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ABSTRACT The rapidly growing number of botulinum neurotoxin sequences poses the problem of the possible evolutionary
significance of the variability of these superpotent neurotoxins for toxin-producing Clostridium species. To progress in the un-
derstanding of this remarkable phenomenon, we suggest that researchers should (i) abandon an anthropocentric view of these
neurotoxins as human botulism-causing agents or as human therapeutics, (ii) begin to investigate in depth the role of botulinum
neurotoxins in animal botulism in the wilderness, and (iii) devote large efforts to next-generation sequencing of soil samples to
identify novel botulinum neurotoxins. In order to compare the fitness of the different toxins, we suggest that assays of all the
steps from toxin production to animal death should be performed.

An intrinsic aspect of science in general and of experimental
sciences in particular is that a field or domain can remain

unchanged or stagnant for many years. Then, it may change rap-
idly, following the introduction of a novel paradigm or, more
frequently, a technical innovation (1). This has recently happened
for the botulinum neurotoxins (BoNTs), whose number rose rap-
idly from a few BoNTs to several dozens in a few years, and many
more are expected to be reported soon. These neurotoxins are the
most potent bacterial toxins yet known; therefore, they are classi-
fied as category A select agents by the Centers for Disease Control
and Prevention (2). At the same time, due to scientific and clinical
research, the BoNTs have become human therapeutics, currently
used in many millions of doses per year worldwide (3–6). In fact
the injection of one of them (BoNT serotype A1) has become the
therapy of choice for several human syndromes, and possible
novel therapeutic applications are currently being investigated.

THE GROWING FAMILY OF BOTULINUM NEUROTOXINS

The first BoNT (serotype A) was discovered in 1896 and subse-
quently, one after the other, a total of seven serotypically distinct
types were identified by 1970. They are classified on the basis of
specific antibody recognition and are termed BoNT/A to BoNT/G
(7, 8). An additional BoNT serotype (H) has recently been pro-
posed (9); however, this finding awaits confirmation. These neu-
rotoxins are produced by anaerobic bacteria of the Clostridium
genus and specifically affect vertebrates (7, 10). Serotypes A, B,
and E are those more frequently associated with human botulism,
with fewer cases being caused by BoNT/F (8). Almost exclusively
associated with botulism among birds is BoNT/C, while BoNT/D
causes botulism in different animal species but not in humans,
with very few exceptions. BoNT/E is more frequently associated
with botulism of marine vertebrates and fish eating birds (7).
BoNT/G is produced by a bacterium first isolated from a cornfield
(11) and classified as Clostridium argentinensis, while the other
BoNTs are produced by C. botulinum, C. baratii, or C. butyricum.
Such a range of target organisms results from the mode of inter-
action of each type of BoNT with the different animals and/or the
ecology, spore germination requirements, and bacterial cell
growth properties of the neurotoxigenic bacteria. Despite these
variations, all BoNTs, when injected into sensitive vertebrate spe-
cies, cause a flaccid paralysis with the same pathogenetic mecha-
nism. This mechanism is a BoNT-induced blockade of skeletal
and autonomic cholinergic nerve terminals after specific binding
and entry into the cytosol of nerve terminals (8, 10). Indeed, all

BoNTs are structurally and functionally very similar and consist of
three domains termed L, HN, and HC, with L linked to HN by a
single interchain disulfide bond (10, 12–14). BoNTs bind the axon
terminals of skeletal and autonomic peripheral neurons via a
unique double receptor binding mode, with the two receptors
binding sites located in HC (10). However, additional binding
interactions with the external surface of the presynaptic mem-
brane are possible (15, 16). BoNTs are then internalized inside
synaptic vesicles, where the pH becomes acidic, causing a con-
certed BoNT-and-membrane change of structure. HN forms a
transmembrane chaperone that assists the translocation of the L
domain from the lumen to the cytosolic side of the vesicle mem-
brane (10, 14). Here, L refolds and is released upon the reduction
of the L-SS-HN bridge by a thioredoxin reductase-thioredoxin
protein disulfide-reducing system localized on the cytosolic face
of the synaptic vesicle membrane (17–19). L is a metalloprotease
that specifically cleaves VAMP/synaptobrevin, SNAP-25, or syn-
taxin, which are three proteins essential for neuroexocytosis. This
cleaving causes a prolonged inactivation of neurotransmitter re-
lease (20, 21) with ensuing peripheral neuroparalysis and death. In
the case of humans and caged mice, death follows the paralysis of
respiratory muscles. However, if respiration is mechanically as-
sisted, botulism patients recover completely from the neuropa-
ralysis, though with different time courses depending on the
BoNT type involved (7, 8, 10, 22).

To summarize, from a functional point of view, BoNTs are
very sophisticated nanomachines (14), finely tuned around the
following four unique physiological features of vertebrate nerve
terminals: (i) binding to polysialogangliosides (glycolipids of ver-
tebrates which are highly enriched in presynaptic terminals) and
to the luminal domain of integral membrane proteins of synaptic
vesicles (SV) (subcellular organelles unique to animals endowed
with a nervous system); (ii) low-pH-driven membrane transloca-
tion across the SV membrane, which is physiologically necessary
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for neurotransmitter refilling of SV after release by neuroexocyto-
sis; (iii) reduction of the interchain SS bond by an SV redox sys-
tem; and (iv) metalloproteolytic activity specific for VAMP,
SNAP-25, or syntaxin (10, 14, 20, 21). It should be noted that these
three proteins (i) contain unique sites of proteolysis by the L
chains of BoNTs and (ii) are specifically recognized by the BoNT L
chains through extended enzyme-substrate interactions, which
include several exosites in addition to the active site (20, 21, 23,
24).

