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Abstract

Background The human gut microbiota ferments carbohydrates to produce metabolites that mediate beneficial
community functions. While the production of the short-chain fatty acids (SCFAs) acetate, propionate, and butyrate
is well characterized, how valerate and caproate are produced has remained enigmatic.

Results Here, we characterize the production of valerate and caproate by the gut microbiota. In a continuous culture
model of a defined gut bacterial community, we observed that valerate took longer to reach physiological levels

than acetate, propionate, or butyrate and correlated with Lachnospiraceae. This led us to test valerate and caproate
production by members of Lachnospiraceae. While tested Lachnospiraceae isolates produced low levels of valerate
and caproate at baseline, physiological concentrations of SCFAs activated valerate and caproate production in a spe-
cies-specific manner. Furthermore, providing isotopically labelled SCFAs revealed that isolates of Anaerostipes hadrus
and Coprococcus comes, which are members of Lachnospiraceae, directly incorporate exogenous acetate, propion-
ate, and butyrate into valerate and caproate in a manner consistent with the reverse (3-oxidation pathway. Therefore,
we examined this pathway in Lachnospiraceae and found that Lachnospiraceae spp. encode different copy numbers
and variants of the enzyme acetyl-CoA acetyltransferase (ThIA). ThIA performs the first step in reverse (3-oxidation

by condensing acyl-CoA molecules. We demonstrate that tested Lachnospiraceae ThlA protein variants consume pro-
pionyl-CoA and acetyl-CoA substrates consistent with valerate production. Coprococcus comes, the only tested species
to produce caproate, encodes a second ThlA protein with increased activity on butyryl-CoA. In human fecal samples,
multiple genera of Lachnospiraceae correlate with butyrate, while Coprococcus also correlates with caproate levels.

Conclusions These findings reveal a role of certain members of the Lachnospiraceae as prominent producers
of valerate and caproate within human microbiomes through the reverse B-oxidation pathway.

Introduction

In the anoxic environment of the colon, the microbiota
ferments carbohydrates, including dietary polysaccha-
rides that are otherwise inaccessible to the host. This
metabolic activity leads to the production of short-chain
fatty acids (SCFAs), which include acetate, propionate,
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and butyrate [1, 2]. Production of acetate, propionate, and
butyrate has been well characterized and they accumulate
to 12.8-103.4 mmol/kg (37.4 median), 4.5-27.8 mmol/
kg (12.5 median), and 4.0-53.0 mmol/kg (12.4 median)
in human fecal samples, respectively [3, 4]. Indeed, the
ability to produce acetate is widely distributed across gut
taxa, and multiple pathways for butyrate and propionate
have been characterized [5-8]. However, these are not
the only fermentation metabolites produced, as valerate
and caproate are also produced by the microbiota and
range in human fecal samples from 0.6 to 3.8 mmol/kg

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40168-025-02220-9&domain=pdf

Fitzgerald et al. Microbiome (2025) 13:201

(2.4 median) and 0 to 3.6 mmol/kg (0.5 median), respec-
tively [4]. Valerate and caproate have variably been cat-
egorized as SCFAs or medium-chain fatty acids [9, 10].
Notably, in comparison to SCFAs, less is known about
valerate and caproate production in the gut.

SCFAs contribute to colonization resistance, provide
an energy source for colonocytes, and modulate the
immune system [1, 11-13]. Interestingly, recent stud-
ies have also uncovered important roles for valerate and
caproate. For example, valerate inhibits Clostridiodes dif-
ficile at concentrations between 2 and 20 mM, and thus
contributes to colonization resistance [14]. At the cellu-
lar level, valerate acts as a histone deacetylase (HDAC)
inhibitor in CD8" T cells, altering gene expression at con-
centrations between 250 uM and 2.5 mM [15]. Further-
more, exposure to 300 uM to 2 mM of valerate reduces
IL-17A production in CD4* T cells, proinflammatory
cytokine production in macrophages, and regulates intes-
tinal barrier function in colonic epithelial cells [16-18].
In mice, valerate levels decrease during intestinal inflam-
mation in a dextran sodium sulfate (DSS) model, and, in
this model, valerate administration by intraperitoneal
injection ameliorates inflammation [18]. In agreement,
recent meta-analyses indicate that decreases in valer-
ate are more consistent across cohorts compared to the
decrease of SCFAs in patients with inflammatory bowel
disease (IBD) [19, 20]. Further, it has been reported that
caproate is decreased in IBD patients [21]. Given the
accumulating evidence that valerate and caproate are
functional, health-associated metabolites, identifying
which microbes produce them and how production is
regulated represents an important question.

While relatively little is known about valerate and
caproate production by the gut microbiota compared to
SCFAs, there are known metabolic pathways that yield
these metabolites. First, valerate and caproate can be
produced through fermentation of amino acids using
amidase enzymes [22-25], and in agreement, supple-
mentation of various amino acids can increase levels in
a complex community [24]. Alternatively, Megasphaera
spp., which are commonly used in industrial settings and
can also be gut residents, produce valerate and caproate
through the reverse B-oxidation pathway [10, 26]. This
pathway is dependent on an acetyl-CoA acetyltrans-
ferase enzyme (EC 2.3.1.9, denoted here as ThlA), which,
in Megasphaera spp. condenses acyl-CoA molecules
of varying lengths to yield butyrate, valerate, caproate,
and longer fatty acids. However, whether amino acid
metabolism or the presence of Megasphaera accounts for
valerate and caproate production in most human micro-
biomes remains unclear.

Lachnospiraceae are gram-positive anaerobes that are
prevalent and abundant in the human gut microbiota
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[27]. Collectively, they are important contributors to
SCFA production [28]. Some species, such as Blautia
spp., are acetogenic and produce high levels of acetate
[6]. Others, such as Anaerostipes hadrus and Coprococ-
cus comes, produce butyrate using a reverse [-oxidation
pathway and either butyrate kinase or butyrate trans-
ferase to convert butyryl-CoA to butyrate [27, 29].
Although there are exceptions [30], Lachnospiraceae are
often health associated, and their SCFA production abil-
ity enables them to contribute to colonization resistance
and other beneficial microbiome functions [11, 31]. How-
ever, whether Lachnospiraceae contribute to valerate or
caproate production is unknown.

