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Abstract 

Clostridium scindens is a keystone bacterial species in the mammalian gut that, while low in abundance, has a significant impact on 

bile acid and steroid metabolism. Numerous studies indicate that the two most studied strains of C. scindens (i.e. ATCC 35704 and VPI 
12708) are important for a myriad of physiological processes in the host. We focus on both historical and curr ent micr obiological and 

molecular biology work on the Hylemon–Björkhem pathway and the ster oid-17,20-desmolase pathw ay that wer e first discov er ed in 

C. scindens. Our most r ecent anal ysis now calls into question whether strains curr entl y defined as C. scindens r e pr esent two separate 
taxonomic gr oups. Futur e dir ections include dev eloping genetic tools to further explor e the physiological r ole of bile acid and ster oid 

metabolism by strains of C. scindens and the causal role of these pathways in host physiology and disease. 

Ke yw ords: gut micr obiome; ster oids; 7 α-dehydr oxylation; Hylemon–Björkhem pathw ay; secondar y bile acids; ster olbiome; Clostridium 

scindens 
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Introduction 

Clostridium scindens has an interesting history and has come into 
the limelight r ecentl y based on r ene wed inter est in secondary bile 
acids, such as deoxycholic acid (DC A), which ma y pla y an im- 
portant role in preventing the vegetative emergence of Clostrid- 
ioides (Clostridium) difficile in the human gut environment (Buffie 
et al. 2015 , Abt et al. 2016 ), as well as the role of hydrophobic 
secondary bile acids in colorectal cancer (CRC) (O’Keefe 2016 ,
Ocvirk et al. 2021 ) and hepatocellular carcinoma (Yoshimoto et 
al. 2013 , Ma et al. 2018 ). Less well known, but likely of equal im- 
portance in human physiology and health, is the pathway that is 
the basis for its name “scindens,” which means “splitting or cut- 
ting” owing to the side-c hain cleav a ge of cortisol forming 11-oxy- 
androgens (Bokkenheuser et al. 1984 , Morris et al. 1985 , Krafft et 
al. 1987 ). Clostridium scindens is a core member of the human gut,
and perhaps a k e ystone species, responsible for major biotrans- 
formations of bile acids and other steroids that regulate the struc- 
ture of the gut microbiome and host–microbe interactions . Here ,
we r e vie w the major historical figur es and publications r ele v ant 
to 7 ɑ -dehydroxylation of primary bile acids, side-chain cleavage 
of cortisol, and the isolation and c har acterization of C. scindens ,
describe the current understanding of steroid metabolism 

by this bacterial species, host–micr obe inter actions emer ging 
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rom this metabolism, and offer some suggestions for future 
irections. 

istorical paths to C. scindens 
he path to discovering C. scindens began in 1911 with the de-
ection of DCA in human feces by Hans Fischer ( 1911 ). A series
f innovations in chromatography, radiolabeling, and gnotobiol- 
gy around the mid-20th century confirmed that the removal of
he C7-hydr oxyl gr oup in vivo was due to micr obial action on “pri-

ary” bile acids made by the host, whic h gener ated “secondary”
ile acids (Ridlon et al. 2023 ). 

Two lines of evidence led to the isolation of distinct strains of
. scindens . The first evidence came from epidemiological studies
hat indicated that human populations consuming a “Western- 
zed” diet high in animal protein and fat and low in complex di-
tary fiber were at an elevated risk for CRC (McGarr et al. 2005 ).
n contrast, human populations in countries (e.g. Sub-Saharan 

frica, Japan, and India) consuming a traditional diet high in fiber
nd resistant starch consistently sho w ed relatively lo w rates of
RC, as did populations such as Seventh Day Adventists in the
nited States who consumed a vegetarian diet (McGarr et al.
005 ). 
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By 1970, it was already well established by laboratories in Scan-
inavia and Japan that fecal bile acids in germ-free animals re-
ect only those primary bile acid synthesized in the liver and that
acterial contamination was necessary for detection of secondary
ile acids such as DCA and lithocholic acid (LCA) (Ridlon et al.
023 ). The work of Bandaru S. Red d y and Ernst Wynder in the
960s and 1970s identified dietary satur ated fat, as compar ed to
ils, whic h r esulted in significant incr eases in fecal bile acid con-
entrations (Red d y et al. 1977b ). Their pioneering work in rodent
odels of chemical carcinogenesis established DCA as a tumor-

romoter (Red d y et al. 1976 , Red d y et al. 1977a ). The microbiology
f bile acid metabolism lagged during this period, with several re-
orts of successful isolation of bile acid 7 α-dehydroxylating bac-
eria with subsequent loss after transfer or from failure to submit
trains to culture collections (Ridlon et al. 2023 ). In the 1970s, the
solation and study of Clostridium leptum strains exhibiting minor
iotransformation of cholic acid (CA) to DCA r epr esented the po-
ential to determine the enzymatic basis behind the Samuelsson–
ergström model (Ridlon et al. 2023 ). Ho w ever, bile acid metabolic
ctivity was lost when cell extracts were generated, indicating
hat separation and purification of “7 ɑ -dehydroxylase” and “�6 -
 eductase” r epr esented, at least under their conditions, a dead
nd. 

In the late 1970s, Rainer Hammann (see Fig. 1 for his photo)
t the Institut für Medizinische Microbiologie und Immunologie,
niversitat Bonn, Klinkum Venusberg, Bonn, Germany, isolated a
acterium from the feces of a colon cancer patient. This strain
as sent to the Anaer obic Labor atory at Vir ginia Pol ytec hnic Insti-

ute (VPI) and State University in Blacksburg, Virginia, where it was
dentified by Lillian “Peg” V. Holdeman and W.E.C. “Ed” Moore (see
ig. 1 for their photos) as Eubacterium sp. VPI 12708 (Hylemon et al.
980 ). In the early 1980s, Holdeman and Moore sent Eubacterium
p. VPI 12708 and other strains of gut bacteria to the Hylemon
aboratory in the Department of Microbiology and Immunology,
irginia Commonwealth University (VCU), Richmond, VA, where
hese strains were screened by Phillip Hylemon, Bryan White
see Fig. 1 for their photos), and others for bile acid metabolism
Phillip Hylemon, personal comm unication). This r esearc h collab-
r ation pr ov ed to be quite fruitful, as Eubacterium sp. VPI 12708
as found to be capable of quantitative conversion of cholic acid

C A) to DC A (Hylemon et al. 1980 , White et al. 1980 , 1981 , 1982 ,
983 ). In these studies, it was possible to c har acterize bile acid 7 α-
ehydro xylating acti vity in both intact cells and CA-induced cell
xtracts of Eubacterium VPI 12708, setting the stage for both the
esting of the Sam uelsson–Ber gström model and the e v entual de-
elopment of the Hylemon–Björkhem Pathway recognized today
Ridlon et al. 2023 ). 

A few years after initial reports of Eubacterium VPI 12708, a
r am-positiv e spor e-forming anaer obe was isolated fr om the fe-
es of a healthy adult human and named C. scindens ATCC 35704 T 

Bokkenheuser et al. 1984 , Morris et al. 1985 ). This strain, orig-
nally designated “Clostridium strain 19,” was isolated and char-
cterized by Victor D. Bokkenheuser, Jeanette E. Winter, George
. Morris, Anna M. Cerone-McLernon, Sheryl O’Rourke-Locascio,
nd others in the Bokkenheuser laboratory in the Department of
 athology, St. Luke’s-Roose v elt Hospital Center, Ne w York, Ne w
ork, in collaboration with Lillian V. Holdeman and Elizabeth P.
ato at the Anaerobe Laboratory and Alfred E. Ritchie at the Na-

ional Animal Disease Center in Ames, Io w a (see Fig. 1 for their
hotos). In contrast to the c har acterization of Eubacterium sp. VPI
2708 due to its ability to convert CA to DCA, Clostridium strain
9 was isolated based on selection for its ability to cleave the
ide-chain of cortisol, forming 11 β-hydroxyandrostenedione; it
s also capable of bile acid 7 α-dehydroxylation of CA (Bokken-
euser et al. 1984 , Winter et al. 1984 , Morris et al. 1985 ) (Fig. 2 ).
his line of r esearc h on side-chain cleav a ge began with reports

n the 1950s, which indicated that rectal infusions of cortisol in
atients with ulcer ativ e colitis resulted in a substantial increase

n urinary 17-ketoster oids, whic h w as ablated b y oral neomycin
r eatment (Nabarr o et al. 1957 , Wade et al. 1959 ) (Fig. 2 ). How-
 v er, not until 1971 with w ork b y Eriksson and Gustafsson at
he Karolinska Institute in Sweden that gas chromatography-

ass spectrometry of C-21 corticosteroid incubated with hu-
an intestinal contents resulted in confirmation of bacterial

ide-c hain cleav a ge (Eriksson et al. 1971 ). In 1981, the Bokken-
euser lab identified bacterial metabolism of cortisol to both
-19 (5 β-androstane-3 α,11 β,17 β-triol and 5 α-androstane-3 α,11 β-
iol-17-one) and C-21 (tetr ahydr ocortisol, 21-deoxycortisol, and
etr ahydr o-21-deoxycortisol) metabolites in human fecal suspen-
ions (Cerone-McLernon et al. 1981 ) (Fig. 2 ). After the report of
lostridium strain 19 and description of side-chain cleavage of cor-
isol, Victor Bokkenheuser collaborated with Phillip Hylemon and
my Krafft (see Fig. 1 for their photos) and, in a series of pa-
ers, a description of the growth and metabolism of cortisol as
ell as enzymatic activity parameters were described for steroid-
7,20-desmolase in Clostridium strain 19 (Krafft et al. 1987 , 1989 )
Fig. 2 ). 

So how and when did these historical paths to C. scindens
erge? In other w or ds, ho w did Eubacterium VPI 12708, an or-

anism capable of bile acid dehydroxylation, but not side-chain
leav a ge, become C . scindens VPI 12708? In 2000, more than 20
ears after its initial isolation, Eubacterium VPI 12708 and five addi-
ional bile acid-dehydroxylating strains were all reclassified as C.
cindens based on carbohydrate fermentation profiles, 16S rRNA
equencing ( > 97% similarity), and DN A–DN A similarity tests by
 esearc hers at the Japanese Collection of Microorganisms, RIKEN
Kitahar a et al. 2000 ). Ster oid-metabolizing activities, with the ex-
eption of bile acid dehydroxylation (i.e. presence or absence of
ai genes), were not considered in strain reassignment. A decade
arlier, Bokkenheuser and associates, who had isolated C. scindens
TCC 35704 argued that steroid-metabolizing activities (e.g. 17,20-
esmolase activity) are species specific and as such represent dis-
inctiv e tr aits that ar e useful in bacterial identification and tax-
nom y (Bokk enheuser 1993 ). T hus , if w e w ere to use these steroid
iochemical activities as taxonomic tr aits, then or ganisms ca pa-
le of bile acid dehydroxylation, but not cortisol side-chain cleav-
 ge, might be mor e accur atel y designated in a way to differen-
iate them fr om or ganisms (i.e. C. scindens ) that both dehydrox-
late bile acids and cleave the side chain of cortisol. As we will
oon demonstrate , we ha ve attempted via pangenome analysis
o update and extend the definition of what it might mean to be
C. scindens .”

axonomy , morphology , physiology , nutrition, 
nd antibiotic susceptibility of C. scindens 
lostridium scindens is a mesophilic, c hemoheter otr ophic,
ndospor e-forming obligatel y anaer obic bacterium that has
een assigned to the following taxa: Bacillota (phylum); Clostridia
class); Eubacteriales (order); Clostridiaceae (family); cluster XIVa of
lostridium (genus); scindens (species); and ATCC 35704; Bokken-
euser 19; CIP 106687; DSM 5676; JCM 6567 (type strain) (Collins
t al. 1994 , Kitahara et al. 2000 , Parte et al. 2020 ). Cells of C.
cindens ATCC 35704 ar e nonmotile, non-fla gellated, often fimbri-
ted, occur as Gr am-positiv e r ods singl y or in c hains, and form
erminal spores (Fig. 3 ) (Bokkenheuser et al. 1984 , Morris et al.
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Figur e 1. In vestigators who worked on the side chain cleavage of steroids, dehydroxylation of bile acids by human fecal bacteria, and isolation and 
identification of the model gut bacteria C. scindens ATCC 35704 and VPI 12708. 
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1985 ). Relative to colony morphology, colonies on blood agar 
plates are nonhemolytic , con vex, smooth, glistening, and white 
with an entire margin (Fig. 3 ). 