Until a few years ago, the field of the study of BoNTs in general
seemed to have reached a kind of steady state, with a small number
of basic science papers and an overflow of thousands of clinical
papers per year. Then, faster and cheaper DNA sequencing be-
came accessible to microbiology laboratories and national botu-
lism reference centers. Thus, clinical isolates of Clostridium spe-
cies, accumulated over decades, were and are being sequenced.
Only very recently have microbiologists begun to sequence iso-
lates from the environment, where the large majority of BoNT-
producing clostridia reside. Within a short period of time, the
sequences of more than forty different BoNTs, recognizable as
variations of known serotypes, were deposited (10). But many
more are about to be released. At this time, the BoNTs are classi-
fied in serotypes (capital letters from A to G) and subtypes (Arabic
numbers); for example, BoNT/A1, A2, A3, etc. However, there is
no consensus on what defines a subtype. Some authors have pro-
posed that �2.5% of the primary sequence must be different to
define a novel subtype (see reference 25 for a recent review).
Clearly, this is an arbitrary figure, as a change in even 1 amino acid
residue within the active site of the L chain, in the binding sites of
the HC domain, or elsewhere can bring about a profound change
in biological properties. It was recently shown that the replace-
ment of only 3 of a total of about 1,300 residues was sufficient to
change the substrate cleavage specificity of BoNT/C (26) and the
toxicity of BoNT/B1 (27). The increasing number of BoNT vari-
ants and the expectation that the soil isolates will provide a poten-
tially unlimited source of novel sequences calls for an interna-
tional agreement of the botulism research community for a shared
categorization. More importantly, the discovery of novel BoNTs
poses major problems to current programs aimed at developing
BoNT-neutralizing antibodies and vaccines. In fact, some of the
presently known novel BoNT subtypes are poorly neutralized by
available antibodies developed against subtype 1 of the seven se-
rotypes. This is well illustrated by the proposed definition of a
novel serotype H, based on the evidence that the corresponding
protein toxin is not neutralized by any of the available anti-BoNT
antibodies (9). At the same time, this multitude of novel BoNTs
provides a real goldmine of potential novel therapeutics endowed
with improved properties with respect to those of existing BoNTs.

The existence of many BoNTs endowed with different immu-
nogenic properties but very similar cellular and molecular mech-
anisms of intoxication calls for an intensification of the current
studies aimed at identifying inhibitors of specific steps of BoNT
neuron intoxication (28). At the same time, from a biological
point of view, the variability of these neurotoxins raises questions
about the processes leading to the generation of such a large num-
ber of BoNTs and their possible adaptive significance.

An ecological role of the BoNTs? To date, the number of stud-
ies on the biology and ecology of toxigenic clostridia is very lim-
ited, particularly in comparison with the extremely large cohort
dedicated to the therapeutic uses of BoNTs or to the comprehen-

sion of how BoNTs cause neuroparalysis. In particular, there are
no reports on possible roles of the BoNTs in the life cycles of
clostridia in the various ecological niches where they reside (com-
munication, signaling, fighting competing species, etc.). Such
roles cannot be excluded, and it is possible that the pathogenic
action of BoNTs on vertebrates is accidental, as is the case for
many toxins produced by plants and fungi (29).

The currently predominant explanation concerning the role
played by BoNTs in the clostridial life cycle is that they serve the
goals of bacterial multiplication and diffusion by means of killing
vertebrate animals. Causing host death is seen as a proactive strat-
egy to expand the anaerobic ecological niche that is supportive of
clostridial growth with respect to the passive strategy of prolifer-
ating on anaerobic decomposing biological materials or on ani-
mals that die for any reason. In fact, an oxygenated animal is
transformed by death into a large anaerobic fermenter capable of
hosting the proliferation of toxigenic and nontoxigenic clostridia
in numbers of billions and billions. Clostridia may derive inter-
nally from limited anaerobic portions of the intestine (7) or be
acquired by spore contamination from the environment. When
the nutrients are consumed and/or the bacteria are exposed to O2,
the clostridia sporulate and the spores are diffused in the environ-
ment by physical forces. When a niche permitting spore germina-
tion is found, vegetative cells arise, and they may produce and
release BoNTs. However, given that the cellular pathogenesis of
botulism caused by the known BoNT isoforms is very similar if not
identical, how can one reconcile the existence of so many variants?
It appears to us that, in order to decipher the evolutionary signif-
icance of BoNT variability, an effective approach would be to put
greater efforts into the study of animal botulism occurring in the
wild, where the disease affects many different vertebrates in num-
bers that are orders of magnitude larger than the numbers of cases
in humans or pets and, thus, has a much higher evolutionary
impact (7, 8, 30).