Here, we examined valerate and caproate produc-
tion by the gut microbiota. Unexpectedly, we found that
valerate accumulation to physiological levels is slower
than SCFAs in a continuous culture model of the colonic
microbiome and correlates with Lachnospiraceae. This
led us to test production by Lachnospiraceae isolates.
We found that, while production of valerate or caproate
is low under baseline conditions, supplementation with
exogenous SCFAs activates significant valerate and/
or caproate production in a species-dependent man-
ner by butyrate-producing Lachnospiraceae. All tested
butyrate-producing Lachnospiraceae directly incorporate
exogenous propionate into valerate, while only C. comes
incorporates butyrate into caproate. Unlike isolates of the
other tested species, isolates of C. comes encode a sec-
ond ThlA enzyme with a larger active site tunnel, which
shows greater consumption of butyryl-CoA. This indi-
cates that variations in ThlA enzymes can impact valer-
ate and caproate production. Finally, we found that, while
Megasphaera is present in the gut microbiota of some
individuals [32, 33], valerate- and caproate-producing
Lachnospiraceae genera are more prevalent. Further-
more, both Coprococcus and Megasphaera significantly
correlate with caproate in stool samples. Overall, this
reveals that a select group of Lachnospiraceae produce
physiological levels of valerate and caproate in high SCFA
environments like the colon.

Materials and methods

In vitro continuous culture model

Infors Multiflors 2 bioreactor vessels (Infors HT) were
used to culture a defined community of bacterial strains
in a continuous culture system, as previously described
[34]. In these experiments, biological replicates were
defined as independent vessels. Healthy human donor-
derived strains included in the community are listed in
Table S1 [35]. The vessels were fed a mucin-based media
designed to mimic the colonic environment, maintained
at pH 6 with HCl or NaOH, and maintained under
anaerobic conditions with nitrogen sparging. Media
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composition is as described by [36]. Vessels were oper-
ated in batch mode for the first 24 h before switching
to continuous culture operation with a retention time
of 24 h. Daily samples were collected and centrifuged at
13,000x g for 3 min. Supernatant was collected for gas
chromatography mass spectrometry (GC-MS) analy-
sis, and DNA was extracted from the pellet using the
QIAamp PowerFecal Pro DNA Kit (Qiagen, USA), with
the following modifications: after samples were subjected
to bead-beating for 20 min, they were incubated in a
95 °C water bath for 10 min and sonicated for 5 min, after
which Proteinase K (Thermo Fisher) was added to a final
concentration of 19.5 mg/mL with incubation at 70 °C for
10 min. The protocol then proceeded according to the
manufacturer’s directions. 16S rRNA 300 bp sequencing
of V3-V4 amplicon was performed by the University of
Guelph Genomics Facility by Illumina MiSeq. Sequenc-
ing reads were then filtered/trimmed, grouped into
amplicon sequence variations, and assigned taxonomy
using the DADA?2 package [37]. PCoA graphs were gen-
erated using Bray—Curtis dissimilarity.

Bacterial Strains and Growth

Strains

All Blautia spp., Anaerostipes hadrus, Coprococcus
comes, and Eubacterium rectale strains were previously
isolated from healthy human donors as described in [27].
Roseburia spp. strains and strains included in the donor-
derived defined community were previously isolated and
reported in [35]. A complete list of strains is provided
in Table S1. Species included in the 6-strain consor-
tium were A. hadrus, C. comes, Blautia luti, Clostridium
innocuum, Clostridium symbiosum, and Dorea longicat-
ena, with or without Anaerotignum lactatifermentans
(see Table S1).

Growth

All bacterial strains were grown in an anaerobic chamber
(Coy Laboratory Products), supplied with a gas mix of
90% N,, 5% CO,, and 5% H,. The strains were streaked
on pre-reduced brain heart infusion agar plates, supple-
mented with 0.5% yeast extract and 0.1% cysteine (BHIS-
agar). Isolated colonies were suspended in pre-reduced
PBS, which was used to inoculate BHIS broth at a 1:100
dilution. Unless otherwise stated, Lachnospiraceae
strains in broth and on plates were grown at 37 °C for
16 h. For broth cultures, 200 uL were collected for ODgy,
to measure growth, and a 1-mL aliquot was collected
and centrifuged at 13,000 X g for 3 min. The supernatant
was stored at — 80 °C until GC-MS analysis. For in vitro
experiments, at least three independent biological repli-
cates were performed. Biological replicates were defined
as independent assays performed on different days with
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bacteria inoculated from different streak plates made
from frozen glycerol stocks.

SCFA assay broth

BHIS supplemented with SCFAs was prepared by add-
ing acetic acid, propionic acid, or butyric acid at concen-
trations of 30 mM, 10 mM, and 10 mM, respectively, to
autoclaved BHIS. For individual SCFA assays, propionic
acid or butyric acid was added at 10 mM. pH in the SCFA
supplemented BHIS was corrected to 7 using NaOH. For
isotopically-labelled SCFA experiments, 2C'® acetate,
3C"® propionate, and 4C!* butyrate were used (Sigma-
Aldrich). Supplemented broths were filter sterilized and
reduced in the anaerobic chamber overnight.

Intracellular acyl-CoA analysis

Bacterial strains were grown in BHIS at 37 °C with or
without SCFAs, as above, for 4 h until mid-exponential
phase. The strains were then chemically lysed using a
bacterial protein lysis buffer kit (Biobasic, USA), as per
the manufacturer’s instructions. The lysate was stored
at—80 °C for GC—-MS analysis.