As a sacc har ol ytic bacterium, C. scindens ATCC 35704 utilizes 6- 
carbon monosaccharides (glucose , fructose , mannose , and galac- 
tose), 5-carbon monosaccharides (ribose and xylose), 6-carbon 

sugar alcohols (dulcitol and sorbitol), and a disaccharide (lactose) 
for fermentation and growth (Bokkenheuser et al. 1984 , Morris 
et al. 1985 , Kitahara et al. 2000 , Devendran et al. 2019 ). Glucose 
fermentation proceeds via the Embden–Meyerhof–Parnas (EMP) 
pathway and typically yields ethanol, acetate, formate, and H 2 

gas as major end products ( > 1 mM) and succinate , lactate , isobu- 
tyrate , and iso valerate as minor end products ( < 1 mM) (Morris et 
al. 1985 , De v endr an et al. 2019 ). Clostridium scindens does not pro- 
duce lecithinase , lipase , or catalase and is unable to digest gelatin,
milk, or meat. Clostridium scindens ATCC 35704 is incapable of ni- 
tr ate r eduction or hydr ol ysis of starc h or esculin. Hydr ogen sul- 
fide is produced in sulfide-indole motility medium. See Table 1 for 
more information on the overall metabolic profile of C . scindens 
ATCC 35704 as well as other strains of C. scindens , including VPI 
12708. 
Clostridium scindens ATCC 35704 has by tradition been culti- 
 ated under strictl y anaer obic conditions at 37 ◦C and a pH be-
ween 6.5 and 7.0 in highly enriched, culture media (e.g. chopped

eat medium or supplemented brain heart infusion broth). Ef- 
orts have been made recently to define the nutritional require-

ents of C. scindens ATCC 35704 (De v endr an et al. 2019 ). This effort
 equir ed ada pting C. scindens ATCC 35704 to a CO 2 -bicarbonate
uffered defined medium (DM) that contained minerals , glucose ,
itamins, and amino acids (Table 2 ). Once adapted to DM, the
eav e-one-amino-acid-gr oup-out and leav e-one-vitamin-out a p- 
r oac hes wer e used to r esolv e the vitamin and amino acid re-
uirements for C. scindens ATCC 35704. Riboflavin, pantothenic 
cid, and pyridoxal •HCl are the sole vitamins, and tryptophan is
he sole amino acid r equir ed for gr o wth b y C. scindens ATCC 35704
De v endr an et al. 2019 ). Indeed, genomic analysis supports these
ndings since genes for tryptophan, riboflavin, pyridoxal phos- 
hate, and pantothenic acid biosynthesis are absent. A DM for
. scindens ATCC 35704 provides a valuable tool for the assess-
ent of growth, carbon and reductant flow during carbohydrate 

ermentation, and steroid metabolism and for the development of 
 m uc h-needed genetic system in this or ganism. 
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Figure 2. Timeline in the study of bacterial steroid-17,20-desmolase. 

(A)

(B)

(C)

(D)

Figure 3. Colony and cellular morphology of C. scindens ATCC 35704. (A and B) Electron micrographs of C. scindens ATCC 35704 (Bokkenheuser et al. 
1984 ). Used with kind permission from Oxford University Press. Gram stain (C) of cells and colonies (D) of C. scindens ATCC 35704 grown on anaerobic 
EG agar after three days of incubation. Used with kind permission from RIKEN and the Japan Collection of Microorganisms. 
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Table 2. A defined medium (DM) for the cultivation of C. scindens 
ATCC 35704. 

Component a and prepar a tion b Amount (final concn) 

Deionized water 1000 ml 
Glucose (180.16 g/mol) 4.5 g (25 mM) 
Mineral solution c 50.0 ml 
Trace metal solution d 2.0 ml 
Complete vitamin solution (CVS) e 20 ml 
Complete amino acid solution (CAAS) f 20 ml 
Resazurin solution (0.1%) 1.0 ml 

a Please note the following: (1) If a more nutrient-limited version of the DM is 
desir ed, CAAS can be r eplaced with a tryptophan solution (2 g of tryptophan per 
liter of deionized water) since tryptophan is the sole amino acid r equir ed for 
gro wth b y C. scindens ATCC 35704; (2) e v en though riboflavin, pantothenic acid, 
and pyridoxal ·HCl are the sole vitamins required for growth of C. scindens ATCC 
35704, CVS is added to the DM since growth is more robust and maintainable 
with all vitamins present; and (3) whene v er an undefined medium is desired, 
yeast extract (0.1%) is added as a component. 
b Add components in the order indicated above into an Erlenmeyer flask. The 
flask should be twice the volume of the amount of medium being pr epar ed. The 
total volume is > 1 l in order to account for the water lost ( ∼10%) during boiling. 
Adjust pH to 7, add sodium bicarbonate (7.5 g per liter), and bring medium to 
a boil on a hotplate while bubbling with CO 2 . After the resazurin (O/R indica- 
tor) in the medium has turned from blue to pink ( ∼10 min of boiling) r emov e 
flask from heat and continue to bubble with CO 2 and cool medium to room 

temper atur e in an ice bath. Once the medium has cooled, add the reducing 
agent sodium sulfide (Na 2 S ·9H 2 O; 0.5 g per liter), mix, and switch from bubbling 
medium with CO 2 to flushing headspace with CO 2 until medium is reduced 
(colorless). If desired, sodium sulfide can be replaced with cysteine ·HCl ·H 2 O 

(0.5 g per liter) as the reducing agent. Dispense 10-ml aliquots into gray butyl 
rubber-stopper ed crimp-sealed cultur e tubes (18 by 150 mm; series 2048 [Bellco 
Glass]; ∼27.2-ml stoppered volume at 1 atm [101.29 kP a]), whic h ar e being 
flushed with a gentle stream of CO 2 . Stopper and seal with aluminum-crimp 
seals and autoclave at 121 ◦C for 15 min and fast exhaust. After autoclaving, 
the pH of the medium is 6.6–6.8. 
c Mineral solution contained (g per liter): NaCl, 10; (NH 4 ) 2 SO 4 , 10; KCl, 5; KH 2 PO 4 , 
5; and MgSO 4 ·7H 2 O, 0.5 (dissolv e one at a time in deionized water and stor e 
solution at 4 ◦C). 
d Trace metal solution contained (g per liter): Trisodium nitrilotriacetate, 1.500; 
MnSO 4 ·H 2 O, 0.500; FeSO 4 ·7H 2 O, 0.100; CO(NO 3 ) 2 ·6H 2 O, 0.100; ZnCl 2 , 0.100; 
NiCl 2 ·6H 2 O, 0.050; H 2 SeO 3, 0.050; CuSO 4 ·5H 2 O, 0.010; AlK(SO 4 ) 2 ·12H 2 O, 0.010; 
H 3 BO 3 , 0.010; Na 2 MoO 4 ·2H 2 O, 0.010; and Na 2 WO 4 ·2H 2 O, 0.010 (dissolve one at 
a time in deionized water and store solution at 4 ◦C). 
e Vitamin solution (g per liter): d-biotin, 0.010; folic acid, 0.010; pyridoxal ·HCl, 
0.010; lipoic acid (DL-6,8 thioctic acid), 0.025; nicotinic acid, 0.025; D- 
pantothenic acid, 0.025; p -aminobenzoic acid, 0.025; riboflavin, 0.025; thiamine, 
0.025; and c y anocobalamin (Vitamin B 12 ), 0.025 (dissolve one at a time in deion- 
ized water and store solution at 4 ◦C). 
f Amino acid solution (2 g of each amino acid per liter): L-alanine, L- 
ar ginine ·HCl, L-aspar a gine ·H 2 O, L-aspartic acid, L-cystine, L-glutamic acid, 
L-glutamine , L-glycine , L-histidine , L-isoleucine , L-leucine , L-lysine , L- 
phen ylalanine, L-pr oline, L-methionine, L-serine, L-threonine, L-tryptophan, 
L-tyr osine, and L-v aline. Solution is pr epar ed by adding eac h amino acid to 
deionized water (900 ml) and mixing thor oughl y . If necessary , 10 N NaOH is 
added to bring all of the amino acids into solution and then Q.S. to 1000 ml 
with deionized water. Final pH of solution is 9–10, and solution is stored at 4 ◦C. 
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Another area that has received little study is the response 
of C. scindens to antimicrobial agents. Using an anaerobic broth- 
disk method, Morris et al. ( 1985 ) reported that C. scindens ATCC 

35704 was susceptible to penicillin G but resistant to such com- 
monly used antibiotics as tetr acycline, c hlor amphenicol, clin- 
dam ycin, and erythrom ycin. Whether other strains of C. scindens 
have similar resistance profiles is unkno wn. Ho w ever, it is tempt- 
ing to speculate that, if resistance among commensal strains of C.
scindens mirrors that of C. scindens ATCC 35704, C. scindens would 

hav e a competitiv e adv anta ge during host antimicr obial ther a py,
thereb y allo wing it to surviv e and enga ge in “ecological suppr es- 
sion” (Waldetoft et al. 2023 ) of pathogens. 

The bile acid inducible regulon and 

hydr o xyster oid dehydr ogenases 

In the late 1950s and early 1960s, the Nobel laureates, Sune K.
Bergström and Bengt Samuelsson, performed CA isotope label- 
ing studies in rodents and proposed a diaxial trans-elimination 
f the 7 ɑ -hydr oxyl gr oup and 6 β-hydrogen follo w ed b y reduction
f the resultant �6 -intermediate (Ridlon et al. 2023 ). An impor-
ant experiment was performed in 1981, a year after the initial
eports of bile acid metabolism by Eubacterium VPI 12708, that
dentified multiple CA-inducible polypeptides by one- and two- 
imensional SDS-PAGE: one at 77 kDa, two at 56 kDa, 27 kDa,
nd 23.5 kDa (White et al. 1981 ). Work over the next four decades
as resulted in a current model for bile acid 7 ɑ -dehydroxylation

Fig. 4 ) and gene organization for both bile acid and steroid
etabolism by C. scindens VPI 12708 and ATCC 35704 strains

Fig. 5 ). We have reviewed this history in detail recently and pro-
osed this pathway be named the Hylemon–Björkhem pathway 

Ridlon et al. 2023 ). 

aiG: proton-dependent bile acid transporter 
ile acid 7 ɑ -dehydroxylation by intact cells of C. scindens VPI 12708
ccurs r a pidl y (White et al. 1980 ), yet bile acid intermediates do
ot a ppr eciabl y accum ulate intr acellularl y (White et al. 1981 ) in-
icating bile acid transport. Within the polycistronic bai operon 

s a 1.4-kb open r eading fr ame encoding a 49.9-kDa polypeptide
esignated as baiG . The BaiG is annotated as a member of the
ultiple facilitator superfamily, and h ydropath y analysis predicts 

4 membrane-spanning domains (Mallonee et al. 1996 ). Transport 
as observed to increase with decreasing pH. Proton ionophores,
ut not potassium ionophor es, wer e r eported to inhibit bile acid
ransport by recombinant BaiG in Escherichia coli indicating sym- 
ort of bile acids driven by proton motive force (Mallonee et al.
996 ). Additional kinetic and substrate specificity studies of baiG
ill be important in order to understand the r elativ e r ate of bile
cid 7 ɑ -dehydroxylation between bile acid substrates with intact
ells of C. scindens . Recent studies in which bai genes were engi-
eered into the chromosomes of Clostridium sporogenes (Funabashi 
t al. 2020 ) or E. coli (Meibom et al. 2024 ) have also introduced the
aiG to enhance transport, although future studies should exam- 
ne whether baiG is r equir ed for efficient import of primary bile
cids into C. scindens . 

aiB, BaiF, and BaiK: Bile acid coenzyme A metabolism 

ithin the pol ycistr onic bai oper on in C. scindens str ains ar e two
enes encoding enzymes predicted to function in coenzyme A 

etabolism. The baiB gene is the first structural gene in the bai
peron and was demonstrated to encode a 58-kDa ATP-dependent 
ile acid CoA ligase that catalyzes the first enzymatic step in the
athway leading to DCA (Mallonee et al. 1992 ). A crystal struc-
ure at 2.19 Å has been deposited for BaiB (PDB 4LGC) and awaits
dditional biochemical characterization. The baiF gene encodes a 
7-kDa polypeptide predicted to encode a CoA hydrolase (Ye et
l. 1999 ). The purified recombinant BaiF was predicted to be a
imer (72 kDa) by gel filtration with an a ppar ent Km value 175 μM
 gainst c hol yl ∼CoA, indicating that primary bile acid CoA conju-
ates ar e likel y not the physiological substr ate (Ye et al. 1999 ). BaiF
id not hydr ol yze acetyl ∼CoA, isov aleryl ∼CoA, palmitoyl ∼CoA,
r phenylacetyl ∼CoA (Ye et al. 1999 ), although it has not been
etermined if substrates other than bile acids can accept CoA
r om bile acid ∼CoA intermediates. Subsequentl y, r ecombinant
aiF was demonstrated to transfer CoA from deoxycholyl ∼CoA,

ithoc hol yl ∼CoA, and allodeoxyc hol yl ∼CoA to primary bile acids
here CA > alloCA > β-m ur oc holic acid ( β-MCA) > ursodeoxy-

holic acid (UDCA) > chenodeoxycholic acid (CDCA) (Ridlon et al.
012 ). Funabashi et al. ( 2020 ) reported that BaiF was not r equir ed
or the rate-limiting 7 ɑ -dehydration step of CA in a stepwise path-
ay Bai enzyme reconstruction assay, as 3-oxo-4,6-DCA ∼SCoA as 
ell as 3-oxo-4,6-DCA accumulated in the presence of BaiB, BaiA2,
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Figur e 4. T he current model of the Hylemon–Björkhem Pathway of bile acid 7 α-dehydroxylation of cholic acid by C. scindens strains. Steps V-VIA(VIb) 
have been shown to be catalyzed by BaiH/BaiN and BaiJ enzymes (Funabashi et al. 2020 , Lee et al. 2022 , Meibom et al. 2024 ). ∗Step VIb–VIIb has been 
shown to be catalyzed by BaiJ and BaiP (Lee et al. 2022 , Meibom et al. 2024 ). Bile acid exporters (orange) have not yet been identified. Each enzymatic 
step is described in detail in the associated text. Modified from previously published work (Devendran et al. 2019 ). 
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aiCD, and BaiE (BaiF and BaiH were left out). A recent study on
DC A con version to LC A reported that only BaiB was needed for
CA formation, although CoA intermediates were found to accu-
ulate (Meibom et al. 2024 ). BaiF is a member of the Type III CoA

r ansfer ase famil y with conserv ed activ e-site D169 pr edicted to
e involved in aspartyl ∼CoA thioester formation, thereby releas-

ng the bile acid pathway intermediate follo w ed b y r egener ation
f D169 via transfer to BaiG-transported primary bile acid (Ridlon
t al. 2012 ). 