Neurotoxigenic clostridia are present in the environment
mainly in the form of spores, which can be found in several ter-
restrial and aquatic environments and in the intestine of some
animals (7, 30). Clostridial spores can germinate where appropri-
ate conditions of anaerobiosis, pH, and nutrients are met, giving
rise to the vegetative cells. These conditions occur in decaying
biological materials in soil and mud at the bottom of lakes, ponds
and wells and in cadavers and carcasses of animals that have died
for any reason and that are contaminated by clostridia present in
their gut before death, by spores of clostridia acquired from the
environment, or by anaerobic aliments and forages. Given the
diversity of ecological habitats, of species involved, and of feeding
habits, animal botulism is actually extremely variable in terms of
ecology and epidemiology, as well as in the mode of entry of the
BoNTs into an animal’s body, though not in the molecular and
cellular pathogenesis processes leading to neuroparalysis. In addi-
tion, outbreaks of animal botulism frequently take the appearance
of a toxin infection rather than that of an intoxication, due to
cannibalism of cadavers or coprophagy of contaminated feces or
feeding on invertebrates acting as toxin-insensitive vectors of the
BoNTs, rapidly leading to the involvement of many individuals (7,
30). There is evidence, based on accurate observations in the field
and on farms, that animal botulism can follow different sequences
of events. It begins with the germination of spores within anaero-
bic vegetable or animal materials and is continued by the prolif-
eration of neurotoxigenic bacteria, producing one or more BoNT
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types depending on the clostridia present. Different sequences of
events may then follow depending on the particular situation and
environment. In the muddy bottom of aquatic environments, a
variety of invertebrates can eat the BoNT-containing biological
material and, thus, become vectors of the toxins, spores, and bac-
teria, which are delivered to any animal in the food chain, includ-
ing vertebrates, which will then be affected by botulism (7, 30).
The mixture of BoNTs, spores, and bacteria can also be ingested
directly by birds and fish feeding within the muddy bottom of
ponds and rivers. A very relevant point to be noted is that the
amount of BoNT necessary to cause death is much lower in the
environment than in the laboratory. In fact, even the very small
amount of BoNT required to cause the first signs of botulism, such
as impairment of vision or decreased mobility, are lethal for an
animal in its environment, e.g., a duck that has to fly, a fish that has
to swim well to feed or to escape predators, etc. Much larger
amounts of BoNTs are necessary to kill a caged animal in the
laboratory, as death comes by respiratory failure. One extreme
example illustrating the difference between environment and lab-
oratory is that of frogs, who can survive the blockade of the respi-
ratory function by exchanging oxygen through the skin. BoNT-
injected frogs were observed to remain immobile but alive in the
laboratory for months (J. Molgo, personal communication),
while they would have been rapidly predated in the environment.

Any cadaver, whatever the cause of death, if exposed to air will
be soon colonized by flies. They will deposit their eggs, causing the
cadaver to become full of larvae, which grow by eating the decay-
ing flesh and become very toxic if neurotoxigenic Clostridium is
present. Many birds and fish consume maggots and will conse-
quently die of botulism, perpetuating a cycle that can, in a few
days, involve very large numbers of individuals (up to millions
have been recorded) (7, 30). Alternatively, there are animals that
may feed on cadavers, and hence, dead vertebrates can act as direct
BoNT sources. An additional potentially toxic food is constituted
by feces. Moreover, BoNT-containing decaying biological materi-
als can contaminate food such as hay or water, thus transmitting
the BoNT to large animals, including cows and horses, during
feeding or drinking (7, 30). In addition, intoxicated animals may
travel some distance from the site of ingestion, thus diffusing an
animal botulism outbreak over a large geographic area. It is also
possible that some toxin-resistant vertebrate species (cats, pigs,
etc.) act as carriers of clostridia and/or BoNTs (7). Such chains can
be interrupted only by removing all cadavers, which is rarely fea-
sible in the wilderness. As animal botulism develops among car-
nivorous and omnivorous animals or in species feeding in the
anaerobic muddy bottoms of lakes, ponds, and rivers, many ver-
tebrates species may be potentially involved. Additionally, insec-
tivorous birds are prone to die of botulism for the reasons men-
tioned above (7, 30). The emerging picture of animal botulism in
the wilderness is a very complex one.

The production of BoNT appears to be a quality distinct from
bacterial survival and growth, as clostridia may survive and repli-
cate without the requirement for residence in the vertebrate host.
Therefore, the origin of the extremely toxic BoNTs is a matter of
speculation, which includes the possibility of accidental or cryptic
pathogenesis (29). Regardless of the origin, once acquired, the
BoNTs would have been maintained only if the trade-off between
metabolic/genetic costs and the advantages conferred in terms of
clostridial growth and diffusion was relevant for an increase of
bacterial fitness. From this point of view, the quality of the BoNT

variants should be evaluated solely for their performance in in-
creasing the diffusion of clostridia. It is difficult to escape the con-
clusion that, while it is true that vegetative cells may survive and
replicate without BoNTs, the action of the neurotoxin greatly ex-
pands the dimensions of the environments favorable to clostridial
growth and multiplication. Neurotoxigenic clostrida would act as
ecological molecular engineers that use BoNTs to expand the
physical and geographical extension of anaerobic environments
rich in nutrients.

Large botulism outbreaks, with their enormous proliferation
and diffusion of clostridia, provide the opportunity for the gener-
ation of BoNT gene and BoNT-associated gene variants. These
variants are produced by mutations and by gene or gene fragment
exchanges by various means, including phages and plasmids and
other mobile genetic elements. In other words, each botulism out-
break is an occasion for the occurrence of novel BoNT variants
that may be selected by (i) any of the factors that characterize
BoNT survival within the different biological materials and fluids
outside and within the invertebrates and vertebrates that are in-
volved in animal botulism and (ii) by the parameters determining
the various steps of the pathogenesis of the disease in the different
species of vertebrates. In this respect, the BoNT/E-producing
Clostridium spp. and the BoNT/E neurotoxins, which are associ-
ated with botulism of fish and other aquatic animals (31), appear
to have evolved under the pressure imposed by the need to be
capable of growth and production of the neurotoxins at low tem-
peratures.