Inositol assay broth

BHIS broth without dextrose (Alpha Bioscience, USA),
supplemented with 0.5% yeast extract and 0.1% cysteine,
was diluted 1:1 with water containing 5% w/v of the
respective sugar. The broth was syringe filtered and
reduced in the anaerobic chamber overnight.

Metabolomics

Fatty acids and amino acids

Targeted metabolomics analysis was performed on col-
lected bacterial culture supernatant samples as previ-
ously described in [38]. Briefly, supernatant samples were
suspended in ice-cold methanol (4:1) containing internal
standards of D3-acetate and D7-butyrate. Following thor-
ough mixing, the samples were centrifuged at 13,000 X g
at 4 °C for 18 min. 100 pL of the supernatant was trans-
ferred to a 2-mL glass vial and 100 pL of borate buffer
(pH 10), 400 uL of acetonitrile with 150 mM pentafluor-
obenzyl bromide (PFBBr-Sigma-Aldrich) and 600 pL
of hexane were added. The samples were incubated in a
thermomixer at 65 °C for 1 h with shaking at 1500 rpm.
Following incubation, 400 pL of hexane was extracted
from the organic layer and 1 pL was injected into an Agi-
lent GC-MS (5977B) with a 10:1 split. The samples were
analyzed in negative chemical ionization mode using
methane as the reagent gas and helium as the carrier
gas. Peaks were identified using Mass Hunter Quantita-
tive and normalized to the internal standards. Concen-
tration values were calculated using a standard curve
for acetate (CAS: 71-50-1), propionate (CAS: 72-03-7),
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butyrate (CAS: 107-92-6), valerate (CAS: 10,023-74-2)
and caproate (CAS: 151-33-7). Fold changes for isobu-
tyrate (CAS: 5711-69-3), isovalerate (CAS: 503-74-2),
valine (CAS: 72-18-4), leucine (CAS: 61-90-5), isoleu-
cine (CAS: 73-32-5), and glutamate (CAS: 11,070-68-1)
were calculated by normalizing peak areas to D3-acetate.

Acyl-CoA

Acyl-CoA  derivatives (Acetyl-CoA, Propionyl-CoA
and Butyryl-CoA) were detected using glycine amino-
lysis and PFBBr derivatization as previously described
[39]. Briefly, 0.5 M glycine in ethanol was added to the
sample at a 1:2 ratio. The pH was corrected to 10 using
NaOH, and the samples were incubated at 70 °C for 4 h.
Following incubation, the pH was corrected to 1 using
HCl, and the sample was suspended in methylene chlo-
ride (1:100) to extract the N-acylglycines. The samples
were dried down in a speedvac, and then N-acylglycines
were derivatized by adding 30 uL of acetonitrile, 10 pl of
35% PEBBr in acetonitrile, and 10 pL of diisopropylethyl-
amine. The reactants were incubated at 40 °C for 30 min,
and then the solvent was evaporated using a speedvac.
The derivatized N-acylglycines were suspended in 200 pL
of methylene chloride and thoroughly mixed. 80 puL was
transferred to a glass Agilent vial, and 1 puL was injected
into the GC—MS. The samples were analyzed in negative
chemical ionization mode using methane as the reagent
gas and helium as the carrier gas. The peaks were identi-
fied using Mass Hunter Quantitative and normalized to
the glycine.

Acetyl-CoA Acetyltransferase Analysis

thlA analysis

Bacterial whole genome sequences from previously
published gut microbe biobanks [27, 40—42] (accession
numbers: PRINA596270, PRJNA544527, PRINA482748,
and PRJNA412637) were annotated through Prokka
[43]. Roseburia spp. DNA was extracted, as above, and
genomes were sequenced by Plasmidsaurus Inc using
Oxford Nanopore (ONT) long reads. Gene copy number
plots and operons were generated in R Studio. Protein
and nucleotide sequences were aligned using MUSCLE
v5 [44]. A thlA maximum likelihood tree was generated
using RAXML [45] and the 16S rRNA dendrogram tree
with thlA gene copy numbers was generated using hierar-
chical clustering.

Structure analysis

Predicted ThlA protein structures were generated using
Alphafold 3 [46]. Acetobutyryl-CoA binding was mod-
eled using Chai-1 [47]. Structures were visualized in
PyMol.
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Human Microbiome Project

16S rRNA abundance data was downloaded from the
iHMP data [32, 33] portal along with the associated meta-
data. The paired metabolomics were downloaded from
the NIH Common Fund’s Metabolomics Data Repository
and Coordinating Center (Project ID: PR000639).

ThlA Protein Assay

pET29-b(-) plasmids with the individual thlA genes
containing 6xHis tags and kanamycin resistance were
ordered from Twist Bioscience (South San Francisco,
USA). The plasmids were then transformed into chemi-
cally competent E. coli (DH5a) using the heat shock
method and plated with LB media containing 50 mg/mL
kanamycin. Single isolated colonies were used to inocu-
late overnight cultures. The plasmids were then extracted
using a miniprep kit (Thermo Scientific), as per the man-
ufacturer’s instructions and sequenced through Sanger
sequencing by the University of Guelph Genomics Facil-
ity. The plasmids were transformed into chemically com-
petent E. coli (BL21 DE3), made in-house and grown in
1 L cultures at 37 °C until an ODyg, value of 0.6-0.8 was
obtained. Next, 1 mM IPTG (dioxane-free) was utilized to
induce plasmid expression at 16 °C for 20 h, and the cells
were harvested by centrifuging at 5000xg for 30 min.
The pellet was then resuspended in an extraction buffer
(50 mM tris pH 8.0, 500 mM NaCl, 500 mM imidazole,
2 mM DTT) together with 1 mM phenylmethylsulfonyl
fluoride and lysed using a sonicator. The protein lysates
were obtained by centrifuging at 50,000 g for 30 min.
Immobilized metal affinity chromatography (IMAC)
with a 1-mL HisTrap HP column attached to a peristaltic
pump was used for protein purification from the lysate.
The proteins were eluted using an increasing gradient
of imidazole (20-500 mM). SDS-PAGE and Coomassie
staining were used to confirm purification. The proteins
were then desalted into a minimal buffer (50 mM tris pH
8.0, 150 mM NacCl, 500 mM, 2 mM DTT) using gravity
columns and concentrated using an Amicon® Ultra-15
Centrifugal Filter Unit 10 kDa. Finally, the concentrated
proteins were quantified using a NanoDrop2000 spectro-
photometer and frozen at—80 °C.