We pr e viousl y c har acterized a pol ycistr onic bai oper on in
lostridium hylemonae through genome-walking by PCR and deter-
ined that baiA2 was not present in this operon (Ridlon et al.

010 ). Using baiA nucleotide sequences from baiA genes from C.
cindens , we amplified the partial baiA1 from C. hylemonae using
egenerate primers (Ridlon et al. 2010 ). Genome-walking in both
ir ections fr om baiA 1 r esulted in identification of a nov el gene
luster encoding a baiF homolog that we named baiK (Ridlon et al.
012 ). The gene cluster was also located flanking the baiA 1 gene
n C. scindens VPI 12708, but not in C. scindens ATCC 35704 (Rid-
on et al. 2012 ). The baiJ genes encode a predicted 62-kDa flavo-
rotein similar to 3-ketosteroid-delta1-dehydrogenases . T he baiK
enes encode a predicted 49-kDa type III CoA tr ansfer ase homolo-
ous to the baiF gene (63% amino acid identity) (Ridlon et al. 2012 ).
he baiL genes are predicted to encode a 27-kDa protein in the
DR family. In C. scindens VPI 12708, we located a TspO/MBR fam-
l y pr otein encoding gene downstr eam fr om baiA1 but on the op-
osite strand (Ridlon et al. 2012 ). In C. scindens ATCC 35704, the
spO/MBR gene is downstream on the same strand and is bile
cid-inducible (De v endr an et al. 2019 ). We r ecentl y r eported that
hage-induced disruption of TspO expression in Bacteroides vul-
atus reduced bile salt deconjugation (Campbell et al. 2020 ). Evi-
ence that baiJKL operon is involved in bile salt metabolism was
rovided by demonstrating that recombinant BaiK catalyzed bile
cid CoA tr ansfer ase activity (Ridlon et al. 2012 ). The baiJ and baiL
enes were also shown to be bile acid-inducible and transcription-
lly linked to baiK expression (Ridlon et al. 2012 ). 

The rate-limiting bile acid 7-dehydration catalyzed by BaiE ap-
ears to recognize both free bile acid substrates as well as SCoA
onjugates (Dawson et al. 1996 ). This is an energy-conserving
eaction and therefore important to understand. Proper kinetic
nalysis of BaiF and BaiK as well as genetic knock out of these
enes detect is needed to determine the importance of these gene
roducts in CoA metabolism as well as substrate specificity in vivo .

aiA: bile acid 3 α-h ydr oxyster oid deh ydr ogenases 
e v er al 27-kDa pol ypeptides a ppear ed on denaturing 2D-gel fol-
owing induction of cultures of C. scindens VPI 12708 (White et
l. 1981 ). The baiA2 was located within the large bai pol ycistr onic
peron (Mallonee et al. 1990 ), sharing 92% amino acid sequence
dentity with deduced amino acid sequences from monocistronic
opies baiA1 and baiA3 , whic h ar e identical at the nucleotide le v el
Gopal-Sriv astav a et al. 1990 ). The baiA1 was subsequently cloned
nd ov er expr essed in E. coli (Mallonee et al. 1995 ). The amino acid
equence indicated that BaiA proteins are members of the short
 hain r eductase/dehydr ogenase famil y of pr oteins that include
ydr oxyster oid dehydr ogenases . T he partially purified recombi-
ant BaiA1, purified native BaiB, [24–14 C]CA, ATP, N AD 

+ or N ADP + ,
nd coenzyme A yielded a product consistent with [24–14 C]3-oxo-
 hol yl ∼CoA (Mallonee et al. 1995 ). Kinetic analysis of purified
ecombinant BaiA1 with either cholyl ∼CoA or deoxycholyl ∼CoA
nd pyridine nucleotide r e v ealed that coenzyme A conjugates
r e pr eferr ed substr ates, as activity was not detected with un-
onjugated CA and DCA (Mallonee et al. 1995 ). These r esults ar e
onsistent with coenzyme A metabolism catalyzed by BaiB (ATP-
ependent) and BaiF/BaiK (ATP-independent) described abo ve . 

Both the apo (1.9 Å ) and NAD(H) bound (2.0 Å ) crystal struc-
ur es of tetr americ BaiA2 fr om C. scindens VPI 12708 wer e r eported
long with steady state kinetic analysis with both unconjugated
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Figure 5. Gene organization of bile acid- and steroid-metabolizing genes in C. scindens VPI 12708 and ATCC 35704. The complete genome from each 
strain has been deposited previously (Devendran et al. 2019 , Olivos-Caicedo et al. 2023 ). 

 

 

(
p  

l  

R  

d  

n  
primary and secondary bile acids, glycine and taurine conjugates,
as well as coenzyme A conjugates of primary and secondary bile 
acids (Bhowmik et al. 2014 ). Steady state kinetics indicated that 
NAD 

+ is the pr eferr ed cofactor, and the binary structur e r e v ealed 

steric and electrostatic hindrance of the 2 ′ -phosphate on NADP + .
Indeed, the E42A mutant sho w ed improved utilization of NADP + 
Bhowmik et al. 2014 ). Catalytic efficiency between unconjugated 

rimary and secondary bile acids was two orders of magnitude
o w er than for the coenzyme A conjugates (Bhowmik et al. 2014 ).
ecognition of both c hol yl ∼CoA and deoxyc hol yl ∼CoA also in-
icates that BaiA1 and BaiA2 may act in both the first and fi-
al redo x ste ps in the pathw ay (Bho wmik et al. 2014 ). Interest-
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d  
ngl y, tr anscriptomic anal ysis of C. scindens ATCC 35704 induced
ith CA resulted in significant up-regulation of baiA1 and baiA2 ;
o w e v er, induction with DCA resulted in downregulation of the
aiBCDEA2FGHI oper on, but upr egulation of baiA1 (De v endr an et
l. 2019 ). Recent work combining in vitro heterologous expression
f baiB , baiCD , baiE , baiA2 , baiF , baiH , and baiI with integration of
aiBCDEA2FHI in C. sporogenes , whic h lac ks the pathway, demon-
trated that these genes were both necessary and sufficient to
on vert C A to DC A (Funabashi et al. 2020 ). BaiA2 (or BaiA1) was
ound to be sufficient for the first and last redo x ste ps in the for-

ation of LCA from CDCA (Meibom et al. 2024 ). Future genetic
tudies will be needed to determine the r elativ e r oles of baiA1 and
aiA2 in C. scindens . 

aiCD and BaiH: oxidoreductases that differentiate 
etween 7-h ydr oxy epimers 
arly speculations about the source of reducing equivalents uti-
ized in bile acid biotransformations by C. scindens were based
n NADH-dependent flavin oxidoreductase activity (NADH:FOR)
hat pr ovides r educed flavins for the 21-dehydr oxylation of de-
xycorticosterone (Feighner et al. 1979 ). This prompted Lipsky and
ylemon to partially purify NADH:FOR from C. scindens VPI 12708

Lipsky et al. 1980 ). Inter estingl y, the N ADH:FOR that w as char-
cterized w as sho wn to be induced b y C A but not DC A (Lipsky
t al. 1980 ). In 1993, Fr anklund and collea gues purified the na-
ive NADH:FOR 372-fold to apparent electrophoretic homogene-
ty with subunit and native molecular weight estimates of 72 and
10 kDa, r espectiv el y (Fr anklund et al. 1993 ). The N-terminus of
he polypeptide was sequenced, and an oligonucleotide was syn-
hesized, allowing the gene to be mapped on the bai operon (Fran-
lund et al. 1993 ). The gene was named “baiH ,” and multiple-
equence alignment against characterized homologs indicated
hat this polypeptide contains a conserved Fe-S center and flavin-
inding site. Soon after, Baron and Hylemon cloned and heterol-
gousl y expr essed the baiH gene in E. coli (Bar on et al. 1995 ).
ach subunit of the purified recombinant BaiH contained 2 mol
ron, 1 mol copper, and 1 mol FAD. It was determined during this
ork that the BaiH and BaiCD wer e par alogs and may catalyze
 similar reaction, at the time, maintaining the cellular ratio of
 AD 

+ /N ADH. 
As the o xidati v e br anc h of the pathway became clear er, ther e

 ere tw o steps inv olving oxidation of the C4-C5 in both C A/CDC A
7 ɑ -h ydroxy) and UDCA (7 β-h ydroxy) prior to the rate-limiting
ile acid 7 ɑ -dehydration (BaiE) and 7 β-dehydration (BaiI?), respec-
iv el y. The hypothesis was tested that baiCD and baiH encode
ter eospecific enzymes catal yzing oxidation of C4-C5 of 3-oxo-
DC A or 3-oxo-UDC A by detecting product formation after TLC
nd LC/MS following incubation with eac h r ecombinant enzyme
Kang et al. 2008 ). It was determined that the baiCD gene en-
odes a stereo-specific NAD(H)-dependent 7 ɑ -hydro xy-3-o xo- �4 -
holenoic acid oxidoreductase, and the baiH gene encodes a stere-
specific NAD(H)-de pendent 7 β-hydro xy-3-o xo- �4 -cholenoic acid
xidoreductase (Kang et al. 2008 ). 

Subsequent work determined that baiH and baiCD gene prod-
cts also function in the r eductiv e arm of the Hylemon–Björkhem
athway during the conversion of CA to DCA (Funabashi et
l. 2020 ). The BaiH functions as the elusiv e �6 -r eductase of
am uelsson and Ber gström, but whose substr ate is 3-dehydr o-4,6-
eoxyc holate and/or 3-dehydr o-4,6-deoxyc hol yl ∼SCoA (Ridlon et
l. 2023 ). There is clear economy in this pathway as baiA , baiCD ,
nd, in cases, baiH function in two se parate ste ps with analogous
ubstr ates, thus r educing the number of genes r equir ed (Fig. 4 ). 
 he structur e and catalytic mechanism of the rate-limiting 

ile acid 7 ɑ -dehydratase encoded by the baiE gene 
n 1981, the results of one- and two-dimensional SDS-PAGE of CA-
nduced vs. uninduced cell extracts from C. scindens VPI 12708 in-
icated the formation of at least five induced polypeptides, in-
luding one estimated at M r 23.5 kDa (White et al. 1981 ). Cloning
nd nucleotide sequencing of the baiBCDEAF genes follo w ed b y
urification and N-terminal sequencing of the 23.5-kDa polypep-
ide resulted in identifying this polypeptide as the product of the
aiE gene (deduced M r = 19.5 kDa), although the function was
ot known (Mallonee et al. 1990 ). Around this time, intermediates

n the complex biochemical pathway resulting in conversion of
 A to DC A were identified and determined by a collabor ativ e ef-

ort between the microbiologist, Phillip Hylemon, and the bile acid
hemist, Ingemar Björkhem (see Fig. 1 for their photos) (Hylemon
t al. 1991 ). T hus , it w as kno wn that the substrate for the bile acid
 ɑ -dehydr atase deriv ed fr om CA is 7 ɑ -,12 ɑ -dihydr oxyl-3-dehydr o-
-cholenoic acid and the product is 12 ɑ -h ydroxy-3-deh ydro-4,6-
holdienoic acid (Hylemon et al. 1991 ). 

In 1996, it was reported that the baiE gene product was pu-
ified after heter ologous expr ession in E. coli and demonstrated
o encode the bile acid 7 ɑ -dehydratase (Dawson et al. 1996 ). The
aiE shar es fe w primary sequence homologs, and earl y attempts
o identify homologs began with collabor ativ e efforts between
hillip Hylemon and Alexey Murzin of the MRC Laboratory of
olecular Biology at Cambridge University in the early 2000s (Rid-

on et al. 2006 ). The computational model was based on secondary
tructural alignments between BaiE and scylatone dehydratase,
uclear transport factor 2, and steroid �5 -isomerase, whose
tructures had been solved. The substrate, 7 ɑ -,12 ɑ -dihydroxyl-3-
ehydr o-4-c holenoic acid, was modeled into the active-site, and
he model originally reported in 2006 was confirmed following
rystallization by Scott A. Lesley’s laboratory at the Scripps Insti-
ute, and site-dir ected m uta genesis of pr edicted activ e-site amino
cids by the Hylemon lab (Bhowmik et al. 2016 ). 