Although available data and hints indicate that the BoNTs are
the result of adaptive evolution, we cannot exclude the possibility
that nonadaptive processes have influenced their variability. In-
deed, one should always keep in mind that “Variations neither
useful nor injurious would not be affected by natural selection,
and would be left either a fluctuating element, as perhaps we see in
certain polymorphic species, or would ultimately become fixed,
owing to the nature of the organism and the nature of the condi-
tions.” (32). A formalization of this prediction by Darwin is pro-
vided by the neutral theory of molecular evolution. This theory
predicts that most variation at the molecular level does not affect
fitness and is best explained by stochastic processes. This predic-
tion has been widely confirmed by the analysis of genomic se-
quences (33). Thus, to investigate the occurrence and mainte-
nance of BoNT variability, both nonadaptive and adaptive
processes should be taken into account. To evaluate whether or
which BoNT isoforms were the result of nonadaptive processes,
such as a combination of neutral mutations and genetic drift, one
could take advantage of predictions of the neutral theory that can
be experimentally tested (33). According to these predictions, by
comparing BoNT amino acid sequences, we should expect to find
that (i) conservative changes occur much more frequently than
radical changes, (ii) synonymous base substitutions, which do not
cause amino acid changes, almost always occur at a much higher
rate than nonsynonymous substitutions, and (iii) pseudogenes
evolve at a high rate and this rate is the same in the three-codon
positions. When large numbers of bont sequences, including those
derived from environmental samples, are made available, the test-
ing of these predictions will shed light on the contribution of non-
adaptive evolutionary processes to the maintenance of BoNT vari-
ability.

At the same time, to highlight the adaptive value, it is necessary
to evaluate the overall performance of each BoNT subtype with
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respect to the steps defining the long road leading from toxin
production to neuroparalysis. To date, the limited number of re-
ports available show that the BoNTs vary in terms of toxicity, entry
into neurons, enzymatic activity, site of SNARE cleavage, and du-
ration of action (34–38). These studies, as relevant as they might
be for the therapeutic use of the BoNTs, only partially reflect the
relevance of the various BoNTs for clostridial growth and diffu-
sion in the wilderness. Indeed, a specific BoNT’s performance may
be seen as crucial because of its medical application but, at the
same, it may be insignificant to natural selection if it does not
affect the toxin’s ability to favor the spread of clostridia. For a full
evaluation of a BoNT’s performance, one has to consider all the
steps a BoNT goes through from its synthesis to animal death and
attempt to make a quantitative evaluation. Table 1 lists these steps
and indicates possible assays. Step 1 refers to the decaying biolog-
ical materials or foods where BoNTs are released, which contain
proteases and protein-modifying chemicals that can inactivate the
toxin protein molecule. This factor could vary greatly among the
different Clostridium media. It should be evaluated in the BoNT
complexes that are comprised of BoNT plus the additional pro-
teins expressed by the various bont loci (10, 25, 39, 40). The most
important one appears to be the nontoxic nonhemagglutinating
protein, which folds very similarly to the BoNT molecule and
forms a heterodimer with it that shields a large part of the BoNT
surface (41). Similar considerations can be taken into account for
steps 2 and 3. The crossing of the intestinal wall from the lumen to
the tissue (step 4) is a particularly critical step, and it is expected to
vary greatly in different animals. In addition, it should be consid-
ered that many strains produce more than one BoNT subtype, and
so, there is the possibility that two BoNTs synergize, similarly to
the two anthrax toxins and some snake toxins (42–44). Moreover,
some strains of BoNT/C-producing C. botulinum also release a C2
toxin that modifies actin and therefore is very likely to affect the
passage of BoNT/C across the polarized intestinal epithelial

monolayer (45). Step 5 refers to the survival of the active form of a
BoNT within the lymphatic and blood circulatory systems, which
contain antibodies and other proteins endowed with potential
BoNT-binding activities, proteases, chemicals, radicals, etc. (46).
Steps 6 to 9 have been discussed previously (9, 20, 37, 38, 47–50).
The last step of Table 1 refers to the duration of action inside nerve
terminals. This factor can be inferred using animal tests, such as
the DAS assay (51–54). In vivo methods have to be used because
the duration of action is the result of biochemical factors acting
inside neurons, as well as the activities of other cells and factors
only present in vivo (perisynaptic Schwan cells, muscle fibers,
other cells, etc.)

The evaluation of each of these steps for the various BoNT
subtypes has to be made in order to compare the overall perfor-
mance of different BoNTs. Currently, only a few of these steps are
being considered, and this does not permit appropriate evolution-
ary considerations to be taken into account. As an example, one
can envisage the case of a BoNT isoform that is highly resistant to
proteases and well adsorbed into the circulation simultaneously
having a low catalytic activity. This would be considered an unfa-
vorable evolutionary product if one considers only the metallo-
protease enzymatic activity in neurons in culture or even in a
toxicity test. Other examples that one could encounter are those of
a BoNT isoform that is highly toxic when injected into mice but is
highly sensitive to proteases or a BoNT isoform that is poorly
adsorbed into the general circulation but that compensates with a
high neurotoxicity and a long duration of action. Overall, the lat-
ter isoform may be evolutionarily as fit as the first one, though it
would clearly be a better candidate for therapeutic use. It should
perhaps be emphasized that by performing these tests for the novel
BoNT subtypes, one may well discover toxins with more useful
therapeutic properties

Here, we have only touched upon the possible role(s) that
BoNTs may have in clostridia within their environments. How-

TABLE 1 Proposed steps from toxin production release to neuroparalysis to be considered in order to evaluate the adaptive value of the different
BoNTsa

Step Role Possible method of evaluation Reference(s)

1 Preservation of the integrity of the BoNT molecule, either
alone or in complex with NTNHA or in complex with
NTNHA and HA proteins or HA-like proteins in
decaying biological materials