The ability of these ThlA proteins to catalyze reactions
with the acyl-CoA derivatives (acetyl-CoA, propionyl-
CoA and butyryl-CoA) was determined using previously
described methods in [48]. Briefly, ThlA (100 ng/ml) vari-
ants were added to 50 mM Tris—HCI (pH 7.4), 0.2 mM
NADH, acyl-CoA derivatives (acetyl-CoA 5 mM when
independent or 0.5 mM with other acyl-CoAs, propi-
onyl-CoA 5 mM and butyryl-CoA 10 mM) and excess
17-B-hydroxysteroid dehydrogenase (Hsd4a). The mix-
ture was incubated at 37 °C for 2 h and then stored
at—80 °C until GC-MS analysis.



Fitzgerald et al. Microbiome (2025) 13:201

Statistical Analysis

Statistics were performed using R Studio. One-way
ANOVA calculations were performed with post-hoc
Tukey test. In the ThlA activity assay, the variance across
enzymes was not equal and therefore, a pairwise t-test
with Bonferroni correction was utilized that confirmed
the results of a one-way ANOVA with post-hoc Tukey
test. P values<0.05 were considered significant. Spear-
man correlations were used to assess the continuous cul-
ture model and the Human Microbiome Project data.

Results

Distinct accumulation kinetics of SCFA and valerate

in a microbial community

Given the importance of valerate in host-microbe and
microbe-microbe interactions, we sought to investigate
how the microbiota produces valerate. We established a
126-strain gut microbe community in a continuous cul-
ture bioreactor fed a complex, mucin-containing media
representing nutrients available in the colon (Table S1)
[35]. Using this system, we tracked daily changes in
community composition and metabolite production
(Fig. 1A). By day 11, the concentrations and relative
ratios of SCFAs and valerate were within physiological
ranges with higher concentrations of acetate, propionate,
and butyrate compared to valerate (Fig. 1B) [4, 49-51].
Caproate did not accumulate in this system (data not
shown). Next, we examined daily samples to determine
the kinetics of SCFA and valerate accumulation. This
revealed that acetate was the first SCFA to accumulate
to physiological concentrations and reached>40 mM
on day two before plateauing or declining (Fig. 1C and
Fig. S1A). Initially, propionate and butyrate accumu-
lated rapidly and reached>10 mM on day 3 (Fig. 1C
and Fig. S1A). After this initial phase, the accumulation
of propionate and butyrate slowed or plateaued (Fig. 1C
and Fig. S1A). Interestingly, valerate showed the slowest
kinetics of accumulation and reached >1 mM at day nine
and was continuing to increase at day eleven (Fig. 1C
and Fig. S1A). At days 2 and 3, when SCFAs were already
at high levels, the valerate concentration was below
0.5 mM. We noted that, while the overall pattern of SCFA
accumulation was consistent, individual reactors showed
variation in SCFA concentrations over the run; however,
all had slower valerate accumulation compared to the
SCFAs (Fig. S1A).

Next, we measured changes in community composi-
tion. As expected for a colonic microbiota, on day eleven,
the Bacillota and Bacteroidota phyla were the most
abundant and represent >90% of the community, along-
side lower levels of Actinomycetota or Pseudomonadota
(Fig. 1D). Lachnospiraceae and Bacteroidaceae were
the most abundant families (Fig. 1E). Overall, replicate
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communities showed consistent progression in com-
position over time (Fig. SIBC). However, in line with
variations in SCFA concentrations (Fig. S1A), we noted
modest variations in community progression in indi-
vidual reactors. Replicates one and two had increased
Bifidobacteriaceae at early timepoints and lower Bac-
teroidaceae with higher Lachnospiraceae at later time-
points compared to replicates three and four (Fig. SIAC).

Next, we used the dynamic nature of these communi-
ties and correlated daily relative abundances of microbial
families with SCFA and valerate levels. This revealed that
Lachnospiraceae were the family which most strongly
correlated with valerate (Fig. 1FG). However, Lachno-
spiraceae also positively correlated with propionate and
butyrate (Fig. 1F and Fig. S1D). Furthermore, we noted
that Bacteroidaceae also correlated with the SCFAs and
valerate (Fig. 1F). Overall, none of the abundant families
correlated exclusively with valerate (Fig. 1F).