The BaiE structure from C. scindens , C. hylemonae , and Peptace-
obacter hiranonis (formerly Clostridium hiranonis and renamed in
020) were coupled with size-exclusion chromatography reveal-
ng a trimeric quaternary structure, the monomers are composed
f a single domain with c har acteristic ɑ + β barrel fold of the nu-
lear transcription factor 2-like superfamily of proteins and are
inked together partly via divalent ion-His coordination (Fig. 6 A
nd B) (Bhowmik et al. 2016 ). A co-crystal between BaiE and
he pr oduct 3-dehydr o-4,6-lithoc hol yl ∼CoA confirmed sim ulated
ocking experiments indicating substrate interactions with cat-
l ytic r esidues Y30, H83, R146, Y126, and D106 (Fig. 6 C). The coen-
yme A moiety is presumed to extend into bulk solvent but ap-
ears to be important in catalysis with ∼10-fold higher catalytic
fficiency. The co-crystal also r e v ealed a nov el extended poc ket
hat was not predicted in the computational model in which a
oop (residues 48–63) forms the extended pocket. Based on active-
ite arc hitectur e and site-dir ected m uta genesis data, a catal ytic
echanism has been proposed. Y30 acts as a general acid (as-

isted by Y126) facilitating the delocalization of π-electrons be-
ween C3 , C4 , C5 , and C6 . Y30 is pr edicted to pr otonate the oxyan-
on on the bile acid C3 -oxo group, stabilizing the negative charge.
83 is positioned to abstract the destabilized 6 ɑ H and protonate

he leaving C7 -hydroxyl group. D35 is important for maintaining
he pKa of H83 ensuring the release of a water molecule (Fig. 6 D)
Bhowmik et al. 2016 ). 

The baiE gene r epr esents a key target for gene knockout of 7 ɑ -
ehydro xylating acti vity against CDCA and CA since this r epr e-
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Figure 6. Structur e and catal ytic mec hanism of BaiE, the bile acid 7 α-dehydratase. (A) Visual Molecular Dynamics (VMD) Model of BaiE, a potential drug 
tar get, and r ate-limiting enzyme r esponsible for the formation of toxic and cancer-causing bile acids. Left: Ribbon dia gr am of Ligand-bound subunit 
(purple) is overlaid with apo-enzyme (c y an). Bile acid ligand displayed in red. Right: Monomeric space-filling subunit structure of BaiE from P. hiranonis 
(purple) with bile acid ligand (red). (B) Trimeric native form of BaiE from P. hiranonis with mixed ribbon and space-filling subunits. Ligand-bound 
subunit (purple) is overlaid with apo-enzyme (c y an). Bile acid ligand displayed in red. (C) Left: Probable productive binding mode of 3-oxo- �4 -CDCA. 
Blue dashed lines and adjacent numbers are predicted interaction of His83 with C7-OH and C6 atoms and Y30-OH group with C3 -oxo atom of 
3-oxo- �4 -CDC A. T he 6 α-H closest to H83 colored magenta, and 6 β-H a wa y from H83-N ε2 atom colored brown. Right: Predicted stacking interaction 
involving the adenine group of the coenzyme (CoA) moiety of 3-oxo- �4 -CDCA ∼SCoA with Y115. The k e y interaction of the bile acid moiety of the 
docked CoA-bile acid ester with the active site residues is like what is predicted in left panel. Carbon atoms of protein residues and product molecules 
ar e color ed gold and gr een, r espectiv el y . H, O, N, P , and S atoms are colored gray, red, blue, orange, and olive, respectively. (D) Proposed mechanism of 
catalysis by BaiE. Y30 acts as a general acid protonating C3 -o xyanion, stabilizing negati v e c har ge, and potentiating electr on shift, destabilizing C6 -6 αH. 
H83, stabilized by D35, acts as a general base, executing deprotonation and ensuring protonation reaction with the subsequent release of water. Figure 
modified from previously published work (Bhowmik et al. 2016 ). Images in A and B courtesy of Prof. Rafael C. Bernardi, Auburn University. 
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sents the only irreversible step in the pathway following trans- 
port (Fig. 4 ). So far, a genetic system for C. scindens has not been 

reported. T he BaiE ma y also r epr esent a drug tar get to inhibit the 
formation of hydrophobic bile acids DC A and LC A, particularly 
since bacteria encoding the bai pathway are rare in the gut micro- 
biome. Inter estingl y, a 7 α-hydr oxyster oid dehydr atase Hsh2 that 
has a function in aerobic soil bacterial degradation of bile acids 
similar to BaiE in generation of 3-dehydro-4,6-intermediates has 
been identified indicating that the 7-dehydroxylation of bile acids 
occurs in both the anaerobic GI tract as well as aerobic soil envi- 
ronments (Feller et al. 2021 ). 

Bile acid 7 β-dehydratase 
Intact cells and cell-fr ee extr acts of C. scindens hav e been shown 

pr e viousl y to catalyze the conversion of the 7 β-hydroxy bile acid 

ursodeoxycholic acid (UDCA) to LCA (White et al. 1982 ). The 
ddition of NAD 

+ stimulated activity in cell extracts, and 7 β-
ehydr atase activity a gainst UDC A was C A-inducible (White et al.
982 ). In this study, both 7 ɑ - and 7 β-dehydratase activities were
nactivated by heating to 45 ◦C, and both co-eluted in a single peak
t 114 kDa. This suggested that either the enzymes are of the
ame size and stability, or that a single enzyme recognizes both
7-hydroxyl bile acid stereoisomers. Ho w ever, when the baiE w as

ater expressed and both C7-hydroxyl bile acid ster eoisomers wer e
ested, it was clear that BaiE did not r ecognize 7 β-hydr oxylated
ubstrates (Dawson et al. 1996 ). In ad dition, the o xidation ste p
rior to 7 ɑ - and 7 β-dehydroxylation required two stereospecific
nzymes encoded by baiCD (7 ɑ -hydroxy specific) and baiH (7 β-
ydroxy specific) genes (Kang et al. 2008 ). Indeed, at the time the
aiE was first c har acterized, the baiBCDEAFGHI oper on had been
loned and sequenced, and the deduced amino acid sequence 
f baiI indicated that this protein shares both the same SnoaL_4



12 | FEMS Microbiology Reviews , 2025, Vol. 49 

p  

a  

(  

a  

U  

p
 

e  

c  

a  

c  

c  

r  

m  

h  

i  

N  

n  

d  

d

F
p
T  

a  

e  

s  

r  

H  

7  

(  

t  

i  

r  

a  

p  

i  

a  

p  

m  

c  

a  

d
 

d  

b  

e  

s  

w  

a  

fl  

C  

r  

a  

t  

i  

H  

a  

s  

C  

w  

t  

o  

f  

U  

w  

o  

t  

o  

t  

w  

a  

(  

r  

t
 

z  

s  

n  

t  

t  

s  

w  

c  

t

F
F  

d  

c  

a  

o  

B  

t  

v  

4  

t  

m  

L  

f
 

3  

t  

(  

m  

v  

c  

(  

p  

c  

v  

z  

r  

t  

t  

l  

t  

(  

o  

k  

z  

t  

g  

g  

s  

H

r otein superfamil y and subunit M r whic h, if this enzyme exists as
 trimer, would explain the co-elution observed in an earlier study
White et al. 1982 ). Bile acid 7 ɑ - and 7 β-dehydroxylating activities
re both induced by CA and to a lesser extent by CDCA, but not by
DC A. T his is also true of bile acid induction of the baiBCDEAFGHI
ol ycistr onic mRNA (White et al. 1988 ). 

An alternative hypothesis is that a 7 β-dehydratase is not nec-
ssary for the 7 β-dehydroxylation of UDCA since C. scindens en-
odes NADP + -dependent 7 ɑ -HSDH, provided that this bacterium
lso encodes NAD(P) + -dependent 7 β-HSDH. In this scheme , UDC A
ould be oxidized to 7-dehydr o-LCA and r educed to CDC A. CDC A
ould then be 7 ɑ -dehydroxylated by the bai operon, including the
 ate-limiting 7 ɑ -dehydr ation by BaiE. Studies examining bile acid
etabolism of CDCA and CA by intact cells and cell-free extracts

ave not identified detectable accumulation of 7 β-hydroxylated
ntermediates . T his suggests that C. scindens does not encode
AD(P) + -de pendent 7 β-HSDH. Tak en together, the more parsimo-
ious explanation is that the baiI gene encodes a bile acid 7 β-
ehydratase, although this has yet to be confirmed empirically to
ate. 

lav oproteins inv olv ed in the “reductiv e arm” of DCA 

roduction 

 he remo val of the 7 ɑ / β-hydroxyl group results in formation of
 stable 3-dehydr o-4,6-c holdienoic acid intermediate (Hylemon
t al. 1991 ). Three sequential reductions have been hypothe-
ized, r equiring flavopr oteins for r eduction of ring A (C 4 -C 5 ) and
ing B (C 6 -C 7 ) in ad dition to pyridine n ucleotide-de pendent 3 ɑ -
SDH. In support of this, reduced flavins stimulated bile acid
 α-dehydr oxylation in cell-fr ee extr acts of C. scindens VPI 12708
White et al. 1983 ). While work on the bai r egulon pr ogr essed fr om
he 1980s to 2000s allowing more detailed understanding of ox-
dati ve ste ps in the pathway from bile acid transport ( baiG ) to the
 ate-limiting 7 ɑ -dehydr ation step ( baiE ), pr ogr ess on the r eductiv e
rm of the pathway has only been made recently. In 2018, a flavo-
rotein was identified among a list of flavin-dependent enzymes

n the genome of C. scindens ATCC 35704 that was annotated as
 flavin-dependent “squalene desatur ase,” involv ed in binding a
r ecursor of c holester ol biosynthesis (Harris et al. 2018a ). A ho-
olog of this gene was also identified in all strains of C. scindens

 har acterized to date (Olivos-Caicedo et al. 2025 ) and other bile
cid 7 ɑ -dehydroxylating bacteria indicating that this is a candi-
ate 5 β-reductase. 

The Hylemon–Björkhem model for bile acid 7 ɑ -
ehydroxylation was based on the accumulation of radiola-
eled CA intermediates extracted after incubation with cell
xtracts of C. scindens VPI 12708 (Hylemon et al. 1991 ). In this
tudy, 3-deh ydro-4-DCA and 3-deh ydro-4,6-DCA intermediates
er e detected, whic h co-migr ated, and m ust be separ ated by
r gentation c hr omatogr a ph y. It was h ypothesized that two
av oproteins w ould be necessary to catalyze C4-C5 follo w ed b y
6-C7 reduction (Hylemon et al. 1991 ). Incubation of the purified
 ecombinant 45.4-kDa flavopr otein with 3-dehydr o-DCA under
erobic conditions resulted in formation of product irrespec-
ive of pyridine nucleotide addition (Harris et al. 2018a ). This
s suspected to be due to auto-oxidation of the bound flavin.
o w e v er, the pr otein was r elativ el y unstable and pr ecipitates
fter only a few hours following affinity purification. Another
tudy concluded that BaiN was not r equir ed for conv ersion of
DC A to LC A; ho w e v er, it is not clear that the purified enzyme
as active when applied to the multi-enzyme in vitro assay in

his study for the reasons mentioned (Meibom et al. 2024 ). In
ur study, the enzyme-catal yzed r eaction pr oduct was observ ed
r om m ultiple enzyme pr epar ations both in the Ridlon lab at the
niversity of Illinois and the Hylemon lab at VCU. The product
as subjected to LC/MS-IT-T OF analysis , and we expected a loss
f two atomic mass units but observed a loss of four. This appears
o indicate that a single enzyme may be sufficient for conversion
f 3-dehydr o-4,6-DCA (pr oduct of BaiE) to 3-dehydro-4-DCA and
hen to 3-dehydro-DCA (Harris et al. 2018a ). These same reactions
 ere sho wn to be catalyzed by BaiH and BaiCD (Funabashi et
l. 2020 ). A study by Meibom et al. ( 2024 ) indicates that BaiP
they refer to as BaiO) (but not BaiJ) also catalyzes a two-step
 eduction fr om 3-dehydr o-4,6-LCA to 3-dehydr o-4-LCA and then
o 3-dehydro-LCA (Fig. 4 ). 

A r ecent a ppr oac h of combining r ecombinant baiBCDEAFH en-
ymes in vitro and engineering the bai operon into the c hr omo-
ome of C. sporogenes suggests that the baiBCDEAFGH genes are
eeded for conversion of CA to DCA (Funabashi et al. 2020 ). Taken
ogether, in the case of conversion of CA to DCA, the baiCD func-
ions in both the second o xidati ve and second to last reductive
tep, and the baiH function in the first r eductiv e step in the path-
 ay. Further resear ch is needed in order to determine the r elativ e

ontribution of flavoproteins encoded by baiN , baiCD , and baiH to
he r eductiv e and o xidati ve arms of the pathway. 

inal enzymatic steps and secondary bile acid export 
ollowing reduction of C 4 -C 5 and C 6 -C 7 , the 3-keto group is re-
uced, and the bile acid exported from the cell. There is still un-
ertainty regarding the point in the pathway in which the BaiF
nd BaiK transfer CoA. There is reason to think that CoA-transfer
ccurs after the rate-limiting 7 ɑ -dehydration catalyzed by BaiE or
aiI. The BaiE r ecognizes substr ates irr espectiv e of CoA conjuga-
ion, the CoA moiety protrudes from the active site into bulk sol-
ent (Bhowmik et al. 2014 ). Earlier studies indicated that 3-oxo-
-DCA, a metabolite downstream from 7-dehydration, is linked
o what appears to be CoA (Coleman et al. 1987 ). Identifying the

ajor metabolite(s) that are CoA-conjugated may be settled by
C/MS anal ysis at v arious time points of quenc hed cell extr acts
rom CA-induced C. scindens intact cells following addition of CA. 