MS techniques using isotopically labeled BoNTs, assay of
SNARE-specific metalloprotease activity

10, 25, 39–41

2 Preservation of the integrity of the BoNT molecule, either
alone or in complex with NTNHA or in complex with
NTNHA and HA proteins or HA-like proteins inside
invertebrates

MS techniques using isotopically labeled BoNTs, assay of
SNARE-specific metalloprotease activity

7, 10, 30

3 Preservation of the integrity of the BoNT molecule, either
alone or in complex with NTNHA or in complex with
NTNHA and HA proteins or HA-like proteins facing the
activity of the proteolytic gastric juices

MS techniques using isotopically labeled BoNTs 7, 39, 40

4 Capability of BoNT to cross the intestinal wall using
intestinal loop animal models (BoNT/C)

Intestine models and sensitive methods of detection of the
biologically active BoNTs

10, 39, 40

5 Preservation of the neurotoxic active form of BoNT within
the body fluids (lymph, blood)

Isotopically enriched BoNTs and assays of neuroparalysis,
such as the DAS assay

46

6 Binding to the presynaptic membrane Biochemical assays 47
7 Endocytosis inside nerve terminals Quantitative methods to be established 9
8 Membrane translocation Biophysical and cell biology methods 48–50
9 SNARE proteolysis Biochemical assays 20, 37, 38, 48–50
10 Duration of action of the L metalloprotease activity inside

nerve terminals
DAS assay, rotating wheel assay, electrophysiological

methods
51–54

a NTNHA, nontoxic nonhemagglutinin protein; HA, hemagglutinin; MS, mass spectrometry; DAS, digit abduction score.

Perspective

4 ® mbio.asm.org January/February 2015 Volume 6 Issue 1 e02131-14

 
m

bio.asm
.org

 on January 6, 2015 - P
ublished by 

m
bio.asm

.org
D

ow
nloaded from

 

mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


ever, there is sufficient rationale to justify ad hoc investigations,
and one can predict that such studies will also throw light on the
fundamental question of the origin of such marvelous nanoma-
chines. At the same time, the considerations put forth in this paper
call for large efforts in next-generation sequencing of soil samples
from all over the world because novel toxins endowed with useful
therapeutic properties can be identified. In addition, it is possible
that invertebrate-specific neurotoxins will be discovered and that
these novel neurotoxins will help in tracing the evolutionary his-
tory of botulinum neurotoxins.

ACKNOWLEDGMENTS

We thank O. Rossetto for comments and A. Geffner-Smith for careful
editing of the manuscript. We also thank the reviewers for their comments
and suggestions that have led to an improved paper. We apologize to the
many authors whose work could not be quoted because of lack of space.

This work was supported by a grant from the Cariparo Foundation to
C.M.

REFERENCES
1. Kuhn TS. 1962. The structure of scientific revolutions. University of Chi-

cago Press, Chicago, IL.
2. Federal Register. 2012. Possession, use, and transfer of select agents and

toxins; biennial review. Final rule. Fed Regist 77:61083– 61115. http://
www.gpo.gov/fdsys/pkg/FR-2012-10-05/html/2012-24389.htm.

3. Scott AB, Rosenbaum A, Collins CC. 1973. Pharmacologic weakening of
extraocular muscles. Invest Ophthalmol 12:924 –927.

4. Schantz EJ, Johnson EA. 1992. Properties and use of botulinum toxin and
other microbial neurotoxins in medicine. Microbiol Rev 56:80 –99.

5. Montecucco C, Molgò J. 2005. Botulinal neurotoxins: revival of an old
killer. Curr Opin Pharmacol 5:274 –279. http://dx.doi.org/10.1016/
j.coph.2004.12.006.

6. Hallett M, Albanese A, Dressler D, Segal KR, Simpson DM, Truong D,
Jankovic J. 2013. Evidence-based review and assessment of botulinum
neurotoxin for the treatment of movement disorders. Toxicon 67:94 –114.
http://dx.doi.org/10.1016/j.toxicon.2012.12.004.

7. Smith LD, Sugiyama H. 1988. Botulism: the organism, its toxins, the
disease. Charles C. Thomas Publishers, Springfield, IL.

8. Johnson EA, Montecucco C. 2008. Botulism. Handb. Clin Neurol 91:
333–368. http://dx.doi.org/10.1016/S0072-9752(07)01511-4.

9. Dover N, Barash JR, Hill KK, Xie G, Arnon SS. 2014. Molecular
characterization of a novel botulinum neurotoxin type H gene. J Infect Dis
209:192–202. http://dx.doi.org/10.1093/infdis/jit450.

10. Rossetto O, Pirazzini M, Montecucco C. 2014. Botulinum neurotoxins:
genetic, structural and mechanistic insights. Nat Rev Microbiol 12:
535–549. http://dx.doi.org/10.1038/nrmicro3295.

11. Gimenez DF, Ciccarelli AS. 1970. Another type of Clostridium botulinum.
Zentralbl Bakteriol Orig 215:221–224.

12. Lacy DB, Tepp W, Cohen AC, DasGupta BR, Stevens RC. 1998. Crystal
structure of botulinum neurotoxin type A and implications for toxicity.
Nat Struct Biol 5:898 –902. http://dx.doi.org/10.1038/2338.

13. Swaminathan S, Eswaramoorthy S. 2000. Structural analysis of the cata-
lytic and binding sites of Clostridium botulinum neurotoxin B. Nat Struct
Biol 7:693– 699. http://dx.doi.org/10.1038/78005.

14. Montal M. 2010. Botulinum neurotoxin: a marvel of protein design.
Annu Rev Biochem 79:591– 617. http://dx.doi.org/10.1146/
annurev.biochem.051908.125345.

