a fecal microbiota. We assign fecal microbiota
with a dominant Phascolarctobacterium,Phascolarctobacterium_A to a succinotype “P"and those with a dominant Dialister to a succinotype “D”
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Fig.4 Clear succinotypes are found broadly and are associated with disease. a The distribution of the relative abundance ratio of Dialister (D)
compared to Phascolarctobacterium/Phascolarctobacterium_A (P) in fecal samples is strongly bimodal. The histogram encompasses 9 pooled
cohorts of 16S amplicon data with a total of 8911 individuals. b Transition probabilities between succinotypes over time estimated individuals

with repeat samples in the BIO-ML cohort. ¢ Distribution of relative abundances of D (red) and P (blue) in the fecal samples of healthy individuals.
There is no significant difference between D and P across cohorts. d Succinate concentrations in fecal samples from the BIO-ML cohort
(Mann-Whitney Utest, p = 0.001619). e Fraction of subjects assigned the D and P succinotype across cohorts and disease status. Dark colors are
healthy subjects and light colors are IBD patients. f Succinate concentrations in fecal samples from the PRISM cohort. There are no significant
differences in fecal succinate between healthy subjects and IBD patients. AGP: American Gut Project; UCC CAN: UCC Canadian Cohort; UCC IRE: UCC
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The majority of individuals across all cohorts had a well-
defined succinotype. Most samples in the amplicon data
(91.3%) had detectable abundances of either Dialister or
Phascolarctobacterium, with slightly lower proportions
in the shotgun data (76.9%). In order to robustly assign a
succinotype, we set either a threshold of at least 10 reads
assigned to either D or P (when counts were available)
or otherwise a combined relative abundance of at least
0.01%. We retained 8911 samples after pruning multi-
ple samples from the same subject. We then computed

the abundance fraction, r = xp/(xp + xp), where the
x are the abundances of D and P, respectively. The vast
majority of samples had r values that were close to 0 or 1,
respectively (Fig. 4a, Supplementary Figure S6). We thus
assigned a succinotype when the abundance of D was at
least ten times higher than P, and vice versa, thatisr < 0.1
orr > 0.9. Doing so, we were able to assign clear succino-
types to 7,653 (85.6%) of the retained amplicon samples
and 11,442 (91.2%) of the retained shotgun samples.
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We next asked whether the assignment of succino-
types to individuals remained stable over time using two
of the cohorts. The Broad Institute-OpenBiome Micro-
biome Library (BIO-ML) and the Health Practitioners
Follow-up Study (HPES) comprise individuals that were
sampled more than once. From these data, we computed
the transition probabilities between succinotypes, that is,
the fraction of times an individual changed its succino-
types from D to P or vice versa. In BIO-ML, individuals
retained the same succinotype in the subsequent fecal
sample 88.9% and 94.4% of the time for D and P, respec-
tively (Fig. 4b), and the same was confirmed in the HPFS
study (92% and 94%, Supplementary Figure S6). This
demonstrates that individuals can be robustly classified
into either a “D” or “P” succinotype based on their cross-
sectional microbiome composition.

The relative abundance of the succinate utilizers did
not differ between healthy individuals with different suc-
cinotypes. For each healthy subject, we computed the
total relative abundance of succinate utilizers as the sum
of relative abundances of D and P. The succinate utilizers
had a mean relative abundance of 1.14%, with a 95% of
the samples between 0.11 and 12.0% (Fig. 4c). We tested
for a difference in relative abundance of the succinate uti-
lizers between individuals that were assigned to either
succinotype. To account for potential variability between
datasets, we used a mixed-effects model with random
slopes and intercepts for the succinotype across cohorts.
There was no consistent significant effect of succinotype
on the log relative abundance (p = 0.503). This implies
that the size of the “succinate utilization niche” is con-
served and hence does not depend on the identity of the
taxon that occupies the niche.

We hypothesized that the lower rate of succinate con-
sumption by Dialister as compared to Phascolarctobacte-
rium would imply that the net concentration of succinate
is higher in D-type as compared to P-type individuals. To
test this, we used the metabolomic data from the BIO-ML
cohort. Fecal succinate concentrations were significantly
higher in D-types compared to P-types (Mann-Whitney
U test, p = 0.001619; Fig. 4d), and there was no signifi-
cant effect of the relative abundance of succinate utilizers
in a linear model including both succinotype and relative
abundance (p = 0.559, Supplementary Figure S7). These
results support the notion that the niche size of succinate
consumption does not differ between succinotypes, but
that the slower removal of succinate by Dialister mani-
fests as a higher net succinate concentration.