The final oxidation step, conversion of 3-oxo-DCA( ∼SCoA) or
-oxo-LC A( ∼SCoA) to DC A( ∼SCoA) or LC A( ∼SCoA), is expected
o proceed via an NAD(P)H-dependent HSDH. A recent study
Heinken et al. 2019 ) of bile acid-metabolizing genes in stool

eta genomes fr om patients with inflammatory bo w el disease
 ersus healthy a ge-matc hed contr ol stool samples suggested a
andidate gene for this step in the pathway, naming it the baiO
CLOSCI_00 522). The gene itself encodes a putative 62-kDa flavo-
r otein, whic h is dir ectl y downstr eam of the baiN that we re-
entl y r eported (Harris et al. 2018a ) encodes a flavoprotein in-
olv ed in r eduction of C 4 -C 5 and C 6 -C 7 . Bioc hemical c har acteri-
ation of the 62-kDa flavoprotein has not been reported, but the
ationale for naming this gene baiO is that bacteria often clus-
er genes involved in particular pathways together, and because
his gene is clustered with the baiN and based on annotation uti-
izes pyridine nucleotide, it is probable that this enzyme catalyzes
he only o xidati ve ste p for whic h ther e is y et no kno wn enzyme
Heinken et al. 2019 ). So far, bacterial HSDHs are found in the short
r medium c hain dehydr ogenase families as well as the aldo-
eto reductase family, which does not utilize fla vins . T hese en-
ymes range in subunit size typically from 25 to 37 kDa. While
his does not exclude the predicted baiO , it would suggest this
ene would be an exception to the rule in terms of genes that
ut microbes have evolved to metabolize diverse bile acid and
ter oid hydr oxyl/carbon yl gr oups. Subsequent to the r eport by
einken et al. ( 2019 ), we ov er expr essed the recombinant “baiO ”
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and tested E. coli BL21(DE3) in resting cell assays and did not ob- 
serv e an y metabolism of 3-dehydr o-DCA or 3-dehydr o-LCA, and 

we observed no reduction of 3-dehydro-4-DCA or 3-dehydro-4- 
LCA (Lee et al. 2022 ). 

The most probable candidate for the final r eductiv e step is that 
one or both copies of the baiA ( baiA1 and baiA2 ) act in both the 
o xidati ve arm and the reductive arm. Kinetic analysis of BaiA1 
and BaiA2 suggests this is the likely scenario, as the enzymes rec- 
ognized 3-oxo-CA ∼CoA and 3-oxo-DCA ∼CoA to about the same 
extent. In our recent in vitro transcriptome analysis of C. scindens 
ATCC 35704 (De v endr an et al. 2019 ), we r eported that CA led to the 
induction of both copies of baiA ; ho w e v er, DCA addition signifi- 
cantl y down-r egulated the baiBCDEAFGHI oper on, but the baiA1 
gene was significantly up-regulated by DC A. T his ma y indicate 
that the baiA1 gene is important in the last r eductiv e step of the 
pathway. 

The export of toxic secondary bile acids is likely facilitated by 
an ABC transporter such as a multi-drug efflux pump (Fig. 4 ). A 

separ ate ar gument was made for the identity of the bile acid efflux 
pump. The reasoning behind searching for a shared export protein 

between C. scindens and Eggerthella lenta is based on the assump- 
tion that both encode bai operons and produce DCA. Putative baiN 

and baiO orthologs ( Elen_1017 and 1018 ) were identified by BLAST,
sharing 32% and 45% amino acid identity, r espectiv el y. Upstr eam 

of these genes is a putativ e tr ansport pr otein ( Elen_1016 ), whic h 

when BLAST searched against the C. scindens genome r e v ealed an 

ortholog ( CLOSCI_01 264 ) that shared 59% protein identity. This 
gene was pr ovisionall y named the baiP on the basis of this se- 
quence comparison alone (Heinken et al. 2019 ). One difficulty with 

this hypothesis is that E. lenta encodes a “bai-like operon ” and has 
been r epeatedl y shown to o xidize and e pimerize bile acid hydro xyl 
groups but lacks bile acid 7 ɑ -dehydroxylating activity. 

Formation of allo-secondary bile acids by C. 
scindens 
While the adult human liver generates two primary bile acids,
CDC A and C A, ther e is gr eat div ersity in bile acid structur e among 
v ertebr ates (Hofmann et al. 2010 ). Nine [24–14 C]CA intermedi- 
ates were identified after incubation with cell-free extracts of CA- 
induced intact cells of C. scindens VPI 12708 (Hylemon et al. 1991 ).
Each metabolite was identified by c har acterization with ster e- 
ospecific 3 ɑ -, 7 ɑ -, 12 ɑ -, and 3 β-HSDH enzymes, r elativ e migr ation 

on TLC and HPLC against known bile acid standards, and GLC/MS 
analysis (Hylemon et al. 1991 ). Two unknown metabolites were 
identified. Each metabolite had similar, but not identical migra- 
tion with DCA and 3-dehydr oDCA, r espectiv el y. Since the HSDH 

panel sho w ed identical patterns with DC A and 3-dehydroDC A,
GLC-MS was r equir ed to identify the compounds in question. GLC 

retention time and mass spectra of the unknown compounds 
were identical to allo-DC A and allo-3-dehydro-DC A, respectively.
Once identified, the [24–14 C]CA metabolites were then chemically 
synthesized, indi vidually ad ded to cell extracts of CA-induced in- 
tact cells of C. scindens VPI 12708 and shown to be converted to 
DC A or allo-DC A (Hylemon et al. 1991 ). T hus , while hepatocytes 
ar e ca pable of gener ating primary allo-bile acids (e .g. allo-C A and 

allo-CDCA) (Shiffka et al. 2017 , Shiffka et al. 2020 ), allo-secondary 
bile acids appear to be end-products of microbial bile acid 7 ɑ - 
dehydro xylation. Whether he patocytes can convert DCA to al- 
loDCA has not been addressed to our knowledge. 

[24–14 C]alloDCA is formed in cell-free extracts of C. scindens 
VPI 12708 on the order of 4 micromolar (Hylemon et al. 1991 ),
but typically when intact cells of C. scindens strains are induced 
nd bile acids extracted from the spent medium, conversion to
lloDCA is minimal if observed at all. A DM r ecentl y de v eloped
or the cultivation of C. scindens ATCC 35704 has been used to
ssess the transcriptional profiles to the bile acids CA and DCA
De v endr an et al. 2019 ). One of the observations was induction
.82 log 2 FC (FDR = 5.35E-26) by CA, but not DCA, of an unc har ac-
erized flavoprotein (HDCHBGLK_03 451). In a subsequent study 
Lee et al. 2022 ), HDCHBGLK_03 451 was cloned and the recom-
inant enzyme expressed in E. coli . It was determined that rest-

ng cells expressing HDCHBGLK_03 451 yielded the bile acid prod-
ct 3-dehydr o-alloDCA fr om 3-dehydr o-4-DCA and 3-dehydr o-
lloLCA fr om 3-dehydr o-4-LCA. When co-expr essed with baiA2 , 3-
ehydro-4-DC A was con verted to alloDC A, and 3-dehydro-4-LC A
as converted to alloLCA. We suggested the name baiP for HDCH-
GLK_03451. Phylogenetic analysis of BaiP revealed a separate, but 
losel y r elated gene cluster that contained the baiJ gene pr oduct,
hose function was unknown, from C. scindens VPI 12708 and C.

ylemonae TN271. We expressed the baiJ in E. coli and determined
hat BaiJ had bile acid 5 ɑ -reductase activity similar to BaiP (Lee et
l. 2022 ) (Figs. 4 and 5 ). Thus, the genes encoding remaining en-
ymes in the Hylemon–Björkhem pathway involved in secondary 
llo-bile acid formation have been identified. 

unction of bile acid 7 ɑ -HSDH and 12 ɑ -HSDH 

he r e v ersible oxidation and reduction of bile acid hydroxyl
roups is a phenotype harbored by diverse gut microbiota (Doden
t al. 2021 ). Consequentl y, C. scindens m ust be ca pable of r educ-
ng oxidized bile acid hydr oxyl gr oups (Fig. 7 ). A constitutiv el y ex-
r essed, nativ e N ADP(H)-dependent 7 ɑ -HSDH w as purified to elec-
r ophor etic homogeneity from C. scindens V.P.I. 12708 (Baron et al.
991 ). The enzyme is a tetramer with a subunit mass of 32 kDa.
he N-terminal sequence suggested that the enzyme was in the
hort chain dehydrogenase/reductase (SDR) family of enzymes. A 

 e v erse genetic a ppr oac h was then used to synthesize a probe to
ocate and clone the gene using Southern blot. The gene encod-
ng N ADP + -dependent 7 ɑ -HSDH w as cloned and ov er expr essed in
. coli and was shown to have similar subunit molecular mass,
inetic properties, and substrate specificity with the native en- 
yme (Baron et al. 1991 ). The −10 and −30 elements are distinct
r om conserv ed bai pr omoter r egion, and homologous to the con-
titutiv e pr omoter contr olling expr ession of NAD 

+ -dependent 7 ɑ -
SDH from E. coli (Baron et al. 1991 ). Indeed, 7 ɑ -HSDH is widely en-
oded in diverse taxa in the gut environment, and 7-dehydro-bile
cid deri vati ves are detected in stool (Ridlon et al. 2006 ). The ox-

dized bile acid pr oduct (7-dehydr o-DC A) of C A is not a substrate
or the BaiE (Dawson et al. 1996 ). The bai pathway o xidati ve ste ps
tilize the N AD 

+ /N ADH pool, while N ADP + -dependent 7 ɑ -HSDH
tilizes N ADP + /N ADPH as co-substr ate (White et al. 1983 , Bar on
t al. 1991 ). Taken together, the NADP + -dependent 7 ɑ -HSDH ap-
ears to r epr esent a r egulatory pathway that can “s witch” C A and
DCA “off” through oxidation and “on” through reduction, allow- 

ng the 7 ɑ -hydroxyl group to be removed and the redox potential
f the cell to be r a pidl y balanced. 

An early study provided a major clue to the potential of bile
cid 7 ɑ -dehydroxylating bacteria, including C. scindens , to oxi-
ize/deh ydrogenate the 12 ɑ -h ydroxyl group of CA deri vati ves (Ma-
uda et al. 1983 ). Aerobic incubation of intact cells of strain HD-17
 P. hiranonis ) resulted in abolition of bile acid 7 ɑ -dehydroxylation
nd instead conversion first to 7-oxo-DCA follo w ed b y forma-
ion of 7,12-dioxo-cholanoic acid (Masuda et al. 1983 ). A few
ears prior to this study, a 12 ɑ -HSDH was partially purified
nd c har acterized fr om Clostridium gr oup P C48-50 ATCC 29733
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Figure 7. Bile acid oxidoreduction by C. scindens . While CA is known to be transported by BaiG, it is assumed that oxo-bile acids are also recognized by 
this transporter, but this has yet to be determined. The import of 3-oxo-CA (or 3-oxo-CDCA) is predicted to be ligated to coenzyme A by BaiB and 
funneled into the Hylemon–Björkhem (HB) pathway and converted to DCA. 7-oxo-DCA has been shown to be converted to CA by NADPH-dependent 
7 α-HSDH (Baron et al. 1991 ). CA is then ligated to coenzyme A by BaiB and oxidized to 3-oxo-CA ∼SCoA by the BaiA (NADH-dependent 3 α-HSDH) 
(Bhowmik et al. 2014 ). 12-oxo-LCA is converted to DCA by NADH-dependent 12 α-HSDH (Doden et al. 2018 ). 
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Mahony et al. 1977 , Macdonald et al. 1979b ). The nucleotide
nd amino acid sequences were reported in 2011 in a patent
Aigner et al. 2011 ). From this sequence, a gene was identified
n C. scindens , C. hylemonae , and P. hir anonis based on ph yloge-
etic analysis to the 12 ɑ -HSDH from Clostridium group P C48-50
TCC 29733 (Kisiela et al. 2012 ). Biochemical confirmation of 12 ɑ -
SDH activity in bile acid 7 ɑ -dehydroxylating bacteria was sub-

equentl y r eported by our gr oup (Doden et al. 2018 ). Recombi-
ant 12 ɑ -HSDHs displayed an order of magnitude lower activity
o w ar d 12-dehydr o-CDCA r elativ e to 12-dehydr o-LCA (Doden et
l. 2018 ). Catalytic efficiencies ( K m 

/K cat ) were ∼3-fold greater in
he r eductiv e dir ection, with substr ate-specificities. Marion et al.
 2019 ) confirmed prior studies c har acterizing 12 ɑ -HSDH activity
n bile acid 7 ɑ -dehydroxylating bacteria. Lysozyme-treated pellets
f C. scindens ATCC 35704 incubated with CA resulted in accu-
 ulation of 12-dehydr o-lithoc holic acid. Anaer obic cell-fr ee ex-

racts and intact cells rapidly reduced 12-oxo-LCA to DCA in vitro
Marion et al. 2019 ). 