15. Montecucco C, Rossetto O, Schiavo G. 2004. Presynaptic receptor arrays
for clostridial neurotoxins. Trends Microbiol 12:442– 446. http://
dx.doi.org/10.1016/j.tim.2004.08.002.

16. Kammerer RA, Benoit RM. 2014. Botulinum neurotoxins: new questions
arising from structural biology. Trends Biochem Sci 39:517–526. http://
dx.doi.org/10.1016/j.tibs.2014.08.009.

17. Fischer A, Montal M. 2007. Crucial role of the disulfide bridge between
botulinum neurotoxin light and heavy chains in protease translocation
across membranes. J Biol Chem 282:29604 –29611. http://dx.doi.org/
10.1074/jbc.M703619200.

18. Pirazzini M, Bordin F, Rossetto O, Shone CC, Binz T, Montecucco C.
2013. The thioredoxin reductase-thioredoxin system is involved in the

entry of tetanus and botulinum neurotoxins in the cytosol of nerve termi-
na l s . FEBS Let t 5 8 7 : 150 –155 . h t tp : / /dx .do i .org /10 .1016/
j.febslet.2012.11.007.

19. Pirazzini M, Azarnia Tehran D, Zanetti G, Megighian A, Scorzeto M,
Fillo S, Shone CC, Binz T, Rossetto O, Lista F, Montecucco C. 2014.
Thioredoxin and its reductase are present on synaptic vesicles, and their
inhibition prevents the paralysis induced by botulinum neurotoxins. Cell
Rep 8:1870 –1878. http://dx.doi.org/10.1016/j.celrep.2014.08.017.

20. Binz T. 2013. Clostridial neurotoxin light chains: devices for SNARE
cleavage mediated blockade of neurotransmission. Curr Top Microbiol
Immunol 364:139 –157. http://dx.doi.org/10.1007/978-3-642-33570-9_7.

21. Pantano S, Montecucco C. 2014. The blockade of the neurotransmitter
release apparatus by botulinum neurotoxins. Cell Mol Life Sci 71:
793– 811. http://dx.doi.org/10.1007/s00018-013-1380-7.

22. Eleopra R, Tugnoli V, Rossetto O, De Grandis D, Montecucco C. 1998.
Different time courses of recovery after poisoning with botulinum neuro-
toxin serotypes A and E in humans. Neurosci Lett 256:135–138. http://
dx.doi.org/10.1016/S0304-3940(98)00775-7.

23. Rossetto O, Schiavo G, Montecucco C, Poulain B, Deloye F, Lozzi L,
Shone CC. 1994. SNARE motif and neurotoxins. Nature 372:415– 416.
http://dx.doi.org/10.1038/372415a0.

24. Brunger AT, Rummel A. 2009. Receptor and substrate interactions of
clostridal neurotoxins. Toxicon 54:550 –560. http://dx.doi.org/10.1016/
j.toxicon.2008.12.027.

25. Hill KK, Smith TJ. 2013. Genetic diversity within Clostridium botulinum
serotypes, botulinum neurotoxin gene clusters and toxin subtypes. Curr
Top Microbiol Immunol 364:1–20. http://dx.doi.org/10.1007/978-3-642
-33570-9_1.

26. Wang D, Zhang Z, Dong M, Sun S, Chapman ER, Jackson MB. 2011.
Syntaxin requirement for Ca2�-triggered exocytosis in neurons and en-
docrine cells demonstrated with an engineered neurotoxin. Biochemistry
50:2711–2713. http://dx.doi.org/10.1021/bi200290p.

27. Pirazzini M, Henke T, Rossetto O, Mahrhold S, Krez N, Rummel A,
Montecucco C, Binz T. 2013. Neutralisation of specific surface carboxy-
lates speeds up translocationof botulinum neurotoxin type B enzymatic
domain. FEBS Lett 587:3831–3836. http://dx.doi.org/10.1016/
j.febslet.2013.10.010.

28. Montal M. 2014. Redox regulation of botulinum neurotoxin toxicity:
therapeutic implications. Trends Mol Med 20:602– 603. http://dx.doi.org/
10.1016/j.molmed.2014.09.005.

29. Casadevall A, Pirofski LA. 2007. Accidental virulence, cryptic pathogen-
esis, Martians, lost hosts, and the pathogenicity of environmental mi-
crobes. Eukaryot Cell 6:2169 –2174. http://dx.doi.org/10.1128/EC.00308
-07.

30. Eklund MW, Dowell VR. 1987. Avian botulism. An international per-
spective. Charles C. Thomas Publishers, Springfield, IL.

31. Horowitz BZ. 2010. Type E botulism. Clin Toxicol (Phila) 48:880 – 895.
http://dx.doi.org/10.3109/15563650.2010.526943.

32. Darwin C. 1859. On the origin of species by means of natural selection, or
the preservation of favoured races in the struggle for life. John Murray,
London, United Kingdom.

33. Kimura M. 1991. The neutral theory of molecular evolution: a review of
recent evidence. Jpn J Genet 66:367–386. http://dx.doi.org/10.1266/
jjg.66.367.

34. Kalb SR, Baudys J, Webb RP, Wright P, Smith TJ, Smith LA, Fernández
R, Raphael BH, Maslanka SE, Pirkle JL, Barr JR. 2012. Discovery of a
novel enzymatic cleavage site for botulinum neurotoxin F5. FEBS Lett
586:109 –115. http://dx.doi.org/10.1016/j.febslet.2011.11.033.