Given these increased levels of intestinal succinate and
the reported role of succinate in inflammation [3], we
hypothesized that a Dialister succinotype would be more
prone to intestinal inflammation—and possibly at higher
risk of inflammatory bowel disease (IBD). We tested for
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an effect of succinotype on IBD status using all cohorts
in a logistic regression on succinotype with cohort as a
random effect.

IBD patients were consistently more likely to be
D-types than P-types (Fig. 4e). The odds ratio of IBD
versus healthy was 2.2 times lower for P-types com-
pared to D-types (logit regression, § = —0.805, CI =
[—1.16, —0.449], p = 9.27 - 107°). We thus asked whether
succinate concentrations are disproportionately higher
in D-type IBD patients than P-types using the metabo-
lomic data from the PRISM cohort [30], for which tax-
onomic composition based on shotgun metagenomic
data paired with metabolomic data were available [31].
Consistent with the data from BIO-ML, fecal succinate
concentrations were higher in D-types than in P-types,
but the difference was not significantly different from
that in healthy individuals (Fig. 4f; two-way ANOVA,
Fipp(1,217) = 2.32, pp = 0.12, Fspype(1,217) = 6.29,
Pstype = 0.013). Overall, this suggests that the Dialister
succinotype contributes in some manner to IBD patho-
genesis, likely as the result of its slower consumption of
succinate.

Finally, to check to which extent the association of suc-
cintypes with disease was specific to IBD, we looked at
the succinotype distributions in a set of other diseases
that were part of the curatedMetagenomicDatasets pack-
age. Two diseases, colorectal cancer (CRC) and athero-
sclerotic cardiovascular disease (ACVD), were associated
with the P succinotype (Supplementary Figure S8). How-
ever, none of the other tested diseases were significantly
associated with the D succinotype, indeed suggesting a
specific role of high Dialister or low Phascolarctobacte-
rium in IBD.

Discussion

The goal of this study was to map out which human intes-
tinal bacteria are the main consumers of succinate—a
metabolite that is at a key crossroad of human and micro-
biome metabolism. Our multi-faceted analysis of fecal
microbiota and bacterial isolates identified two bacte-
rial taxonomic groups as key succinate consumers in
human intestinal microbiomes, Phascolarctobacterium
and Dialister. These two taxa are highly mutually exclu-
sive in fecal microbiomes of western populations, allow-
ing for the clear classification of individuals into P and D
“succinotypes.” These succinotypes differ with respect to
their succinate consumption rate, with the D types con-
suming succinate more slowly than the P-succinotypes,
and this translates to higher fecal concentrations of suc-
cinate. Finally, while the prevalence of succinotypes in
healthy populations is rather balanced, IBD patients are
significantly more likely to have a D-succinotype than a
P-succinotype. This provides evidence for an imbalance
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between host and microbiota succinate metabolism in
intestinal inflammatory diseases like IBD.

The discovery that only two taxonomic groups occupy
the succinate niche in human intestinal microbiota is
strikingly simple and somewhat unexpected given the
wider diversity of intestinal bacteria that have been
reported to consume succinate. These include, for exam-
ple, Clostridioides difficile and Clostridium kiluyveri that
convert succinate to butyrate [32, 33] or Veillonella par-
vula that decarboxylates succinate during lactate con-
sumption [17]. However, these bacteria do not per se
use succinate as a growth substrate, with the former two
regenerating NAD+ and the latter increasing growth
yield from lactate but not able to grow on succinate
alone. This might be similar to how Flavonifractor plautii
uses succinate in our data, with a comparatively low per
capita consumption rate. In contrast, Phascolarctobacte-
rium and Dialister generate energy for growth from the
decarboxylation of succinate. Yet, because the energetic
yield of converting succinate to propionate is low [34],
there is limited selection pressure for bacteria to special-
ize on succinate consumption. This is further illustrated
by those bacteria that encode the full succinate pathway,
like Bacteroides sp., but mostly favor cutting short and
excreting succinate instead of fully running the pathway
to produce propionate [35]. Using succinate as a growth
substrate has been observed for other taxa, including
Propionigenium modestum [36] and Peptostreptococcus
sp. [34], but given that (a) Phascolarctobacterium and
Dialister are de facto fully mutually exclusive and (b) the
prevalence of either is close to 100% in humans, we posit
that these two taxonomic groups have specialized spe-
cifically on succinate consumption in the human intes-
tine. What the evolutionary process was that resulted in
this arrangement, and whether there is more fine-scale
strain-level diversity also within the two genera remains
to be investigated.