In addition, expressed recombinant proteins identified in the
hylogen y wer e shown to have NADP + -dependent 12 ɑ -HSDH ac-
ivity (Doden et al. 2018 ). Inter estingl y, substr ate-specificity fa-
ored DC A o ver C A and the r eductiv e dir ection. Our phylogenetic
nalysis and functional characterization of 12 ɑ -HSDHs from E.
enta indicate that 12 ɑ -HSDH activity is widespread in the gut mi-
robiota and may favor the o xidati v e dir ection (Doden et al. 2018 ,
arris et al. 2018b , Mythen et al. 2018 ). Ian MacDonald (see Fig. 1

or his picture) was a pioneer in the study of HSDH enzymes from
. lenta (Macdonald et al. 1977 , Macdonald 1978 , Macdonald et al.
979a ). Studies of bile acid hydrophobicity and toxicity indicate
hat 12-dehydro-LCA is intermediate in hydrophobicity between
 A and DC A as well as in toxicity toward Gr am-negativ e bacte-
ia (Watanabe et al. 2017 ). Collectiv el y, this suggests that bile acid
 ɑ -dehydroxylating bacteria utilize 12 ɑ -HSDH to maintain toxic
oncentrations of DC A. T his is in contrast to other bacteria that
av e e volv ed the ability to oxidize DCA to 12-dehydr o-LCA in or-
er to reduce toxicity. Genetic mutants of these enzymes and in
ivo studies will be necessary to test this hypothesis. 

hysiological responses of C. scindens to bile 

cids 

hile m uc h of the work on C. scindens has been at the le v el of
he bai r egulon, r ecent work has sought to understand how bile
cids affect global gene expression in C. scindens and host-microbe
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Figur e 8. T he steroid-17,20-desmolase pathway in host associated bacteria, including C. scindens . (A) 20 α-dihydrocortisol is converted to cortisol by 
DesC (NADH-dependent 20 α-HSDH) and cortisol to 11 β-hydr oxyandr ostenedione by DesAB (steroid-17,20-desmolase) encoded by C. scindens ATCC 

35704 (Ridlon et al. 2013 , De v endr an et al. 2018 ). 20 β-dihydrocortisol is not a substrate for C. scindens ; ho w ever, organisms such as B. desmolans , C. 
cadavaris , and P. lymphophilum express DesE, an NADH-dependent 20 β-HSDH (Devendran et al. 2017 ). 11 β-hydroxyandrostenedione is converted by 
17 α-HSDH to 11 β-hydro xy-e pi-testosterone encoded by C. scindens VPI 12708 (de Prada et al. 1994 ). (B) Gene cluster desABCD encoding 
steroid-17,20-desmolase (DesAB), DesC (NADH-dependent 20 α-HSDH), and a putative cortisol transport protein (DesD) in C. scindens ATCC 35704 
(Ridlon et al. 2013 ). (C) The desA and desB genes encode predicted N-terminal and C-terminal transketolases. An analogous reaction is predicted 
between sugar transketolation and steroid-17,20-desmolase. (D) The host liver reduces cortisol to tetrahydrocortisol or allotetrahydrocortiol, some of 
whic h under goes enter ohepatic circulation via the bile. Clostridium scindens is ca pable of r ecognizing allotetr ahydr ocortisol, conv erting this to 
11 β-hydr oxyandr oster one. We r ecentl y discov er ed that C. scindens VPI 12708 encodes the desF gene, whic h conv erts 17-keto andr ostanes to deriv ativ es 
of epitestoster one. Epitestoster one and the 5 α-r educed deriv ativ e of epiT (5 α-dihydroepiT) have been shown to be an androgen receptor agonist 
(Schiffer et al. 2024 ). Modified from previously published work (Ly et al. 2021 ). 
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and micr obe–micr obe inter actions in animal models. We r ecentl y 
performed RNA-Seq analysis of rRNA-depleted total RNA from C.
scindens ATCC 35704 cultivated in our recently developed DM and 

compared this with DM supplemented with either 0.1 mM CA or 
0.1 mM DCA (De v endr an et al. 2019 ). We identified a total of 1430 
genes significantly differentially regulated by C A. T here were 697 
genes upregulated, and 733 genes downregulated. DCA upregu- 
lated 684 genes and downregulated 1033 genes . T her e wer e 897 
genes shared between C A and DC A, while 278 were unique to CA 

and 207 unique to DCA. Clusters of orthologous groups altered by 
DCA included ener gy conserv ation/metabolism (gr oup C), and un- 
known function (group S), while CA altered group C and downreg- 
ulated replication and repair (Group L) (Devendran et al. 2019 ). The 
bai genes were among the most highly expressed in the presence 
of CA but downregulated significantly by DCA relative to control.
One exception was the baiA1 , which was induced by DCA, perhaps 
suggesting this copy of the 3 ɑ -HSDH is involved in the final oxida- 
ti ve ste p in the pathway leading to conv ersion of 3-dehydr o-DCA 

to DCA (Bhowmik et al. 2014 , De v endr an et al. 2019 ). 
We also r ecentl y c har acterized a nov el isolate fr om pig fe- 

ces designated C. scindens strain BL-389-WT-3D (DSM 100975) 
(Wylensek et al. 2020 ). The genome was sequenced and closed 

using a combination of Oxford Nanopore and Illumina sequenc- 
ing. Of the 3655 predicted protein-encoding genes in DSM 100975,
2966 genes wer e shar ed with C. scindens ATCC 35704. Genes that 
were unique to each strain appear to be composed largely of phage 
and mobile genetic elements, indicating the acquisition of dis- 
tinct mobile elements unique to their r espectiv e host environ- 
i
ents (Wylensek et al. 2020 ). Inter estingl y, the pig isolate did not
row in the DM developed for ATCC 35704, indicating additional
r owth r equir ements . We performed bile acid induction with C A
nd DCA in peptone yeast fructose (PYF) medium. The organiza-
ion of the bai pol ycistr onic oper on in C. scindens DSM 100975 was
early identical to human isolates ATCC 35704 and VPI 12708 ex-
ept that there is a single ORF of unknown function inserted be-
ween baiH and baiI (Wylensek et al. 2020 ). RNA-Seq analysis indi-
ates global transcriptional changes in the presence of bile acids
1393 genes upregulated by CA, 1336 downregulated), with signif- 
cant upregulation of bai polycistronic genes by CA, but not DCA.
he baiN gene in both ATCC 35704 and DSM 100975 was constitu-
ive in the former but downregulated in the latter. 

Bile acids induce expression of the well-studied multidrug ef- 
ux pump encoded by acrAB genes in E. coli (Rosenberg et al. 2003 ).

t would be expected that the candidate bile acid efflux pump
n C. scindens , which lacks acrAB homologs, would be induced
y bile acids. Our r ecent tr anscriptome anal ysis of C. scindens
TCC 35704 identified se v er al candidates, including multidrug
xport permease ygaD homolog (HDCHBGLK_00 878), ABC trans- 
orter yxlF (HDCHBGLK_01 721), and multidrug resistance protein 

 (HDCHBGLK_02 921) (De v endr an et al. 2019 ). Futur e bioc hemical
nd/or genetic work will be r equir ed to determine the identity of
he bile acid efflux pump(s) in C. scindens. 

ide-c hain meta bolism of cortisol 
lostridium scindens ATCC 35704 was originally selected and 

solated based on steroid-17,20-desmolase activity (Cerone- 
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cLernon et al. 1981 , Bokkenheuser et al. 1984 , Morris et al.
985 ). Intact cells and partially purified cell extracts of C. scindens
TCC 35704 exhibited cortisol-inducible steroid-17,20-desmolase 
s well as NADH-dependent 20 ɑ -HSDH activities (Fig. 8 A) (Krafft
t al. 1987 ). Substrates for both steroid-17,20-desmolase and 20 ɑ -
SDH wer e r eported to hav e an absolute r equir ement for adr eno-
orticoids with 17 ɑ ,21-dihydroxy groups (Krafft et al. 1989 ). 

In 2007, a draft genome of C. scindens ATCC 35704 became avail-
ble on NCBI as part of the Human Microbiome Project (BioSam-
le: SAMN00627066). Ther eafter, we r eported the first transcrip-
ome analysis for C. scindens ATCC 35704 following cortisol-
nduction (Ridlon et al. 2013 ). This a ppr oac h r esulted in identifi-
ation of a gene cluster encoding steroid-17,20-desmolase ( desAB )
nd NADH-dependent 20 ɑ -HSDH ( desC ) as well as a putative cor-
isol transporter ( desD ) (Fig. 8 B) (Ridlon et al. 2013 , De v endr an et
l. 2018 ). Wher eas aer obic mammals encode P450 monooxyge-
ases involved in steroid side-chain cleavage (Bloem et al. 2013 ,
chiffer et al. 2019 ), anaerobic gut bacteria appear to utilize a
ovel o xygen-inde pendent ster oid tr ansketolase enzyme encoded
y desAB genes (Fig. 8 C) (Ridlon et al. 2013 , De v endr an et al. 2018 ).

Phylogenetic and sequence similarity networks based on the
esAB genes in C. scindens ATCC 35704 resulted in identification of
esAB genes in other taxa pr e viousl y r eported to expr ess ster oid-
7,20-desmolase, namely Butyricicoccus desmolans (formerly Eubac-
erium desmolans ) and Clostridium cadaveris (Bokkenheuser et al.
986 , De v endr an et al. 2017 , Ly et al. 2020 ) . While C. scindens was
 eported to expr ess cortisol 20 ɑ -HSDH activity, whic h we demon-
trated was encoded by desC gene (Ridlon et al. 2013 ), B. desmolans
nd C. cadaveris were reported to express cortisol 20 β-HSDH ac-
i vity (Fig. 8 A) (Bokk enheuser et al. 1986 ). We identified and char-
cterized desE encoding 20 β-HSDH in B. desmolans and C. cadav-
ris , which is clustered with desAB (Devendran et al. 2017 , Do-
en et al. 2019 ). Sequence-based analysis has revealed that mem-
ers of the urinary tr act, suc h as Propionimicrobium (Propionibac-
erium) lymphophilum , also possess desABE genes (Ly et al. 2020 ).
. lymphophilum in the urinary has been shown to be correlated
ith prostate cancer (Shrestha et al. 2018 ). This unexpected ob-

ervation led us to acquire, screen, and confirm metabolism of a
ange of endogenous and pharmaceutical glucocorticoids, se v er al
f whic h ar e ther a peutic in pr ostate cancer suc h as pr ednisone
nd dexamethasone, by P. lymphophilum as well as C. scindens ATCC
5705 (Ly et al. 2020 ). 

etabolism of androstanes 

creening of over a dozen strains of C. scindens for steroid-17,20-
esmolase activity indicates that this function is r ar e in this
pecies (Ridlon et al. 2013 ). Indeed, while C. scindens VPI 12708
acks the ability to side-chain cleave cortisol, this strain expresses
7 ɑ -HSDH, whic h is pr edicted to conv ert the pr oduct of ster oid-
7,20-desmolase, 11 β-hydr oxyandr ostenedione (11OHAD), to
1 β-hydro xy-e pi-testosterone (Fig. 8 A) (de Prada et al. 1994 ).
 hus , important phenotypic differences exist relating to steroid
etabolism between strains of C. scindens . de Prada et al. ( 1994 )

artially purified the native 17 ɑ -HSDH from androstenedione-
nduced cultures of C. scindens VPI 12708 through ion exchange
nd affinity c hr omatogr a phy and then sequenced the N-terminus
de Prada et al. 1994 ). Almost 30 years later, we performed tran-
criptomic analysis of androstenedione-induced cultures of C.
cindens VPI 12708 and identified a single gene that was signifi-
antly induced (GGADHKLB_RS03875; 3.07 log 2 FC; FDR 0.0099)
Wang et al. 2025 ). We cloned GGADHKLB_RS03875, ov er expr essed
nd affinity purified the recombinant protein, and determined
hat this enzyme (DesF) converts 11OHAD and androstenedione
AD) to 11 β-hydro xy-e pi-testosterone and epitestosterone (epiT),
 espectiv el y, in an NADPH-dependent manner (Wang et al. 2025 ).

e named the gene responsible for this enzyme desF (Fig. 8 A and
). 
Recently, our focus has been to determine potential effects

f epiT formation on host physiology and health. EpiT has long
een regarded as an “antiandrogen,” a compound that antago-
izes the nuclear andr ogen r eceptor (AR) (Mauc her et al. 1994 ).
o w e v er, we r ecentl y r e ported that e piT causes prolonged AR-
ependent pr olifer ation of pr ostate cancer cell lines that harbor a
utant AR (LNCaP) and wild type AR (VCaP) (Wang et al. 2025 ).