35. Mukai Y, Shimatani Y, Sako W, Asanuma K, Nodera H, Sakamoto T,
Izumi Y, Kohda T, Kozaki S, Kaji R. 2014. Comparison between botu-
linum neurotoxin type A2 and type A1 by electrophysiological study in
healthy individuals. Toxicon 81:32–36. http://dx.doi.org/10.1016/
j.toxicon.2013.12.012.

36. Pier CL, Chen C, Tepp WH, Lin G, Janda KD, Barbieri JT, Pellett S,
Johnson EA. 2011. Botulinum neurotoxin subtype A2 enters neuronal
cells faster than subtype A1. FEBS Lett 585:199 –206. http://dx.doi.org/
10.1016/j.febslet.2010.11.045.

37. Whitemarsh RC, Tepp WH, Bradshaw M, Lin G, Pier CL, Scherf JM,
Johnson EA, Pellett S. 2013. Characterization of botulinum neurotoxin A
subtypes 1 through 5 by investigation of activities in mice, in neuronal cell
cultures, and in vitro. Infect Immun 81:3894 –3902. http://dx.doi.org/
10.1128/IAI.00536-13.

38. Whitemarsh RC, Tepp WH, Johnson EA, Pellett S. 2014. Persistence of

Perspective

January/February 2015 Volume 6 Issue 1 e02131-14 ® mbio.asm.org 5

 
m

bio.asm
.org

 on January 6, 2015 - P
ublished by 

m
bio.asm

.org
D

ow
nloaded from

 

http://www.gpo.gov/fdsys/pkg/FR-2012-10-05/html/2012-24389.htm
http://www.gpo.gov/fdsys/pkg/FR-2012-10-05/html/2012-24389.htm
http://dx.doi.org/10.1016/j.coph.2004.12.006
http://dx.doi.org/10.1016/j.coph.2004.12.006
http://dx.doi.org/10.1016/j.toxicon.2012.12.004
http://dx.doi.org/10.1016/S0072-9752(07)01511-4
http://dx.doi.org/10.1093/infdis/jit450
http://dx.doi.org/10.1038/nrmicro3295
http://dx.doi.org/10.1038/2338
http://dx.doi.org/10.1038/78005
http://dx.doi.org/10.1146/annurev.biochem.051908.125345
http://dx.doi.org/10.1146/annurev.biochem.051908.125345
http://dx.doi.org/10.1016/j.tim.2004.08.002
http://dx.doi.org/10.1016/j.tim.2004.08.002
http://dx.doi.org/10.1016/j.tibs.2014.08.009
http://dx.doi.org/10.1016/j.tibs.2014.08.009
http://dx.doi.org/10.1074/jbc.M703619200
http://dx.doi.org/10.1074/jbc.M703619200
http://dx.doi.org/10.1016/j.febslet.2012.11.007
http://dx.doi.org/10.1016/j.febslet.2012.11.007
http://dx.doi.org/10.1016/j.celrep.2014.08.017
http://dx.doi.org/10.1007/978-3-642-33570-9_7
http://dx.doi.org/10.1007/s00018-013-1380-7
http://dx.doi.org/10.1016/S0304-3940(98)00775-7
http://dx.doi.org/10.1016/S0304-3940(98)00775-7
http://dx.doi.org/10.1038/372415a0
http://dx.doi.org/10.1016/j.toxicon.2008.12.027
http://dx.doi.org/10.1016/j.toxicon.2008.12.027
http://dx.doi.org/10.1007/978-3-642-33570-9_1
http://dx.doi.org/10.1007/978-3-642-33570-9_1
http://dx.doi.org/10.1021/bi200290p
http://dx.doi.org/10.1016/j.febslet.2013.10.010
http://dx.doi.org/10.1016/j.febslet.2013.10.010
http://dx.doi.org/10.1016/j.molmed.2014.09.005
http://dx.doi.org/10.1016/j.molmed.2014.09.005
http://dx.doi.org/10.1128/EC.00308-07
http://dx.doi.org/10.1128/EC.00308-07
http://dx.doi.org/10.3109/15563650.2010.526943
http://dx.doi.org/10.1266/jjg.66.367
http://dx.doi.org/10.1266/jjg.66.367
http://dx.doi.org/10.1016/j.febslet.2011.11.033
http://dx.doi.org/10.1016/j.toxicon.2013.12.012
http://dx.doi.org/10.1016/j.toxicon.2013.12.012
http://dx.doi.org/10.1016/j.febslet.2010.11.045
http://dx.doi.org/10.1016/j.febslet.2010.11.045
http://dx.doi.org/10.1128/IAI.00536-13
http://dx.doi.org/10.1128/IAI.00536-13
mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


botulinum neurotoxin A subtypes 1–5 in primary rat spinal cord cells.
PLoS One 9:e90252. http://dx.doi.org/10.1371/journal.pone.0090252.

39. Gu S, Jin R. 2013. Assembly and function of the botulinum neurotoxin
progenitor complex. Curr Top Microbiol Immunol 364:21– 44. http://
dx.doi.org/10.1007/978-3-642-33570-9_2.

40. Fujinaga Y, Sugawara Y, Matsumura T. 2013. Uptake of botulinum
neurotoxin in the intestine. Curr Top Microbiol Immunol 364:45–59.
http://dx.doi.org/10.1007/978-3-642-33570-9_3.

41. Gu S, Rumpel S, Zhou J, Strotmeier J, Bigalke H, Perry K, Shoemaker
CB, Rummel A, Jin R. 2012. Botulinum neurotoxin is shielded by NT-
NHA in an interlocked complex. Science 335:977–981. http://dx.doi.org/
10.1126/science.1214270.

