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Taxonomic relationships among the clostridia
Paul A. Lawson

The class clostridia are a highly diverse group of organisms within the phylum Bacillota (formerly
Firmicutes). Within this class is a large and important group of organisms belonging to the genus
Clostridium proposed in 1880 by Prazmowski, with Clostridium butyricum designated as the type
species (Prazmowski, 1880). Due to the rather simple genus criteria, the genus essentially became a
repository for all gram-positive-staining, anaerobic, spore-forming, rod-shaped organisms (Rainey
et al., 2009). Thus, species of the genus Clostridium are extremely heterogeneous, with many species
displaying a wide range of phenotypes including psychrophiles, thermophiles, and acidophiles, and
organisms that synthesize cytochromes and quinones (Wiegel et al., 2006; Rainey et al., 2009).
Although molecular methods and early phylogenetic studies began to provide insights into the
diverse nature of the genus (Johnson and Francis, 1975; Tanner et al., 1981; Ludwig et al., 1988;
Lawson et al., 1993), it was not until the seminal publication of Collins et al. (1994) that the true
diversity and phylogenetic structure of the genus were revealed with the establishment of 19 16S
rRNA clusters (Collins et al., 1994). Further support for this enormous diversity followed
(Stackebrandt et al., 1999; Gupta and Gao, 2009), and in 2013, Yutin and Galperin (2013) provided
a restructuring of the clostridia using genomic analyses to investigate gram-negative-staining spore
formers and other misplaced clostridia (Yutin and Galperin, 2013). While potentially useful, these
descriptions do not comply with the Bacteriological Code and, therefore, the names could not be
validly published in the International Journal of Systematic and Evolutionary Microbiology (IJSEM).
A major step forward in the taxonomy of the Clostridium was achieved when Lawson and Rainey
(2016) formally proposed to restrict the genus to the type strain C. butyricum and related species
(Lawson and Rainey, 2016). The authors recognized that the phylogenetic depth was still too large
to represent a single genus, but the genus as it previously stood could not encompass the phyloge-
netic diversity revealed by 16S rRNA gene sequence analysis. Several species belonging to Eubac-
terium and Anaerobacter that fell within Clostridium sensu stricto were transferred to the genus
Clostridium. The authors also proposed the transfer of Sarcina to the genus Clostridium, but this
proved to be controversial with the priority of the names Clostridium and Sarcina still open to inter-
pretation (Lawson and Rainey, 2016; Tindall, 2016). However, taxonomy should be a practical tool
and the transfer of all Clostridium to the genus Sarcinawould cause chaos, especially in the clinical
field as well as in the wider scientific community.
A further, as yet unresolved, consideration is with Clostridium botulinum. Rather than a single

species, this is referred to as the C. botulinum complex composed of organisms that produce bot-
ulinum neurotoxins (BoNTs). This group of organisms is represented in four separate phylogenetic
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clades (Carter and Peck, 1981; Collins and East, 1998; Smith et al., 2007; Williamson et al., 2016;
Smith et al., 2018), with C. botulinum type A designated as the type strain located in C. botulinum
Group 1 (Figure 1.1). Serological methods were first used to distinguish BoNTsmore than a century
ago with at least seven (A–G) serotypes characterized (Collins and East, 1998; Peck et al., 2017). An

Clostridium botulinum type F Eklund 202F ATCC23387 (X68171)

C. botulinum Group II

Species highlighted in bold text represent the more common disease causing organisms

Clostridium botulinum type E Iwanai (X68170)

Clostridium botulinum type B Eklund 17B ATCC25765 (X68173)

Clostridium beijerinckii DSM 791T(X68179)

Clostridium butyricum JCM 1391T (AB595129)

Clostridium baratii ATCC 27638T (X68174)

Sarcina maxima DSM 316T (X76650

Sarcina ventriculi DSM 286T X76649

Clostridium botulinum type D X68187

Clostridium botulinum type C X68315

Clostridium oceanicum ATCC 25647T (M59101)

Clostridium tepidum EH 97212T (KY322707)

Clostridium perfringens ATCC 13124T (KP326373)

Clostridium septicum ATCC 12464T (U59278)

Clostridium chauvoei ATCC 10092T (U51843)

Clostridium novyi ATCC 17861T (L37594)

Clostridium haemolyticum DSM 5565T Y18173

Clostridium senso stricto 

Clostridium tetani NCTC 279T (X74770)

Clostridioides difficile JCM 1296T (AB548672)

Clostridium sporogenes ATCC 3584T (X68189)

C. botulinum Group III

C. botulinum Group I

C. botulinum Group IV

Clostridium botulinum type B (X68186)

Clostridium botulinum F ATCC 25764 (L37593)

Clostridium tepidiprofundi strain SG 508T (EF197795)

Clostridium botulinum A ATCC 25763 (L37585)

Clostridium subterminale DSM 6970T (AF241844)

Clostridium peptidovorans DSM 12505T (AF156796)

Clostridium argentinense ATCC 27322T (X68316)

Clostridium botulinum type G ATCC 27322 (M59087)

Clostridium frigoris DSM 14204T (AJ506116)