n addition, the steroid-17,20-desmolase pathway is capable of
ide-c hain cleav e pr ednisone, used to tr eat pr ostate cancer, to
,4-androstenedione (AT) as well as the 17 ɑ -reduced form, epiAT
Wang et al. 2025 ). Ad dition of e piAT formed in spent medium by
. scindens VPI 12708 promoted significant pr olifer ation of LNCaP
ells. A recent study from Schiffer et al. ( 2024 ) also reports trans-
ctivation of AR by 5 ɑ -reduced epiT, further supporting a new
unction for e piT deri vati ves as androgens. Our previous work (Ly
t al. 2020 ) indicates that DesAB recognizes allotetrahydrocortiol
5 ɑ -reduced) but not tetrahydrocortisol (5 β-reduced) (Fig. 8 D), and
he DesF converts androstanedione to 5 ɑ -dihydroepitestosterone
Wang and Ridlon unpublished data). Furthermore, the drug abi-
 ater one acetate (prescribed along with prednisone) is used to
loc k adr enal andr ogen formation thr ough the inhibition of host
teroid-17,20-desmolase (CYP17A1) (Petrunak et al. 2023 ). Our re-
ults indicate that neither abir ater one acetate nor abir ater one
s able to inhibit bacterial steroid-17,20-desmolase (Wang et al.
025 ). We also measured fecal desF in patients curr entl y on abi-
 ater one acetate/pr ednisone that wer e r esponding (blood PSA le v-
ls stable) and when they became non-r esponsiv e (blood PSA lev-
ls rising) indicating androgens were increasing in tumors. We
dentified a subset of patients with fecal desF le v els that signifi-
antl y incr eased between hormone-sensitiv e pr ostate cancer who
re not being treated to those non-responding to abiraterone ac-
tate and prednisone treatment. A recent study also observed cor-
isol metabolism by C. scindens ATCC 35704 resulted in androgen-
ependent LNCaP pr olifer ation (Bui et al. 2023 ). Ov er all, these r e-
ults indicate that C. scindens strains harboring des pathway genes
ay be important in prostate cancer pr ogr ession, and potentiall y

lay a role in androgen-dependent physiological and pathophysi-
logical processes. 

lostridium scindens and the in vivo environment 
hile our knowledge of the pangenome of C. scindens is moving

orw ar d r a pidl y, our understanding of the micr obial ecology of C.
cindens is woefully behind. It is now clear that C. scindens is among
 handful of bacterial species with “high” conversion rates of CA
o DC A and CDC A to LC A (Ridlon et al. 2023 ). That the bai operon,
ncoding enzymes in the Hylemon–Björkhem Pathway, is part of
he core genome of C. scindens affirms the importance of bile acid

etabolism for this resident bacterial species in the human gut.
et, the concentrations of C. scindens are relatively low in the large

ntestine of healthy humans (10 3 –10 5 g −1 wet weight), while a few
ogs higher in gallstone patients (10 5 –10 7 g −1 wet weight) (Berr et
l. 1996 ). Nonetheless, e v en in low abundance, its potential to in-
uence the health and well-being of the host should not be under-
stimated. Recent evidence indicates that host-range goes beyond
umans, with C. scindens strains isolated from both rat (Song et
l. 2021 ) and pig (Wylensek et al. 2020 ) indicating that C. scindens
s likely common in mammalian GI tracts and expected to exert
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Figur e 9. T he role of bile acid and tryptophan metabolism in germination and vegetative growth of C. difficile . Taurocholic acid is deconjugated, mainly 
in the large intestine, by diverse gut microbial taxa. Free cholic acid is imported into a few species of Bacillota that harbor the bai regulon. Direct 
Pathway: After several o xidati ve ste ps and r ate-limiting 7 α-dehydr ation, 3-oxo- �4 -DCA becomes a substr ate for BaiCD forming DCA or BaiP/BaiJ 
forming alloDCA. Indirect Pathway: DCA is imported into Bacteroidetes strains that express 3 α-HSDH and 5 β-reductase (5BR), which converts DCA to 
3-oxo- �4 -DCA. Expression of 5 α-reductase (5AR) and 3 β-HSDH sequentially reduce 3-oxo- �4 -DCA to iso-allo-DCA. Allo-DCA generated by Bacillota is 
also isomerized to iso-allo-DCA via 3 α-HSDH and 3 β-HSDH expressing strains of E. lenta and other taxa. While TCA is a germination factor for C. 
difficile , DCA and isoalloLCA have been shown to be inhibitory toward C. difficile v egetativ e gr owth in vitro and in vivo . Secondary bile acids, including 
DCA and allo-DCA, are associated with increased risk of CRC. In addition, C. scindens strains have been shown to convert L-tryptophan to 
1-acetyl- β-carboline, whic h pr omotes syner gistic inhibition of C. difficile in the pr esence of hydr ophobic secondary bile acids (Kang et al. 2019 ). 
Modified from a previously published work (Lee et al. 2022 ). 
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important effects on production animals as well as companion 

animals through bile acid and hormone metabolism. 
Recent studies have examined the biogeographical distribution 

of C. scindens ATCC 35705 in gnotobiotic mice colonized with the 
OligoMM 

12 , which harbors bacteria with bile salt hydrolase activ- 
ity capable of forming free primary bile acids but lacks a member 
capable of bile acid 7 ɑ -dehydroxylation (Marion et al. 2020 ). Previ- 
ous in vitro studies established that C. scindens ATCC 35704 is not 
capable of bile salt hydrolysis and requires a free C24 carboxyl 
group in order to carry out bile acid 7 ɑ -dehydroxylation (White et 
al. 1980 ). Inter estingl y, r ecent work suggests that C. scindens strains 
ar e ca pable of conjugating amino acids to bile acids, although 

the enzyme responsible for this is not clear (Guzior et al. 2024 ).
T hus , in animals that are mono-colonized with C. scindens or in 
efined consortia lacking bile salt hydrolase activity (Narushima 
t al. 1999 ), the fecal bile acid profile would match the germ-free
ondition consisting of primary bile acids conjugated with tau- 
ine. Also, unlike rodent gut microbiota, human gut bacteria have
ot been shown to be capable of 7 ɑ /7 β-dehydroxylating MCA (Sac-
uet et al. 1984 , Ridlon et al. 2020 ); wher eas r at feces isolates con-
 ert m urideoxyc holic acid (MDC A) to MC A (Eyssen et al. 1999 ). 

Marion et al. ( 2019 ) used nanoscale secondary ion mass spec-
rometry (NanoSIMS) to quantify C. scindens cultures before oral 
av a ge in medium with 

15 N-labeled nutrients. Isotopically labeled
. scindens cells were detected 9 h after gav a ge in the distal in-
estine. Clostridium scindens was present at 10 2 –10 3 CFU g −1 in the
leum and 10 4 –10 7 CFU g −1 in the cecum and colon at 24 h. These
 esults ar e consistent with pr e vious studies that r eport bile acid



18 | FEMS Microbiology Reviews , 2025, Vol. 49 

7  

w  

O  

w  

s  

t  

P  

2  

i  

p  

M
 

t  

O  

a  

p  

t  

b  

i  

c  

a  

a  

t  

i  

t  

L  

t  

t  

t  

w  

d  

a  

t  

t  

b
 

b  

a  

2  

t  

t  

(  

s  

v  

A  

c  

m  

m  

a  

A  

d  

r  

s  

p

I
D  

s  

c  

p  

a  

t  

o  

a  

o  

p  

i  

s  

a  

v  

1  

i  

c  

s  

d  

b  

v  

m  

c  

b
 

(  

a  

e  

g  

d  

s  

m  

c  

M  

a  

e  

t  

d  

m
 

v  

b  

1  

t  

w  

(  

m  

a
 

a  

m  

t  

s  

i  

2  

p  

b  

m  

p  

q  

a  

i  

h  

(  

d  

a  

c
 

b  
 ɑ -dehydro xylating acti vity in the range of 10 3 –10 7 per g −1 wet
eight human stool (Berr et al. 1996 ). In vivo colonization with
ligoMM 

12 and C. scindens resulted in a bile acid profile consistent
ith prior studies of germ-free mice “humanized” with patient

tool (Berr et al. 1996 ) as well as the B3PC2 consortium, which con-
ains the bile acid 7 α-dehydroxylating bacteria C. hylemonae and
. hiranonis (Narushima et al. 2006 , Ridlon et al. 2020 , Wolf et al.
021 ). Taurine-conjugated primary bile acids were deconjugated
n the cecum; ho w e v er, onl y CA was converted to the secondary
roduct DCA. Murine primary bile acids were not converted to
DCA (Marion et al. 2019 ). 
In a follow-up study, Marion et al. ( 2020 ) sought to determine

he longitudinal distribution of bile salt biotransformation in the
ligoMM 

12 with and without C. scindens ATCC 35704 (Marion et
l. 2020 ). Meta pr oteomics and bile acid metabolomics were ap-
lied to each intestinal compartment demonstrating that addi-
ion of C. scindens to OligoMM 

12 affected species distribution and
ile salt metabolism along the small and large intestines. Clostrid-

um scindens colonization in the OligoMM 

12 consortium led to de-
reased bile salt deconjugation in ileum, less bile salt hydrolase
bundance in the pr oteome, and incr eased taur o- β-m uric holic
cid (T βMCA): β-MCA r atio. Low le v els of taur o-DC A (TDC A) and
auro-MDC A (TMDC A) were detected in the li ver, jejun um, and
leum only in mice colonized with C. scindens ATCC 35704. In
he cecum and colon, C. scindens colonized mice exhibited DCA,
C A, MDC A, 12-dehydro-LC A, and 6-dehydro-alloLC A; whereas in
he absence of C. scindens only oxo-primary bile acids were de-
ected owing to HSDH enzymes expressed by OligoMM 

12 consor-
ium members . T hese studies establish colonization biogeogr a phy
ith C. scindens ATCC 35704 and verify prior estimates of abun-
ance and secondary bile acid production in vivo . Future studies
re needed to understand the biology of C. scindens in the con-
ext of host-microbe and microbe–microbe interactions that de-
ermine colonization and abundance, and how these change with
ile salt concentrations and dietary composition. 

C. scindens ATCC 35704 has been shown r ecentl y to be capa-
le of side-c hain cleav a ge of glucocorticoid drugs such as dex-
methasone and prednisone (Zimmermann et al. 2019 , Ly et al.
020 ). T he side-chain clea vage product of prednisone was shown
o stimulate growth of prostate cancer cells significantly greater
han the most potent endogenous andr ogen, dihydr otestoster one
DHT ; L y et al. 2020 ). Zimmermann et al. ( 2019 ) demonstrated
teroid-17,20-desmolase activity against dexamethasone both in
itro and in vivo . Mono-colonization of GF mice with C. scindens
TCC 35704 resulted in 10 9 CFU g −1 content in the colon. A side-
 hain cleav a ge pr oduct of dexamethasone was observed to accu-
 ulate significantl y in cecum and serum of C. scindens ATCC 35704
ono-associated mice r elativ e to contr ol mice (Zimmermann et

l. 2019 ). 11-oxy-andr ogens, suc h as those generated by C. scindens
TCC 35704, have been a topic of increasing interest in the en-
ocrine field due to their potential to signal through the androgen
eceptor (Bloem et al. 2013 , Swart et al. 2015 ). The importance of
trains of C. scindens that express steroid-17,20-desmolase on host
hysiology has yet to be explored. 

nter actions betw een C. scindens and C. difficile 
espite its r elativ el y low abundance in the gut microbiome, C.

cindens is likely to exert an inordinate role in maintaining mi-
r obiome structur e thr ough secondary bile acid pr oduction, and
r e v ention of opportunistic pathogen colonization. Antibiotic-
ssociated diarrhea caused by C. difficile is a growing global health
hreat with > 450 000 infections and 29 000 death per year at a cost
f r oughl y $5 billion in the USA alone (Lessa et al. 2015 ). Hospitals
re a major source of infection due to higher environmental loads
f C. difficile spores coupled with a population having a greater
robability of antibiotic use. Clostridioides difficile spores germinate

n the gastr ointestinal (GI) tr act pr oducing toxin A and B from
ecr eting v egetativ e cells that cause symptoms r anging fr om di-
rrhea to se v er e colitis (Schnizlein et al. 2022 ). Metronidazole or
ancomycin is used to initially treat C. difficile infection. Ho w ever,
0%–40% of patients that are successfully treated relapse follow-
ng the end of antimicrobial therapy (Schnizlein et al. 2022 ). Fe-
al microbiota transplants (FMT) from healthy donors have been
hown to be highly effective in treating patients relapsing from C.
ifficile tr eatment, indicating r e-establishment of normal micr o-
ial inhabitants is necessary to exclude C. difficile from the GI en-
ir onment. Researc h efforts in recent years have focused on deter-
ining which gut microbial species are both necessary and suffi-

ient to treat C. difficile infection, providing targeted, defined pro-
iotic alternatives to FMT (Lavoie et al. 2023 ). 