Exogenous SCFAs altered valerate and caproate
production

Since the accumulation of valerate to physiological lev-
els was slower than SCFAs, we asked whether extracel-
lular SCFAs regulate valerate production. We focused
our initial analysis on Lachnospiraceae since they had
the strongest correlation with valerate. We profiled
SCFA, valerate, and caproate production by 9 Lach-
nospiraceae isolates in the presence and absence of
exogenous SCFAs. Under baseline conditions, isolates
of the acetogenic Blautia genus produced acetate but
not propionate, butyrate, or valerate (Fig. 2A-C and
Fig. S2A). As expected, A. hadrus and C. comes iso-
lates produced 5-10 mM of butyrate (Fig. 2B). Further-
more, A. hadrus isolates reduced acetate present in the
media by 1.3 mM on average, while isolates of C. comes
increased acetate concentrations by 8.3 mM (Fig. 2A).
Interestingly, none of the tested Lachnospiraceae iso-
lates released valerate under these growth conditions.
However, valerate production significantly increased
when the butyrate-producing Lachnospiraceae isolates
were grown with a physiological mix of exogenous
SCFAs (Fig. 2C). In contrast, Blautia isolates did not
exhibit SCFA-regulated valerate production. Under
these conditions, the tested Lachnospiraceae strains
did not produce isobutyrate or isovalerate and did not
deplete valine, leucine, isoleucine, or glutamate that
have been previously linked to valerate, isobutyrate,
and isovalerate production through amino acid fermen-
tation (Fig. S2B-D) [24, 25]. Interestingly, we observed
inter-species variability, with isolates of C. comes pro-
ducing an average of 427 uM of valerate compared to
108 uM in A. hadrus cultures (Fig. 2C). Next, we meas-
ured caproate production and found that only C. comes
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produced caproate, which increased with SCFA sup-
plementation from 18 to 25 uM (Fig. 2D). Since SCFAs
can alter microbial growth [52], we measured Lach-
nospiraceae growth under these SCFA-supplemented
conditions. Interestingly, exogenous SCFAs increased
the growth of most valerate-producing C. comes and A.
hadrus strains, whereas no difference was observed for
two Blautia strains or one strain of A.hadrus (Fig. S2E).
Together, this demonstrates that exogenous SCFAs

activate valerate and caproate production in a species-
dependent manner.

Next, we determined if valerate and caproate produc-
tion was triggered by specific SCFAs, and expanded the
tested species to include strains of butyrate-producing
Eubacterium rectale (also known as Agathobacter rec-
talis) and Roseburia spp. Exogenous propionate, but
not butyrate, activated valerate production by all tested
butyrate-producing  Lachnospiraceae isolates, and
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valerate levels were higher compared to levels in mixed
SCFA conditions, averaging 875 pM and 865 uM in A.
hadrus and C. comes cultures respectively (Fig. 2CE,
S2GH). Culture densities of C. comes, E. rectale, Rose-
buria spp., and Blautia spp. were not altered by propi-
onate addition, while some strains of A. hadrus showed
increased growth (Fig. S2F). Conversely, supplementation
with butyrate, but not propionate, increased caproate
production by C. comes, while no other isolates produced
caproate (Fig. 2F). For most strains, butyrate supple-
mentation did not alter culture density, while a single E.
rectale strain showed decreased density (Fig S2F). Propi-
onate-activated valerate production was dose dependent
and varied with propionate levels across a physiological
range of concentrations (Fig. 2G, H). In these experi-
ments, extracellular propionate levels tended to decrease
when valerate was produced (Fig. 2GH).

To investigate SCFA-activated valerate and caproate
production more broadly, we grew strains present in the
model gut community individually. Under control con-
ditions, valerate production was low for all constituents
but increased in a subset of butyrate-producing Lachno-
spiraceae with SCFA supplementation averaging 355 pM
(Fig. 21, Table S2). Furthermore, while a limited number
of strains produced low levels of caproate at baseline,
production was increased with SCFA supplementa-
tion in a subset of butyrate-producing Lachnospiraceae,
including strains of C. comes (Fig. 2I). Further, we noted
that within the Bacteroidaceae family, strains of Bacte-
roides kribbi also produced low levels of valerate, but not
caproate (Fig. 21, Table S2). Production of valerate by B.
kribbi was lower than that by Lachnospiraceae, did not
require SCFA supplementation, and remained<75 pM
across conditions. Distinct from valerate-producing
Lachnospiraceae, the tested B. kribbi strains also pro-
duced isobutyrate/isovalerate and strongly depleted
valine, isoleucine, leucine, and glutamate (Fig. S2B-D).

Direct incorporation of exogenous SCFAs into valerate

and caproate by Lachnospiraceae

Next, we asked if Lachnospiraceae directly incorporate
extracellular SCFAs into valerate and caproate by com-
bining acetate with propionate to yield valerate, or ace-
tate with butyrate to yield caproate. To address this, five
strains of A. hadrus and two strains of C. comes were
grown with 3C isotopically labelled SCFAs. Inclusion
of +2 acetate in the physiological SCFA mixture led to
production of+2 butyrate by A. hadrus and C. comes
(Fig. 3A and Fig. S3A). In addition, labelled acetate was
incorporated into+2 valerate by C. comes and A. had-
rus, and+2,+4,+6 caproate by C. comes (Fig. 3A and
Fig. S3A). Strains of C. comes, which are net acetate pro-
ducers, showed reduced incorporation of exogenous+2
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acetate into butyrate (9%+2 butyrate) and valerate
(17%+ 2 valerate), compared to strains of A. hadrus (32%
and 50%, respectively), which are net consumers of exog-
enous acetate (Figs. 2A and 3A). Strikingly, when + 3 pro-
pionate was provided, all valerate produced by C. comes
or A. hadrus was detected as+ 3 valerate, with no label-
ling of butyrate or caproate (Fig. 3B and Fig. S3B). Sup-
plementation with+4 butyrate resulted in production
of +4 caproate only in C. comes cultures (Fig. 3C and
Fig. S3C). Finally, to directly test if exogenous acetate
and propionate could be combined to produce valer-
ate, we grew Lachnospiraceae with both+2 acetate
and + 3 propionate. This led to the production of both +3
and + 5 valerate, consistent with a condensation reaction
between exogenous propionate and either exogenous or
endogenous acetate (Fig. 3D and Fig. S3D). Altogether,
this shows that Lachnospiraceae directly incorporate
exogenous SCFAs into valerate and caproate.