It is also surprising, based on our results, that D-suc-
cinotypes are stable and are not invaded by Phascolarc-
tobacterium, given that its higher per capita succinate
consumption rate should impart a fitness advantage over
Dialister. We do note that a small minority of subjects
in our fecal enrichments and also the public data have
mixed succintoypes with comparable abundances of
Dialister and Phascolarctobacterium. Whether these are
snapshots of a transient shift from one succinotype to the
other and more generally what the ecological forces are
that stably maintain a succinotype in an individual over
time is yet to be uncovered.

To what degree the observed consumption rate dif-
ferences translate to what happens in situ needs to be
carefully evaluated. Our fecal enrichment approach was
designed to probe bacterial competitive ability in the
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relevant background of the full complex microbiota but
by design makes specific choices of the growth environ-
ment and also neglects the host. Indeed, the consump-
tion of succinate is dependent on a number of cofactors,
in particular vitamin B}, [37] and sodium [34, 36], and
the specific local concentrations of these and other cofac-
tors need not be the same in our lab setup and in humans.
We do observe a decrease in succinate in all tested fecal
samples, suggesting that our lab setup does allow for
succinate consumption to occur, even though some of
D-succintoype enrichment replicates did not consume
succinate within the observation window. A more con-
servative interpretation of the difference in consumption
rates is that Phascolarctobacterium has a more robust
succinate consumption system than Dialister and is thus
less dependent on externally supplied cofactors and con-
ditions. Nevertheless, the observed higher fecal succinate
concentrations in D-succinotype individuals compared to
P-succinotypes despite equal population sizes is at least
compatible with an in vivo difference in consumption
rate.

Our results provide a rare mechanistic link between
microbiome composition and function, and are a basis
on which to functionally interpret compositional dysbi-
osis in disease. Differential abundances of both Phasco-
larctobacterium and Dialister have been independently
reported as associated with IBD but have mostly not been
interpreted together. The first analyses of the OSCCAR
and PRISM cohorts already reported Phascolarctobacte-
rium as one of the two only genera that were significantly
reduced in UC and CD patients [38] with no specific
mention of Dialister, an observation independently con-
firmed in other cohorts [39, 40]. Subsequent studies also
reported concomitant decreased abundances of Phasco-
larctobacterium and increased Dialister between IBD
patients and healthy controls [40, 41]. While these stud-
ies did point into the direction of a role of intestinal suc-
cinate in IBD, our classification into functionally different
succinotypes now allows for a mechanistic interpretation
of these consistent signals.

Attempting to classify human microbiota into differ-
ent types is not new, the most prominent example being
the “enterotypes” [42, 43]. Our succinotype classification
differs from the enterotype classification in an important
way: succinotypes are primarily informed by a functional
phenotype, while enterotypes are informed by statistical
differentiation of microbiome composition. While such
statistical classification can be useful to reduce complex
compositional differences into a simple grouping, there
is per se no direct interpretation of what this grouping
means. In contrast, the two succinotypes we describe
here are based on succinate consumption rate and thus
can be directly interpreted.
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Finally, the succinotype classification allows for a
robust stratification of patients based on a clinically rel-
evant feature. Clinical parameters can then be tested for
association with disease. In our analysis, for example,
fecal succinate concentrations are higher in IBD patients
compared to healthy controls, but this difference is better
explained by succinotype rather than disease status. Such
biomarker-based patient stratification is a powerful tool
to inform treatment decisions and ultimately improve
treatment outcomes.

Methods

Stool collection

The research project was approved by the Ethic Com-
mittee of the Canton of Zurich (2017-01290). Fresh
fecal samples were donated from 13 healthy individuals
with no history of antibiotic use, intestinal infections,
or severe diarrhea during the 3 months prior to making
the donation. The donors did not take immunosuppres-
sive drugs, blood thinners, or medication affecting the
bowel passage or digestion. Fecal samples were anaero-
bically transported in an airtight container together
with an Oxoid™ AnaeroGen™ 2.5 L sachet (Thermo
Fisher Diagnostics AG, Pratteln, Switzerland) and pro-
cessed within 3 h after defecation. Stool consistency
was evaluated optically according to the Bristol Stool
Scale [44], and samples within the defined range of a
healthy stool, notably with a score between 3 and 5,
were accepted.