Bile acids are thought to be central to C. difficile germination
Fig. 9 ). Indeed, C. difficile spores require 12 ɑ -hydroxylated bile
cids, principall y taur oc holic acid (TCA) to germinate in vitro (Sorg
t al. 2008 , Francis et al. 2013a , 2013b ). TCA in the presence of
l ycine, r eleased during micr obial bile salt hydr ol ysis, enhances C.
ifficile germination (Sorg et al. 2008 ). Francis et al. ( 2013a ) demon-
trated that the subtilisin-like pseudoprotease, CspC, is the ger-
ination receptor that recognizes 12 ɑ -hydroxylated bile acids. In

ontrast, bile acids that lack a 12 ɑ -hydroxyl group (e .g. CDC A and
CA) pr e v ent C. difficile spor e germination (Sor g et al. 2010 ) and

ct as competitive inhibitors of TCA-induced germination (Sorg
t al. 2010 , Francis et al. 2013b ). Binding of bile acids is predicted
o initiate the germination pathway leading to release of Ca ++ -
ipicolinic acid from the spore core allowing for resumption of
etabolism and e v entual v egetativ e gr owth. 
Bile acids have also been shown to affect C. difficile growth in

itro (Fig. 9 ). Secondary bile acids such as DCA and LCA have
een reported to impair vegetative cell growth in vitro (Wilson
983 , Sorg et al. 2008 ). Indeed, ileal and cecal contents from mice
r eated with cefoper azone allo w ed C. difficile spore germination,
hile contents from conventional mice prevented germination

Theriot et al. 2016 ). Intestinal content fr om cefoper azone-tr eated
ice wer e significantl y depleted in unconjugated secondary bile

cids. 
In 2015, C. scindens was identified as a leading microbial taxon

ssociated with resistance to C. difficile infection in mice and hu-
ans (Buffie et al. 2015 ). Adoptiv e tr ansfer of a four-str ain consor-

ium of microbes predicted to inhibit C. difficile , which included C.
cindens or C. scindens alone, was capable of ameliorating C. difficile
nfection in a murine model treated with antibiotics (Buffie et al.
015 ). Indeed, r ecov ery of antibiotic-tr eated mice fr om C. difficile
ositiv el y corr elated with r ecov ery of secondary bile acids and the
aiCD gene. Bile acid-binding anion-exchange resin cholestyra-
ine treatment permitted C. difficile growth, which was inter-

r eted as demonstr ating bile acid-dependent inhibition. Subse-
uent clinical studies supported this association, observing a neg-
tive association between fecal baiCD abundance and C. difficile
nfection (Solbach et al. 2018 ). Importantly, secondary bile acids
av e v arying degr ees of gr owth inhibition a gainst C. difficile in vitro

Giel et al. 2010 , Kang et al. 2019 , Sato et al. 2021 ). In particular,
eri vati ves of planar bile acids, particularly isoallolithocholic acid
ppear to be particularly inhibiting even at low micromolar con-
entrations (Fig. 9 ) (Sato et al. 2021 ). 

In addition to the formation of growth-inhibitory secondary
ile acids, C. scindens ATCC 35704 also synthesizes the antimi-
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Figure 10. Phylogenomics and diversity of bai and des genes in strains of C. scindens . The formation of two clades is shown, Clade 1 (green) includes 15 
strains and Clade 2 (blue) 19 strains. Bootstrap support values above 50% are shown in yellow stars at nodes. 
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crobial compound, 1-acetyl-beta-carboline which inhibits cell di- 
vision of C. difficile (Kang et al. 2019 ). Likewise, C. difficile ATCC 

9689 and clinical isolates (BB A-1870, BB A-1801, and BB A-1814) 
pr oduce cyclo(Phe-Pr o) and cyclo(Leu-Pr o) dipeptides that inhibit 
the growth of C. scindens ATCC 35704 (Kang et al. 2019 ). During C.
difficile infection, host collagen is degraded by metalloproteases 
in response to CDI toxins, and this results in release of post- 
tr anslationall y modified tr ans-4-hydr oxypr oline (Reed et al. 2022 ).
Clostridioides diff icile competes with C. scindens VPI 12708 in vivo for 
proline (Reed et al. 2022 ). Indeed, Cyp8b1-/- (cholic acid-deficient) 
m utant mice ar e pr otected fr om infection by C. difficile spores in 

the presence of C. scindens VPI 12708 in mono-associated gnoto- 
biotic mice (Aguirre et al. 2021 ). The production of 1-acetyl-beta- 
carboline was not detected in gnotobiotic mouse or patient fecal 
samples, and metabolomics analysis suggests that competition in 
vivo for the Stickland fermentation of proline is important, rather 
than bile acid metabolism (Aguirre et al. 2021 ). Clostridioides difficile 
also shares several nutritional requirements with C. scindens , such 

as the amino acid tryptophan and the B vitamins pyridoxine and 

pantothenate (Karasawa et al. 1995 , Devendran et al. 2019 ). These 
results suggest that some combination of bile acid metabolites,
antibiotic warfare, and competition for nutrients determines the 
success of C. difficile infection vs. gut microbial homeostasis. 

The pangenome of C. scindens 
The past 40 years of r esearc h on C. scindens has been relegated 

to the two strains reported in the early 1980s, C. scindens VPI 
12708 and C. scindens ATCC 35704. Ho w e v er, the importance of 
str ain v ariation among members of the human micr obiome can- 
not be underscored (Britton et al. 2021 ). A partial genome for C.
scindens ATCC 35704 was reported as part of the Human Micro- 
biome Project (PRJNA18175) in 2006. Recentl y, we r eported the 
complete 3658 040 bp genome of C. scindens ATCC 35704, which 
omprised 3657 coding sequences (CDS), 12 rRNA genes, 4 rRNA
istrons, and 58 tRNA genes (Devendran et al. 2019 ). Annotation
f the genome indicated certain nutritional r equir ements due to
he absence of genes involved in the de novo synthesis of trypto-
han, ribofla vin, pyridoxal phosphate , and pantothenic acid (De-
 endr an et al. 2019 ). The partial genome of Clostridiales VE202-05
PRJDB524) appears to be closest to the genome of C. scindens VPI
2708, which we recently sequenced (Olivos-Caicedo et al. 2023 ).
lostridium scindens ATCC 35704 and VPI 12708 share ∼64.5% of
heir genes (De v endr an et al. 2019 ). This is in contrast to our re-
entl y r eported closed genome of C. scindens BL389WT3D isolated
rom swine feces, which shared 81.9% of their 3656 CDS with
train ATCC 35704 (Wylensek et al. 2020 ). One of the interesting
ndings from comparing the genomes of the human ATCC 35704
nd pig BL389WT3D is that of the ∼660–690 unique genes, m uc h
f this content is composed of mobile genetic elements (i.e. bac-
eriophage genes and transposons) (Wylensek et al. 2020 ). 

We r ecentl y anal yzed the genomes of 34 cultur ed str ains of
. scindens (Table 3 ). These include 9 sequenced genomes that
e r ecentl y r eported (Fernandez-Mater an et al. 2024 ), 8 complete
enomes obtained from the public GenBank database at the Na-
ional Center for Biotechnology Information (NCBI), and 17 in- 
omplete genomes at the le v el of contigs and scaffolds obtained
rom NCBI. Sixty-six assembled metagenomic genomes (MAGs) of 
. scindens from human fecal sample metagenomes were also in-
luded (Pasolli et al. 2019 , Almeida et al. 2021 , Zeng et al. 2022 ).
he analysis identified a pangenome with 12 720 gene families,
istributed in thr ee gr oups, and associated with the core genome,
ccessory genome, and unique or str ain-exclusiv e genes. A total
f 1630 gene gr oups ar e in the cor e, r epr esenting ∼13% of the to-
al pangenome, 7051 accessory groups, and 4039 unique genes 
Olivos-Caicedo et al. 2025 ). On the other hand, the accessory
enome was determined using metagenome assembled genomes 
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Figure 11. Key metabolic pathways in the core genome of C. scindens (Olivos-Caicedo et al. 2025 ). 
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(MAGs) with a completeness value equal to or greater than 85%.
T he pangenome , r epr esented by 157 genomes, had a size of 19 198 
gene families and a core genome of 132 gene groups, the core rep- 
resenting ∼7% of the total pangenome . T he application of Heap’s 
Law form ula demonstr ated that the pangenome was open when 

the 34 cultured strains were included ( ɑ = 0.845) and remained 

open when 66 MAGs of C. scindens were included ( ɑ = 0.768). Phy- 
logenomic analysis of the 34 strains revealed two clusters: a 12708 
group and a 35 704 group (Fig. 10 ). 

Av er a ge nucleotide identity (ANI) analysis between the two 
str ain gr oups was then performed. Using this metric, the species 
dentity threshold percentage value for ANI analysis is equal to
r greater than 95% (Richter et al. 2009 ), identified two sets of
trains . T he intraspecies delineation criterion was also considered
hr ough the anal ysis of distances between genomes . T he results
how both isolated groups divided into 15 and 19 strains with a
ifference of ∼4%–5% in their genomic sequences . T he identity
ithin each group of C. scindens strains was ≥98%, while iden-

ity between groups was 94.5%–96%, whereas with C. hylemonae 
enome, the identity values were between 74% and 76%. These
NI values between the two groups of C. scindens strains suggest

he potential presence of two distinct bacterial species or at least
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Figure 12. A proposed model for the interaction between glucose fermentation, cortisol metabolism, and bile acid 7 α-dehydroxylation by C. scindens 
ATCC 35704. EMP, Embden–Mey erhof–Parnas pathw ay. 
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n ongoing speciation pr ocess. Gener all y, when a set of strains
ontains one species, the plot of the pangenome, based on the
ene frequency spectrum function G(k), is “U” shaped (Moldovan
t al. 2018 ). In contrast, when a set of strains contains more than
ne species, the plot will have internal peaks and a “W”-shaped
lot with “non-homogeneous” genomes (Moldovan et al. 2018 ).
hat the C. scindens G(k) plot was “W” shaped is further evidence
hat the 12708 and 35704 strains constitute separate bacterial
pecies (Olivos-Caicedo et al. 2025 ). 

redicted metabolic pathways in the core 

enome 

he complete Hylemon–Björkhem pathway and its associated
enes ( baiA2 , baiB , baiCD , baiE , baiF , baiG , baiH , bail , baiJ , baiK , baiN ,
nd baiP ) are a core feature of C. scindens strains (Fig. 10 ). While
esAB (steroid-17,20-desmolase) and desC (20 α-HSDH) genes are
resent in both groups, they are far more prevalent in Group 1

35704 group) (Fig. 10 ). In contrast, Group 2 (12708 group) has sole
 epr esentation of the desF gene, including two strains that have
oth desABC and desF genes (Fig. 10 ). The 12708 group also has
ole r epr esentation of the baiJ and baiK genes, pr e viousl y shown
o encode bile acid 5 ɑ -reductase (Lee et al. 2022 ) and bile acid CoA
r ansfer ase (Ridlon et al. 2012 ), r espectiv el y. Ov er all, these findings
end to support Bokkenheuser’s claims of “taxonomic value” for
ile acids and steroid metabolic activities (Bokkenheuser 1993 ),
hereby suggesting that C. scindens VPI 12708 and ATCC 35704 may
 ery well r epr esent separ ate species. What the taxonomic desig-
ation should be for these two groups (clades) remains to be set-
led. 

From a bioinformatics perspective, C. scindens strains appear to
arbor the full complement of genes necessary for the EMP and
entose phosphate pathways (Fig. 11 ). This also includes a “horse-
hoe” TCA cycle from oxaloacetate to succinyl ∼SCoA where ox-
loacetate is generated from phosphoenolpyruvate and malate,
nd fumar ate fr om pyruv ate . T he core genome also contains the
enes for the complete biosynthesis of the majority of amino
cids . T he core and accessory genomes contain a nearly complete
hikimate pathway for the biosynthesis of phenylalanine and ty-
osine; ho w ever, genes for an enzymatic pathway to tryptophan
re not observed, nor is a complete pathway for the synthesis of
roline found in the core genome (Fig. 11 ). Interestingly, trypto-
han is the sole amino acid r equir ed for gr owth of C. scindens ATCC
5704 in defined culture media (Devendran et al. 2019 ). 

Based on core genomic information, pantothenate biosynthe-
is is absent, while a pathway from pantothenate to CoA is ev-
dent (Fig. 11 ). While genes for de novo nicotinate biosynthesis
r e lac king, genes encoding enzymes for nicotinate conv ersion to
 AD 

+ and N ADP + ar e pr esent. Complete thiamine and cobalamin
iosynthesis pathways are part of the core genome, as are genes
ncoding enzymes involved in folate biosynthesis . A pathwa y for
he conversion of riboflavin to FMN and FAD is present; ho w ever,
he riboflavin biosynthesis pathway is not present. The lipoate sal-
 a ge pathway is pr esent; howe v er, the biosynthesis pathway is for
e. Collectiv el y, our in silico analysis of genomes from 34 strains

f C. scindens suggests that the DM de v eloped for C. scindens ATCC
5704 (De v endr an et al. 2019 ) may r equir e a complete set of vi-
amins (except thiamine) and some amino acid (proline and aro-

atic amino acids) supplementation to impr ov e gr owth of some
trains of C. scindens under defined conditions. 

onclusions 

lostridium scindens is a k e ystone gut microbial taxonomic group
hat, while low in abundance, has a disproportionate effect on bile
cid and steroid metabolism in the GI tract. Both the Hylemon–
jörkhem pathway and the steroid-17,20-desmolase pathway
ere first discovered in C. scindens. Numerous studies indicate

hat the two most studied strains of C. scindens (i.e. ATCC 35704
nd 12708) are important for a myriad of physiological processes
n the host. Our most recent analysis now calls into question
hether strains currently defined as C. scindens r epr esent two

epar ate taxonomic gr oups. Futur e dir ections include de v eloping
enetic tools to further explore (i) the role of bai and des genes
n steroid metabolism by C. scindens , (ii) the interaction between
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steroid metabolism and essential (core) metabolic pathways in C.
scindens and its impact on carbon and reductant flow in this bac- 
terium (Fig. 12 ), and the causal role of steroid-metabolizing path- 
w ays b y C. scindens in host physiology and disease. 
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