Activating valerate production by Lachnospiraceae

We next investigated if valerate production by Lachno-
spiraceae could be rationally modulated without the addi-
tion of exogenous SCFAs. In baseline conditions, tested
strains of C. comes and A. hadrus produce butyrate but
do not produce propionate (Fig. 2A and Fig. S2A). How-
ever, members of Anaerostipes produce propionate when
grown on inositol in a strain-specific manner [53]. There-
fore, we asked if providing inositol to trigger propionate
production would result in subsequent valerate produc-
tion. In agreement with earlier reports, we observed
strain-specific propionate production by A. hadrus with
inositol supplementation, while tested C. comes strains
did not produce propionate (Fig. 4A). As predicted, this
also increased valerate production in the inositol-metab-
olizing A. hadrus strains (Fig. 4B). In growth media with-
out dextrose or inositol, A. hadrus strains produced low
amounts of propionate and valerate. Interestingly, valer-
ate production had slightly slower accumulation kinet-
ics compared to propionate, consistent with the valerate
production kinetics observed in community cultures
(Fig. 4C, Fig. 1C).

We observed that Anaerotignum lactatifermentans, a
member of the model microbiota, produces high levels of
propionate (Fig. 2I). Therefore, we tested if co-culturing
butyrate-producing A. hadrus or C. comes with A. lactat-
ifermentans isolates would activate valerate production.
In monocultures, A. lactatifermentans produces 11 mM
of propionate but does not produce valerate (Fig. 4D).
In contrast, co-cultures of A. lactatifermentans with A.
hadrus and C. comes produce 92 and 175 uM of valerate
respectively, indicative of propionate cross-feeding from
A. lactatifermentans to A. hadrus and C. comes (Fig. 4E).
Next, we asked if the addition of A. lactatifermentans
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Fig. 4 Carbon source and co-culture conditions regulate valerate production in Lachnospiraceae. A, B Strain-dependent production of A
propionate by 5 A. hadrus and 2 C. comes strains increases B valerate production during inositol supplementation. C Accumulation of propionate
and valerate by inositol-utilizing A. hadrus with or without inositol supplementation (mean + standard deviation of 3 biological replicates). D, E
Production of propionate D by an A. lactatifermentans strain supports E valerate production in co-culture with A. hadrus and C. comes strains. F
Production of acetate, propionate, butyrate, and valerate in co-cultures of A. lactatifermentans with a mixture of 6 Lachnospiraceae species (1 strain
of A. hadrus, C. comes, Blautia luti, Clostridium innocuum, Clostridium symbiosum, and Dorea longicatena). For A, B, D, E, F, bars show the mean value,
and points show individual biological replicates. Statistical tests were performed by one-way ANOVA with post-hoc Tukey test (* indicates p <0.05,

**p<0.01, **p<0.001)

to a consortium of six Lachnospiraceae would activate
valerate production. Interestingly, this consortium pro-
duces both acetate and butyrate but not propionate
or valerate at baseline. In contrast, co-cultures of the
Lachnospiraceae consortium with A. lactatifermentans

produce 22 mM of acetate, 10 mM of propionate, 15 mM
of butyrate, and 1 mM of valerate (Fig. 4F). Overall, this
demonstrates that growth conditions and model com-
munities can be controlled to activate Lachnospiraceae
valerate production.
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Lachnospiraceae encode multiple variants of acetyl-CoA
acetyltransferase proteins

Next, we examined the pathway of valerate production in
Lachnospiraceae. The gut microbiota can ferment amino
acids including valine, isoleucine, leucine, and glutamate
to yield valerate, isobutyrate, and isovalerate [22, 23,
54]. However, valerate-producing Lachnospiraceae did
not deplete these amino acids or produce isobutyrate/
isovalerate (Fig. S2B, C). Alternatively, Megasphaera
spp. produces butyrate, valerate, and caproate through
a reverse [-oxidation pathway that depends on a ThlA
enzyme (EC 2.3.1.9) (Fig. 5A) [10, 26]. ThlA performs a
condensation reaction between two acyl-CoA molecules
in a stepwise reaction catalyzed by conserved catalytic
cysteine residues. Therefore, we performed comparative
genomic analyses of the reverse -oxidation pathway of
Lachnospiraceae that functions in butyrate production
(Fig. S4A.B) [8]. This revealed that, unlike other Lachno-
spiraceae isolates in our panel, C. comes strains, which
produce both valerate and caproate, encode two copies
of thlA, referred to here as thlA_1 and thlA_2. Similarly,
Megasphaera, which also produces both valerate and
caproate, encodes two thlA copies (Fig. S4B). Therefore,
we sought to investigate the use of different acyl-CoA’s
by Lachnospiraceae ThlA enzymes in the first step of the
reverse [3-oxidation pathway.

First, we compared ThlA protein sequences across a
collection of gut microbes [27, 40—42] which revealed
extensive diversity, particularly within the Lachno-
spiraceae family (Fig. 5B). We noted that C. comes
ThlA_1 clustered with ThlAs from other Lachnospiraceae
species, whereas ThlA_2 was distinct and clustered with
ThlAs from Megasphaera spp. (Fig. 5B). In agreement,
ThlA_2 shared less than 70% sequence identity with other
ThlA proteins from our tested panel of isolates, including
ThlA_1 (Fig. 5C). Next, we examined the genomic con-
text of Lachnospiraceae thlA genes. In tested C. comes
isolates, thlA_2 is adjacent to the gene cluster containing
thlA_1 and genes encoding the reverse -oxidation path-
way (Fig. 5D). Despite sequence variation, overall, the
Alphafold 3 predicted structures of C. comes ThlA_1 and
ThlA_2, and A. hadrus ThlA were similar, especially in
the position of their catalytic cysteine residues (Fig. 5E).