42. Baldari CT, Tonello F, Paccani SR, Montecucco C. 2006. Anthrax toxins:
a paradigm of bacterial immune suppression. Trends Immunol 27:
434 – 440. http://dx.doi.org/10.1016/j.it.2006.07.002.

43. Cintra-Francischinelli M, Pizzo P, Rodrigues-Simioni L, Ponce-Soto
LA, Rossetto O, Lomonte B, Gutiérrez JM, Pozzan T, Montecucco C.
2009. Calcium imaging of muscle cells treated with snake myotoxins re-
veals toxin synergism and presence of acceptors. Cell Mol Life Sci 66:
1718 –1728. http://dx.doi.org/10.1007/s00018-009-9053-2.

44. Mora-Obando D, Fernández J, Montecucco C, Gutiérrez JM, Lomonte
B. 2014. Synergism between basic Asp49 and Lys49 phospholipase A2
myotoxins of viperid snake venom in vitro and in vivo. PLoS One
9:e109846. http://dx.doi.org/10.1371/journal.pone.0109846.

45. Ohishi I, Iwasaki M, Sakaguchi G. 1980. Purification and characteriza-
tion of two components of botulinum C2 toxin. Infect Immun 30:
668 – 673.

46. Simpson L. 2013. The life history of a botulinum toxin molecule. Toxicon
68:40 –59. http://dx.doi.org/10.1016/j.toxicon.2013.02.014.

47. Rummel A. 2013. Double receptor anchorage of botulinum neurotoxins
accounts for their exquisite neurospecificity. Curr Top Microbiol Immu-
nol 364:61–90. http://dx.doi.org/10.1007/978-3-642-33570-9_4.

48. Koriazova LK, Montal M. 2003. Translocation of botulinum neurotoxin
light chain protease through the heavy chain channel. Nat Struct Biol
10:13–18. http://dx.doi.org/10.1038/nsb879.

49. Pirazzini M, Rossetto O, Bolognese P, Shone CC, Montecucco C. 2011.
Double anchorage to the membrane and intact inter-chain disulfide bond
are required for the low pH induced entry of tetanus and botulinum neu-
rotoxins into neurons. Cell Microbiol 13:1731–1743. http://dx.doi.org/
10.1111/j.1462-5822.2011.01654.x.

50. Sun S, Suresh S, Liu H, Tepp WH, Johnson EA, Edwardson JM,
Chapman ER. 2011. Receptor binding enables botulinum neurotoxin B to
sense low pH for translocation channel assembly. Cell Host Microbe 10:
237–247. http://dx.doi.org/10.1016/j.chom.2011.06.012.

51. Eleopra R, Tugnoli V, Rossetto O, De Grandis D, Montecucco C. 1998.
Different time courses of recovery after poisoning with botulinum neuro-
toxin serotypes A and E in humans. Neurosci Lett 256:135–138. http://
dx.doi.org/10.1016/S0304-3940(98)00775-7.

52. Eleopra R, Tugnoli V, Quatrale R, Rossetto O, Montecucco C. 2004.
Different types of botulinum toxin in humans. Mov Disord 19(Suppl 8):
S53–S59. http://dx.doi.org/10.1002/mds.20010.

53. Keller JE. 2006. Recovery from botulinum neurotoxin poisoning in vivo.
N e u r o s c i e n c e 1 3 9 : 6 2 9 – 6 3 7 . h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 /
j.neuroscience.2005.12.029.

54. Broide RS, Rubino J, Nicholson GS, Ardila MC, Brown MS, Aoki KR,
Francis J. 2013. The rat digit abduction score (DAS) assay: a physiological
model for assessing botulinum neurotoxin-induced skeletal muscle paral-
ysis. Toxicon 71:18 –24. http://dx.doi.org/10.1016/j.toxicon.2013.05.004.

Perspective

6 ® mbio.asm.org January/February 2015 Volume 6 Issue 1 e02131-14

 
m

bio.asm
.org

 on January 6, 2015 - P
ublished by 

m
bio.asm

.org
D

ow
nloaded from

 

http://dx.doi.org/10.1371/journal.pone.0090252
http://dx.doi.org/10.1007/978-3-642-33570-9_2
http://dx.doi.org/10.1007/978-3-642-33570-9_2
http://dx.doi.org/10.1007/978-3-642-33570-9_3
http://dx.doi.org/10.1126/science.1214270
http://dx.doi.org/10.1126/science.1214270
http://dx.doi.org/10.1016/j.it.2006.07.002
http://dx.doi.org/10.1007/s00018-009-9053-2
http://dx.doi.org/10.1371/journal.pone.0109846
http://dx.doi.org/10.1016/j.toxicon.2013.02.014
http://dx.doi.org/10.1007/978-3-642-33570-9_4
http://dx.doi.org/10.1038/nsb879
http://dx.doi.org/10.1111/j.1462-5822.2011.01654.x
http://dx.doi.org/10.1111/j.1462-5822.2011.01654.x
http://dx.doi.org/10.1016/j.chom.2011.06.012
http://dx.doi.org/10.1016/S0304-3940(98)00775-7
http://dx.doi.org/10.1016/S0304-3940(98)00775-7
http://dx.doi.org/10.1002/mds.20010
http://dx.doi.org/10.1016/j.neuroscience.2005.12.029
http://dx.doi.org/10.1016/j.neuroscience.2005.12.029
http://dx.doi.org/10.1016/j.toxicon.2013.05.004
mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/

	THE GROWING FAMILY OF BOTULINUM NEUROTOXINS
	An ecological role of the BoNTs? 

	ACKNOWLEDGMENTS
	REFERENCES