Clostridium estertheticum NCIMB 12511T (X68181)

Clostridium lacusfryxellense DSM 14205T (AJ506118)

Hathewaya histolytica ATCC 19401T (M59094)

Hathewaya proteolytica DSM 3090T (X73448)

Hathewaya limosum CECT 4329T (FR870444)

Peptoclostridium litorale DSM 5388T (X77845)

Acetoanaerobium sticklandii DSM 519T (M26494)

100

100

100

100

100

100 100

100

100

100

100

100

100

100

100

100

100

0.01

100

97

96

97

Metaclostridioides mangenotii DSM1289T (FR733662)

Asaccharopora irregularis DSM 2635T (X73447)
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Figure 1.1 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences showing the
relationships between some Clostridium species and relatives. Bootstrap values (%) were obtained with 1000
replicates and are displayed at their branch nodes. Atopobium parvulum ATCC 33793T (X67150) was used as
the outgroup. Bar = 1%.
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additional BoNT, serotype H, was reported in 2013 but was later designated as a mosaic toxin; it has
a hybrid-like structure with regions similar to serotypes A and F and can be neutralized by anti-
bodies against BoNT/A (Barash and Arnon, 2014; Maslanka et al., 2016). An added difficulty is that
both Clostridium baratii and C. butyricum contain strains that produce neurotoxins. It is now clear
from a comparative sequence analysis that BoNTs have been laterally transferred between strains,
resulting in the four discrete C. botulinum groups currently recognized (Collins and East, 1998)
(Figure 1.1). Strains comprising C. botulinum Groups I and II are primarily responsible for human
botulism, C. botulinum Group III is responsible for botulism in various animal species, and C. bot-
ulinum Group IV does not appear to be associated with botulism in humans or animals (Carter and
Peck, 1981).
Since the papers of Collins et al. (1994) and Lawson et al. (1993), many former species of Clos-

tridium have been reclassified into novel genera, for example, Blautia (Liu et al., 2008), Clostri-
dioides (Lawson et al., 2016), Enterocloster (Haas and Blanchard, 2020), Hathewaya (Lawson
et al., 2016), Paraclostridium (Jyothsna et al., 2016), Ruminiclostridium (Zhang et al., 2018), and
Thomasclavelia (Lawson et al., 2023), to name but a few (Figure 1.1). As the genus currently stands,
the List of Prokaryotic Names with Standing in Nomenclature (http://www.bacterio.net) lists 162
validly published names although many more have not been validly published and to date have no
standing in the literature.
Although many species of Clostridium have been recovered from animal sources (Rainey et al.,

2009), only a relatively few may cause disease, including C. botulinum, Clostridium tetani, Clostrid-
ium chauvoei, Clostridium haemolyticum, Clostridium novyi, Clostridium perfringens, Clostridium
septicum, Clostridium piliforme, Clostridioides (formerly Clostridium) difficile, Clostridium spiro-
forme (now Thomasclavelia spiroformis), and Paeniclostridium (formerly Clostridium) sordelli
(Figure 1.1). These diseases will be discussed in detail in subsequent chapters.
The phylogenetic diversity first eluded via 16S rRNA gene sequencing is mirrored with the now

routine whole-genome sequencing (WGS); the major branching topologies in phylogenetic/phylo-
genomic trees are broadly consistent. Indeed, with the genome sequence now required for the
description of novel species, two approaches have come to the forefront: digital DNA–DNA hybrid-
ization (dDDH) (Meier-Kolthoff et al., 2013) and average nucleotide identity (ANI) (Konstantinidis
and Tiedje, 2005). The proposed species boundaries for ANI and dDDH values are 95% and 70%,
respectively (Konstantinidis and Tiedje, 2005; Goris et al., 2007; Richter and Rosselló-Móra,
2009; Meier-Kolthoff et al., 2013). A consequence of these more sensitive methods was that the16S
rRNA gene similarity threshold value of 97% (Stackebrandt and Goebel, 1994) was raised to
98.2–99% for the delineation of novel species (Konstantinidis and Stackebrandt, 2006; Stackebrandt
and Ebers, 2006; Kim et al., 2014). Furthermore, the application of 16S rRNA gene similarities to
delineate ranks (Yarza et al., 2014) is now augmented by amino acid identity (AAI), with a thresh-
old value of 65% established to demarcate a genus (Goris et al., 2007; Konstantinidis et al., 2017)
alongside a 16S rRNA value of approximately 94% (Yarza et al., 2014). Therefore, based on the above
criteria and an examination of the phylogenomic trees in genome databases as exemplified by the
Genome Taxonomy Database (https://gtdb.ecogenomic.org) (Parks et al., 2022), it is clear that a
major revision of the clostridia is required.
In conclusion, although phylogenetically outside Clostridium sensu stricto, many species retain

the name “Clostridium” and await reclassification, and the genus is considered to be in a state
of taxonomic flux (Rainey et al., 2009; Parte et al., 2020). It is clear that additional members of
the clostridia and the genus Clostridium will be identified, but the relatively small number of
organisms that may cause disease is well documented.
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