Preparation of anaerobic culture media

The growth medium was adapted from the M2GSC
medium [45] for the in vitro enrichments of complex
cultures as in Anthamatten et al. [22] and additionally
also from YCFA [46] for single cultures. Briefly, in con-
trast to the common M2GSC and YCFA media, our basal
medium did not contain any specific carbon sources, i.e.,
no glucose, starch, or cellobiose and had reduced concen-
trations of amicase (1 g/L), yeast extract (1.25 g/L), and
meat extract (0.5 g/L). All medium ingredients except
sodium bicarbonate and L-cysteine HCl were dissolved
in an Erlenmeyer flask, and the pH was adjusted to pH
7 using 5 mM sodium hydroxide. The media were boiled
for 15 min under constant moderate stirring to removal
oxygen and using a Liebig condenser to prevent vapori-
zation of ingredients. After boiling, the media were
constantly flushed with CO,. Sodium bicarbonate and
L-cysteine hydrochloride monohydrate were added when
the media had cooled to 55 °C for further reduction of
residual oxygen for 10 min. Aliquots of 8 mL of medium
were filled into Hungate tubes under constant flush-
ing with CO,, and Hungate tubes were sealed with butyl
rubber stoppers and screw caps (Millan SA, Geneva,
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Switzerland). The media were subsequently sterilized by
autoclaving and stored at room temperature.

Stool processing

The fecal samples were transferred into an anaerobic
chamber (10% CO,, 5% H,, and 85% N,) (Coy Labora-
tories, Ann Arbor, MI, USA). One gram of fecal sample
measured with a sterile plastic spoon (VWR Interna-
tional, Dietikon, Switzerland) was suspended in 9 mL of
anaerobic dilution solution (ADS). The dilution step was
repeated and 1 mL of the resulting 100-fold dilution was
transferred into 9 mL of ADS in a sterile Hungate tube.
Serial dilutions down to 107! were continued outside
of the anaerobic chamber under sterile anaerobic condi-
tions using the Hungate technique to determine the total
viable cells after transport using the most probably num-
ber method.

Batch enrichments in succinate-rich conditions

Anaerobic in vitro enrichments were performed in Hun-
gate tubes sealed with butyl rubber stoppers and screw
caps (Millan SA, Geneva, Switzerland). For each enrich-
ment, 0.3 mL of the 1078 fecal sample dilution was inocu-
lated into 8 mL of cultivation medium in Hungate tubes.
Enrichments were performed for each of the 13 studied
microbiota in three replicate cultures in a basal medium
supplemented with 30 mM of disodium succinate and in
an non-supplemented control condition. The media were
buffered at an initial pH of 6.5. All cultures were incu-
bated at 37 °C for up to 7 days. The optical densities were
measured at 600 nm directly in the Hungate tubes with a
WPA CO 8000 Cell Density Meter (Biochrom Ltd, Cam-
bridge, England).

Microbial metabolite analysis

Succinate concentrations were measured by HPLC analy-
sis. Samples were prepared from 1 mL of bacterial culture
centrifuged at 14,000 g for 10 min at 4 °C. The superna-
tant was filtered into 2 mL short thread vials with crimp
caps (VWR International GmbH, Schlieren, Switzerland)
using non-sterile 0.2 pm regenerated cellulose membrane
filters (Phenomenex Inc., Aschaffenburg, Germany). A
volume of 40 pL of sample was injected into the HPLC
with a flow rate of 0.6 mL/min at a constant column
temperature of 80 °C and using a mixture of H,SO, (10
mM) and Na-azide (0.05 g/L) as eluent. Analyses were
performed with a Hitachi Chromaster 5450 RI-Detec-
tor (VWR International GmbH, Schlieren, Switzerland)
using a Rezex ROA-Organic Acid (4 %) precolumn con-
nected to a Rezex ROA-Organic Acid (8 %) column,
equipped with a Security Guard Carbo-H cartridge (4 x 3
mm). Metabolite concentrations were determined using
external standards (all purchased from Sigma-Aldrich,
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Buchs, Switzerland) via comparison of the retention
times. Peaks were integrated using the EZChromElite
software (Version V3.3.2.5P2, Hitachi High Tech Science
Corporation).

