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Introduction
Forensic science is a field using science to solve problems in law 

[1,2]. Forensic scientists apply the principles and techniques of the 
physical and natural sciences to the analyses of forensic evidences, 
which are collected in the crime scenes. They also interpret their 
findings and express their significance in a courtroom as expert 
witness. Anthrax spore-laden letters were mailed on September 18 
and October 9 from Princeton, New Jersey. The letters passed through 
several states including Florida, New York, and Washington DC. At 
least 22 individuals were infected and showed symptoms of anthrax 
by inhalation or cutaneous infection, in which five of the individuals 
died [3]. Since the 2001 anthrax attacks, members of the biosecurity 
community and U.S. government officials have expressed a growing 
sense of alarm at the threats of biological attacks. In particular, the 
anthrax mailings have disastrous and devastating impact on human 
health, society, and economy. The threat of terrorist or criminal use of 
pathogenic organisms and their toxins remains of great concern in the 
United States and other countries in the world. 

A newly emerging discipline, microbial forensics, with an 
epidemiological foundation is dedicated to the characterization, 
analysis and interpretation of evidence including bacteria, viruses, 
and toxins from the scene of acts of bioterrorism or biocrimes [4]. 
Botulinum neurotoxins (BoNTs) are one of the most important toxins 
in microbial forensics [5,6]. As one of the top list of biological threats, 
botulinum neurotoxins (BoNTs) are the most potent natural toxins 
known to human. As shown in Figure 1, the structural details are able 
to provide clear insight into the mechanisms how BoNTs interfere 
with normal release of the neurotransmitter. The three dimensional 
structures of BoNTs of types A, B, and E have been determined [7-
9] and revealed the three distinct structural and functional domains.
The binding domain, which is responsible for cellular receptor-binding 
function, is located in the C-terminal portion of the heavy chain (HC)
[10]. The N-terminal portion of the heavy chain (HN) comprises the
translocation domain, which is hypothesized the conformational
change at low pH and promote the escape of light chain from endosome. 
The light chain containing the catalytic motif is able to cleave different
protein factors, which are attached to the protein receptors, and to
block the neuromuscular transmission [10].
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Figure 1: Structure and functional domains of BoNTs (Lacy et al 1998) 
(reproduced with permission from Nature Publishing Group).
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Mass spectrometry is one of the key techniques in detection and 
identification of BoNTs [11]. In this review, I briefly summarize 
the diagnosis of botulism, detection of BoNTs, overview the recent 
progress in forensic science research, and discuss the potential 
strategies of “BoNT signatures” in microbial forensics. Using 
bioanalytical and biophysical methodologies, especially proteomics via 
mass spectrometry, can assess the “BoNT signatures”. The database of 
“BoNT signatures” will provide insightful information in detection and 
identification of BoNTs in microbial forensics to combat bioterrorism 
and biocrimes.

Microbial Forensics
Typically Forensic analysis is divided into three distinct areas: 

forensic DNA analysis, trace evidence, and drugs and poisons [12]. 
Since DNA analysis was first used in forensic investigation in 1985 
and is considered the indispensible tool in forensic science to identify 
the individual involved in a crime investigation [2]. The forensic DNA 
analysis is one of the most rapid growing areas in forensic science as 
various technologies and genetic markers have been developed. Short 
tandem repeat (STR) typing with fluorescence-based detection is now 
almost universally used in forensic DNA laboratories worldwide. The 
challenges of badly degraded and damaged DNA samples are addressed 
by using reduced-sized STR or minSTR. Information on uniparental 
lineage markers from the Y-chromosome and mitochondrial DNA 
continues to accumulate in the literature to solve issues associated with 
evolutionary and genetic genealogy [12]. 

Physical evidence or trace evidence is low quantities of natural 
and man-made materials that transfer between objects or between 
people and objects. Examples of trace evidence are, not limited to, 
examinations of glass, fiber, paint, debris, gunshot residue (GSR), 
building material, inks, toners, fingerprint residue and among others 
[13-17]. A variety of analytical techniques, including use of UV-
visible microspectrophotometry [18], Fourier transform infrared 
spectroscopy (FTIR) with total attenuated reflectance (ATR) [19], 
Surface-enhanced Raman spectroscopy (SERS) [20], scanning electron 
microscopy with energy dispersed X-ray spectrometry (SEM-EDS) 
[21], inductively coupled plasma optical emission spectrometry (ICP-
OES) [22], atomic absorption spectroscopy (AAS) [23], scanning 
electrochemical microscopy (SECM) [24], atomic force microscopy 
(AFM) [25], confocal laser scanning microscopy (CLSM) [26], gas 
chromatography with mass spectrometry (GCMS)[27] capillary 
electrophoresis [28] (CE) , and laser inducedbreakdown spectroscopy 
(LIBS) [29], have been used to provide fundamental knowledge and 
insightful information for forensic cases. Photoacoustic spectroscopy 
is also used for quantitative and qualitative analysis of explosives, ink, 
paints, pigments and tissues [30-36].