Next, we asked if Lachnospiraceae ThlA variants could
use acyl-CoA substrates consistent with the observed
patterns of valerate and caproate production. To test
this, we expressed C. comes ThlA_1, A. hadrus ThlA,
and C. comes ThlA_2 in E. coli and purified the pro-
teins. Using the purified proteins, ThlA assays were per-
formed with different acyl-CoA substrates and an Hbd
protein to favor the forward reaction [48]. ThlA activity
was measured by observing the consumption of acyl-
CoA substrates (Fig. S5A). In reactions with acetyl-CoA,
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all three enzymes depleted similar amounts of acetyl-
CoA (Fig. 5F). To test if these ThlA variants could sup-
port valerate production, we performed assays with both
acetyl- and propionyl-CoA. All three enzymes were able
to deplete propionyl-CoA along with acetyl-CoA (Fig. 5F)
consistent with the valerate production capabilities of
both C. comes and A. hadrus. Given the restricted pro-
duction of caproate, we hypothesized that the C. comes
ThIA_2 protein might be the enzyme primarily respon-
sible for condensing butyryl-CoA and acetyl-CoA in
caproate biosynthesis. In agreement, when butyryl-CoA
and acetyl-CoA were provided, ThlA_2 depleted signifi-
cantly more butyryl-CoA compared to other tested vari-
ants (Fig. 5F). Therefore, the second copy of ThlA showed
unusually high turnover of butyryl-CoA, consistent with
the unique ability of C. comes, among these isolates, to
produce caproate. Structural models of ThlA_2 show a
significantly deeper substrate-binding tunnel than its
homologs; in Chai-1 models, this tunnel is able to accom-
modate acetobutyryl-CoA in a catalytically competent
conformation without significant van der Waals clashes
(Fig. 5G).

Given the ability of all three tested ThlA proteins to uti-
lize propionyl-CoA, we asked if strains of A. hadrus and
C. comes convert extracellular propionate into intracel-
lular propionyl-CoA. To investigate this, we quantified
propionyl-CoA levels from whole-cell lysates of A. had-
rus and C. comes following supplementation with 3C iso-
topically labelled propionate. As expected, following+3
propionate supplementation, both species produce+3
propionyl-CoA, which indicates they convert exogenous
propionate to intracellular propionyl-CoA (Fig. S5B).

Valerate and caproate production across members

of the gut microbiota

Next, we investigated the distribution of thlA and reverse
B-oxidation genes across 3766 gut microbiota isolates
from published biobanks [27, 40-42]. ThlA genes are
restricted to the Bacillota and Pseudomonadota phyla,
with varying copy numbers (Fig. 6A). Further, isolates
which encode two copies of thlA and a complete reverse
B-oxidation pathway accounted for only 1.2% (44 iso-
lates) of the total isolates, of which the majority belong
to the Lachnospiraceae and Clostridiaceae families, along
with Megasphaera isolates in Veillonellaceae (Fig. 6B),
suggesting a specialist function in valerate and caproate
production.

Next, we examined the presence of these genera in
the Human Microbiome Project (HMP) dataset [32, 33].
First, we compared the abundance and prevalence of the
tested Lachnospiraceae genera to Megasphaera. Across
440 healthy and 1198 IBD patient samples, tested gen-
era of valerate-and caproate-producing Lachnospiraceae
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Fig. 6 Lachnospiraceae correlate with butyrate and caproate production in the human microbiota. A 165 rRNA dendrogram of gut microbes
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which encode multiple th/A copies and the entire reverse 3-oxidation pathway. C Prevalence of indicated genera in human fecal samples
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were more prevalent and abundant than Megasphaera
(Fig. 6C). Megasphaera was detected in<15% of sam-
ples at an average relative abundance of 6.7x107% In
contrast, Coprococcus, Anaerostipes, Eubacterium, and
Roseburia were detected in 57%, 58%, 92%, and 94%
of samples, respectively (Fig. 6C). Furthermore, these

genera were detected at average relative abundances of
4.6x1073, 6.6x107% 58x1072 and 3.5x1072, respec-
tively (Fig. 6C). This suggests that for most microbiota
community compositions, butyrate-producing Lach-
nospiraceae are a likely primary source of valerate and
caproate production.
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Next, we examined paired metabolomics data®*33,

and correlated butyrate and caproate levels with genera
of Lachnospiraceae and Megasphaera. In this dataset,
valerate was not distinguished from isovalerate. Except
for Anaerostipes, the tested butyrate-producing Lachno-
spiraceae genera correlate with butyrate. Strikingly, only
the Coprococcus and Megasphaera genera correlate with
caproate, consistent with their ability to produce caproate
(Fig. 6D). Finally, we compared levels of these metabolites
between healthy controls and individuals with IBD (both
Ulcerative Colitis (UC) and Crohn’s disease (CD)). When
compared to samples from healthy individuals, propion-
ate levels are significantly lower in UC samples, while
butyrate levels are significantly lower in CD samples.
Interestingly, caproate was significantly lower in both UC
and CD compared to the healthy samples (Fig. 6E).

Discussion

In this study, we found that extracellular SCFAs trigger
valerate and caproate production by butyrate-producing
Lachnospiraceae through the reverse [-oxidation path-
way. Production of physiological levels of these impor-
tant metabolites is species specific, with strains of A.
hadrus, E. rectale, and Roseburia spp. producing valer-
ate, whereas C. comes strains produce both valerate and
caproate. These valerate- and butyrate-producing Lach-
nospiraceae are prevalent and abundant in the human
microbiota (Fig. 6C) [32, 33]. Indeed, across tested Lach-
nospiraceae genera, several correlate with butyrate in
human fecal samples, while only C. comes correlates with
caproate (Fig. 6D). Therefore, in addition to their recog-
nized role as important SCFA producers, select members
of the Lachnospiraceae are also valerate and caproate
producers.

The reverse -oxidation pathway combines acyl-CoA
molecules to create longer carbon chains [8, 29]. Pre-
vious studies have shown that this pathway is used by
gut microbes, including Lachnospiraceae, to produce
butyrate through the condensation of acetyl-CoA and
acetyl-CoA [28]. We found that Lachnospiraceae use this
pathway to combine acetate and propionate to produce
valerate, with C. comes also being able to use acetate and
butyrate to produce caproate. Indeed, A. hadrus and C.
comes strains convert extracellular, isotopically labelled
propionate into intracellular propionyl-CoA and directly
incorporate exogenous SCFAs into valerate and caproate
(Fig. 3, Fig. S3). However, while it is known that SCFAs
are weak acids that become protonated and membrane
permeable at acidic pH [11], the mechanisms and regula-
tion of extracellular SCFA uptake that enable and account
for use in valerate and caproate production remain to be
fully characterized. Overall, through SCFA uptake, Lach-
nospiraceae employ the reverse B-oxidation pathway in
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a similar manner to Megasphaera [10, 26]. However, in
contrast to Megasphaera, the tested valerate and caproate
producing Lachnospiraceae are detected in most human
gut microbiomes (Fig. 6) [32, 33].