DNA extractions and compositional profiling by 16S
metagenomic sequencing

The total genomic DNA was extracted from 200 mg
of stool or from pellets of 1 mL culture (centrifuged at
14,000 g for 10 min at 4 °C), using the Maxwell®RSC
PureFood GMO and Authentication Kit. The quality of
all DNA extracts was confirmed on a Tris-Acetate-EDTA
(TAE)-1.5 % agarose gel. The total DNA concentration
after extraction was quantified using the Qubit®dsDNA
HS Assay kit. We performed amplicon sequencing of the
16S rRNA V3-V4 region on Illumina MiSeq (2x 300 bp)
using the primer combination 341F (5'-CCTACGGGN-
BGCASCAG-3") and 806bR (5-GGACTACNVGGG
TWTCTAAT-3"). Library preparation and sequencing
was performed by StarSEQ GmbH (Mainz, Germany)
with 25 % PhiX. Amplicon sequence variants (ASVs) were
inferred using Dada2 v1.18.0. Forward and reverse reads
shorter than 250 and 210 were filtered. The maximum
number of expected errors was set to 4 and 5 for forward
and reverse reads, respectively. Inference was performed
in “pseudo pool” mode. Read pairs were merged with a
minimum overlap of 20, and chimeras were removed
using the “consensus” method. After processing, the
median number of reads per sample was 22,716 with an
IQR of 17,937-27,904. Taxonomic annotation was done
with the RDP classifier of Dada2 using the GTDB r95
database [47].

Succinate-specific enrichment

We first determined the genus-level composition of
each of the succinate supplemented (SU) and non-sup-
plemented (SU-) enrichment cultures based on 16S
amplicon sequencing. To this end, we computed the
regularized genus-level relative abundance by grouping
all ASVs that were taxonomically classified as the same
genus and normalizing the genus-specific read counts by
the total read count in the sample after adding a pseudo-
count of 1 if a specific genus had at least one count in the
fecal sample or any derived enrichment culture. Note that
in a Bayesian interpretation, the pseudo-count of 1 corre-
sponds to a flat Dirichlet prior in a Dirichlet-Multinomial
model for read counts. To account for unspecific growth,
we determined maximum regularized relative abundance
of a genus in the SU- enrichments. We defined the succi-
nate-specific enrichment as the difference in regularized
relative abundance of the genus in the SU cultures minus
the unspecific growth.
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We tested for associations of genera with succinate
consumption categories of the fecal microbiota using
a statistical approach. We first filtered for those genera
for which the maximum succinate enrichment across
all enrichments was at least 0.01, yielding 35 out of a
total of 292 genera. With these 35 genera, we then
performed a joint linear regression of the enrichment
score on the interaction of consumption category, day,
and genus with no intercept. This tests, for each com-
bination genus, category, and day, whether the suc-
cinate enrichment is statistically different from zero.
We then selected those genera with p < 0.05 and an
estimated mean larger than zero. Using this approach
we identified the four genera Phascolarctobacterium,
Phascolarctobacterium_A, Dialister, and Flavonifractor.

Identification of the mmdA gene and succinate pathway
The goal was to broadly identify putative succinate
consumers based on the similarity to the mmdA gene
of the Veillonella parvula succinate-to-propionate
cluster (UniProt Q57079). We first looked for puta-
tive hits in all translated genomes from GTDB release
214 with phmmer (HMMER 3.3) and filtered for those
with an e-value below 1071%0, resulting in 1643 dis-
tinct genomes. For each genus, we kept only the hit
with the lowest e-value, leaving 281 distinct gen-
era. We then performed multiple sequence align-
ment with MAFFT [48] 7.453 including the human
PCCB gene to use as a phylogenetic outgroup. Finally,
we reconstructed the phylogeny of mmdA genes
using RAXML-NG [49] 1.2.0 with a JTT+G model,
10 maximum parsimony starting trees, and 200 boot-
straps. For representative genomes of the four succi-
nate utilizers (GCA_000160055.1, GCA_003945365.1,
GCA_010508875.1, GCA_023497905.1), we identi-
fied the succinate-to-propionate gene cluster using
gutSMASH [50].

Testing of isolates for succinate consumption

Strains were pre-cultured in M2GSC medium, with the
exception of Akkermansia muciniphila DSMZ 22959
that was pre-cultured in M2-based medium supple-
mented with 3 g/L of type II mucin (Sigma-Aldrich Che-
mie GmbH, Buchs, Switzerland) and Veillonella parvula
DSMZ 2008 that was pre-cultured in M2-based medium
supplemented with 60mM of DL-lactic acid 90% (Sigma-
Aldrich Chemie GmbH, Buchs, Switzerland). To test
for succinate consumption, we inoculated 0.1 mL of 48
h pre-cultures into 8 mL of M2-based medium supple-
mented with 30 mM or 80 mM of succinate and quanti-
fied the succinate concentrations after 2 and 7 days.
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Cultures for succinate consumption kinetics

The strains to be tested were pre-cultured in YCFA
medium supplemented with 80mM of succinate. To
standardize the starting cell densities, we quantified
the cell concentrations of the pre-cultures by flow
cytometry using live/dead staining. A double staining
assay with the two nucleic acid dyes SYBR Green (SG)
and propidium iodide (PI) was used to differentiate
between cells with intact (viable) and damaged (dead)
cytoplasmic membranes [51]. We aimed for a start-
ing cell density of 1 x 107 cells/mL; if necessary, pre-
cultures were diluted accordingly in anaerobic dilution
solution.