In forensic science the third area is forensic analysis of 
drugs and poisons. The major illicit drugs include ethanol and 
volatiles, cannabionoids, morphine and related narcotics, cocaine, 
amphetamines, benzodiazepines, γ hydroxybuturate (GHB), and 
miscellaneous drugs. In the past two decades, the analysis of illicit drugs 
has undergone significant changes. Although the traditional drugs 
still dominate, more than 100 novel substances have been produced 
to bypass the controlled substance legislation. These substances 
cause intoxications and fatalities [37]. The preferred confirmative 
methodology is gas chromatography-mass spectrometry (GC-MS) and 
liquid chromatography-mass spectrometry (LC-MS).

Microbial forensic scientists employ comprehensive assays to 
identify the origin of a pathogen or toxin using a number of techniques. 

Microbial forensics is the same as other forensic disciplines except for 
its focus on a particular type of crime [38]. The purpose of these assays 
specifically is to track down perpetrators, termed “high tech crime,” 
who employ a biological weapon. The need to conduct microbial 
forensic analyses to combat bioterrorism and biocrimes is urgent 
in a rigorous scientific manner. To address this challenge, we must 
systematically investigate the bacteria, viruses, and fungi as well as 
their pathogens, toxins, and disease, and the research activities should 
include the detection, identification, and characterization of these 
microbial pathogens.

Microbial forensics requires integration and collaboration 
between the science community and government agencies due to 
its multifaceted nature. The decision-making is based on pathogen 
detection and disease diagnosis [39]. The critical steps include the 
appropriate sample handling techniques, pathogen detection, symptom 
diagnosis, and assays technologies. Field data including symptoms and 
epidemiological information are collected to determine the sampling 
and analysis methodologies. Samples are subject to laboratory assay to 
detect and identify the presence of microbes or pathogens. Often times, 
the further confirmative test and diagnosis are required. The field data 
and test results give a final diagnosis and used for decision making.

A variety of different methodologies used in microbial forensics 
include the traditional use of host factors, genomics, proteomics, 
electron beam-based, high throughput sequencing, and non-biological 
measurements. The main areas in microbial forensics are the collection 
and preservation of microbial samples, forensic analysis of bacteria 
pathogens, rickettsia and coxiella diseases, fungal pathogens, plant toxin 
ricin, influenza virus, and biological toxins botulinum neurotoxins 
(BoNTs). Future efforts should be continue the development the 
sensitive, fast, and accurate analytical methodologies for detection 
and identification of the pathogens including, as well as detailed 
characterizations of these pathogens under diverse conditions [40].

Overview of BoNTs
Botulinum neurotoxins are the most poisonous substance in 

the world, and the fatal amount (LD50) to human is approximately 
0.07 µg [41]. Botulism is life threatening disease caused by the 150-
kD neurotoxin-producing bacteria including Clostridium botulinum, 
Clostridium baratii, and Clostridium butyricum (Center for Disease 
Control and Prevention, 1998) [42]. Type A botulism is most common 
due to the distribution of C. botulinum spores in the soil [43]. 
Intoxication can be reached by oral ingestion of toxin or inhalation of 
aerosolized toxin [44].

In 1899 the first BoNT case was reported, which was caused by a 
beef tamale [4]. Infant botulism was reported in 1976 [45]. The most 
common botulism is food borne before 1980 and recent cases are 
mostly infant or intestinal types [4]. In 1951 wound botulism was 
described, which was caused by the traumatic wounds [46]. More 
recent case involved illicit drug uses such heroin [47]. In advertent 
cases are associated with unintentional exposure in laboratory workers 
and in patients who receive therapeutic botulinum neurotoxin [4]. 
The therapeutic uses of toxin were approved by the Food and Drug 
Administration (FDA) and successfully cure and treat a range of 
overactive muscle conditions, including cervical dystonias, cerebral 
palsy, posttraumatic brain injury, and post stroke spasticity [48,49].