Differences in endogenous SCFA production between
Lachnospiraceae species can also influence patterns of
valerate and caproate production. Under tested condi-
tions, C. comes is a net acetate producer while A. hadrus
is a net acetate consumer (Fig. 2). These findings are in
line with previous literature examining acetate incorpo-
ration into butyrate by acetate producers and consumers
[55]. As a result, C. comes uses endogenously produced
acetate in place of exogenous 13C-acetate to a greater
extent than A. hadrus (Fig. 3). C. comes can also use
endogenously produced butyrate to produce caproate
(Figs. 2 and 3). Similarly, with inositol supplementation,
A. hadrus produces both endogenous propionate and
valerate, albeit at lower levels compared to conditions
with exogenous propionate supplementation. In line with
previous work characterizing the pathway of inositol use
in Anaerostipes, not all tested strains of A. hadrus in our
assay were able to metabolize inositol and produce propi-
onate [53].

Exogenous propionate incorporation into valerate
occurs along with decreases in extracellular propion-
ate levels (Fig. 2). Surprisingly, for some combinations
of strains and SCFA conditions, the decrease in pro-
pionate is greater than the increase in released valer-
ate (Fig. 2). While some of the consumed propionate
will be cell-associated as propionyl-CoA (Fig. S5), or
pathway intermediates/intracellular valerate, it is pos-
sible that propionate or propionyl-CoA could be used
by Lachnospiraceae in additional ways that remain to
be characterized. Along similar lines, we found that a
mixture of SCFAs increases culture densities of valer-
ate-producing Lachnospiraceae (Fig. S2). In agreement,
growth enhancement with SCFA supplementation has
been previously reported for Lachnospiraceae and other
gut microbes [52, 56]. However, whether growth effects
for these valerate-producing Lachnospiraceae strains are
attributable to increased flux through reverse -oxidation
or other uses of SCFAs remains to be investigated.

The condensation reaction in the reverse [-oxidation
pathway is performed by the ThlA enzyme (EC 2.3.1.9).
For the pathway to produce valerate, Lachnospiraceae
ThlA enzymes must act on a propionyl-CoA in place of
one of the acetyl-CoA molecules. In agreement, propi-
onyl-CoA is consumed in a mixture with acetyl-CoA by
three Lachnospiraceae ThlA proteins (Fig. 5F) and valer-
ate production increases with propionate supplemen-
tation (Fig. 2C, E, I). Interestingly, C. comes produced
higher valerate when grown in the presence of a physi-
ological SCFA mixture than other Lachnospiraceae, but
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produced similar valerate levels as other species with
sole-propionate supplementation (Fig. 2C, E, I). This
indicates that there are species-specific responses to var-
ying SCFA environments that remain to be explored.

C. comes encodes two thlA genes, and biochemical tests
demonstrated greater consumption of butyryl-CoA with
the ThlA_2 protein than either the ThlA_1 protein or the
A. hadrus ThlA protein (Fig. 5F). Thus, the second ThlA
enzyme likely contributes to the ability of C. comes to
produce caproate. It is important to note that analyzing a
wide range of ThlA proteins from gut microbes revealed
substantial sequence variation in these proteins (Fig. 5B).
The influence of this large-scale variation on ThlA pro-
tein function and differential substrate utilization, or
potential differences in subsequent steps of the reverse
[-oxidation pathway, remains to be fully explored.

B. kribbi strains produce valerate, isovalerate, and
isobutyrate while depleting glutamate, valine, isoleucine,
and leucine, which is consistent with amino acid fermen-
tation, as previously reported (Fig. 2, S2) [24, 25]. Indeed,
analyzed Bacteroidaceae genomes were not annotated
to encode ThlA (Fig. 6). The existence of distinct path-
ways of valerate production in the microbiome raises
the possibility that dietary alterations could impact the
source and context of valerate and caproate production.
On high-fiber diets that promote complex carbohydrate
use by the microbiota and high levels of beneficial SCFA
production, reverse P-oxidation may be the primary
source of valerate and caproate. In contrast, high protein/
low fiber diets that increase protein and amino acid use
could increase amino acid-linked valerate production
along with isovalerate/isobutyrate and other metabolites
of protein use, which are often negatively associated with
health [57, 58]. These potential changes in pathways of
valerate production with diet remain to be explored.

Restoring valerate and caproate levels, which are
decreased in IBD patients (Fig. 6) [18—21], by developing
defined microbial consortia could represent a potential
therapeutic approach. Our data indicates that includ-
ing propionate-producing microbes or targeted carbon
sources in Lachnospiraceae-containing consortia may
support recovery of valerate in addition to the SCFAs
acetate and butyrate. In agreement, inclusion of propion-
ate-producing A. lactatifermentans in a consortium with
six Lachnospiraceae strains yields both SCFAs and valer-
ate, which reach physiological levels found in the human
gut (Fig. 4) [4]. However, additional impacts of strain-
strain interactions and nutrient competition on valerate
and caproate production remain to be explored. Moreo-
ver, as these consortium experiments were performed
in vitro, in vivo optimization of valerate and SCFA pro-
duction or restoration has yet to be realized.
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This study has demonstrated that selected Lachno-
spiraceae isolates produce physiological levels of valer-
ate and caproate through their reverse [-oxidation
pathway in response to SCFAs. Overall, this identifies
an additional mechanism through which members of
Lachnospiraceae can influence host health.
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