Cultures were performed in 8 mL of YCFA medium
supplemented with 80 mM of succinate. We selected
sampling times for the different strains based on pre-
liminary growth test in order to target the time window
where most of the succinate consumption occurs: 1 h
intervals during 25 h for Phascolarctobacterium, 2 h
intervals during 52 h for Flavonifractor, and 4 h inter-
vals during 100 h for Dialister. Separate cultures were
inoculated for each time point to avoid effects from
repeated sampling and full duplicates using separate
pre-cultures.

Estimation of the per capita succinate consumption rate
We modeled succinate uptake following Monod,

A A .
dat =~ Pxxa® (1)
e @
dr dt’

where A(t) is the concentration of substrate and x() is the
microbial density at time ¢. u is the maximum per capita
succinate uptake rate, and ¢ is the growth yield per unit
succinate taken up.

We then estimate the parameters i, ¢, and K using
Bayesian Markov Chain Monte Carlo (MCMC) using
Stan [52, 53]. For each sample of the parameters, we
first numerically solve the system of ordinary differen-
tial Egs. (1) and (2) with A(0) = Ag and x(0) = x9. We
then compute the log-likelihood of the observed data
using the following hierarchical model,

X () ~ N(x(t), 52),
A@) ~ N (A1), 54),
where N signifies the normal distribution, with the

parameters sampled from the following prior distribu-
tions unless otherwise specified,
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sz ~ N(0,0.001), s,
sa ~N(0,0.01), s4
w~N(G0,2), w=0,
Ing ~ N (-2,0.3),
K ~N(20,3), K=>0,
Inxg ~ N(0.004,0.1),
InAg ~ N(80,0.03).

0,

>
207

We use the Runge-Kutta (4,5) method as implemented
in CmdStan to solve the system of ODEs. Summary sta-
tistics for the sampled parameters and convergence diag-
nostics are listed in Supplementary Text S1.

To account for bacterial growth on a first (unobserved)
preferential substrate, we modified Egs. (1) and (2) to
include a relative allocation into the uptake of a prefer-
ential substrate, B, and a secondary substrate, A. For sim-
plicity, we use the affinity fraction, B/(Kp + B), from the
Monod equations as the switch between substrates,

dA A (B

A _ _ .

it = Mx1a\' T Kz+B @)
dB _ B .
a - Mra+BY (4)
Y s ®
dr — Bar  ar

We then estimated the parameters in an analogous
MCMC approach as the simpler model, with the addi-
tional or modified priors,

pa ~ N(50,10), pa >0,

ms ~ N(100,40), up >0,
Inpp ~ N(=2,0.3),

Kg ~N(20,3), Kp>0.

Because the concentration of the substrate B is not
observed, we cannot estimate the values of By, which we
set to By = 100 without loss of generality. This implies
that the value of B and thus also up, ¢, and Kp are in
arbitrary units.

Other amplicon and shotgun metagenomic data

For the American Gut Project [24], we downloaded
the sOTU tables and corresponding DNA sequences
from figshare and performed a new taxonomic assign-
ment with the GTDB r95 database and the RDP classi-
fier from Dada2. For the PROTECT [27] and UCC [25]
data, we downloaded the raw sequencing reads from
NCBI PRJNA436359 and PRJNA414072 and inferred
ASVs and performed taxonomic assignment using the
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same pipeline as for the enrichment data. Additionally,
we fetched those datasets from the “gut microbiome-
metabolome dataset collection” [31] that were based on
16S amplicon data [23, 26, 54—56] and directly used the
ASV counts and GTDB taxonomic assignments.

For the shotgun metagenomic data, we fetched all
datasets from the curatedMetagenomicData [28] for
which relative abundance were computed and used the
provided taxonomic assignments. Additionally, we also
fetched the compositional and metabolomic data for
PRISM [30] cohort from the “gut microbiome-metabo-
lome dataset colletion”
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