BoNTs are stable for days in untreated water and beverages and are 
an ideal bio-weapon and bio-threat agent [50]. Food-borne botulism 
is reported with a relatively constant incidence of approximately 25 
cases per year between 1899 to 1996 in the United States with a total 
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of 1087 cases reported in 1950-1996 [4]. The observations of BoNTs 
on commercial canned beef stew and potato salad in restaurants have 
been reported [51,52].

The increasing trend of therapeutic use and the widespread 
manufacture of BoNTs may provide a potential source of BoNTs. For 
example, BoNTs has been used unsuccessfully for a intend release by 
the Japanese cult Aum Shinryko [50]. Both Iraq and the former Soviet 
Union produced BoNTs for use as a weapon [4]. In Iraq, 10,000 liters 
of concentrated BoNTs was weaponized in missile and bombs [53]. 
When an aerosol is release over a metropolitan area, the 1,00,000 
individuals may be exposed to BoNTs. This will result in 50,000 cases 
with 30,000 fatalities [54]. BoNTs differ significant from each other 
in their protein sequence. The different responses of antibody allow 
classification of BoNTs into seven different serotypes: A, B, C, D, E, F, 
and G [55]. Antibodies that recognize one serotype do not recognize 
other serotype. Among the seven serotypes, four types of BoNTs are 
responsible for occurring human botulism, which are serotypes A, B, 
E and F [50].

It is known that Clostridium botulinum can be divided into four 
genetically diverse groups: I, II, III, and IV [56]. Additional species, 
Clostridium butyricum and Clostridium baratii were found to product 
neurotoxins [57,58], respectively. Genome sequencing, 16S RNA 
analysis, and amplified fragment length polymorphism provides 
insights into the evolution of these species [59]. The gene of BoNTs is 
located in the chromosome or plasmids. Analysis of genomic sequences 
reveals the presence of insertion element and recombinases that may 
facilitate the horizontal transfer of BoNTs [60], supporting that toxin 
may move within species and between species. The gene sequences of 
BoNTs showed that BoNT/A has five distinct subtypes; BoNT/B has 5 
subtypes, and BoNT/E six subtypes [60]. Similarly, BoNT/F has at least 
five subtypes [61]. In thecases of BoNT/C and BoNT/D, no different 
subtypes were found [62].

BoNTs functions as a protein complex, which has an apparent 
molecular mass of approximately 900 kD. The complex consists of the 
neurotoxin and neurotoxin associated proteins (SNPs), which contain 
hemoglutinins and non-toxin non-hemogglutinins (NTNH). It is 
proposed that NTNH stabilizes the toxin and avoid the degradation 
by stress environment [63]. Typical BoNT is an approximately 150 
kD polypeptide, which is composed of a 100 kD heavy chain and a 50 
kD light chain connected by a single disulfide bond. The sequences of 
genes encoding BoNTs of seven serotypes A-G have been determined 
[4,64], which indicates that these BoNTs differ by as much as 65% at 
amino acid level. However, it is highly likely that they share the same 
general protein pattern.

The main strategy is antitoxin treatment for therapy, which is 
most effective at the early phase of botulism [65]. However, when the 
toxin enters the nerve terminal, antitoxin cannot bind [55]. Antitoxin 
has limited uses as hypersensitivity may be developed. Workers may 
protect themselves in lab using investigational pentavalent toxoid. 
Efforts to generate human monoclonal antibodies for treating botulism 
are under way [4]. Vaccine using recombinant technology based on the 
toxin-binding domain is under development [66].

Antibodies is often used for diagnostic tests and therapeutic 
approaches [4,67]. The most sensitive assay for BoNTs is the mouse 
bioassay and can detect as little as 33 pg of toxin [68]. In vitro tests 
to detect BoNTs were developed by mass spectrometry [69,70]. These 
methods for detect toxin from complex matrices such as milk and blood 
for all seven serotypes [71]. The enzyme-linked immunosorbent assays 

(ELISA) for detecting BoNTs were also developed [72,73]. However, 
current lab tests may not be sensitive for the detection of botulism. It 
can also take days for cultures or toxin testing results to be available. It 
is important and critical in the analysis of BoNT detection in forensic 
samples in terms of limitations of different techniques, sensitivity of 
assays, detection limits for active neurotoxins, possible cleavage of 
neurotoxins in forensic samples, and contamination possibilities (false 
positivity).

BoNT Signatures Analysis
The ability to trace individual contributing animal or microorganism 

from a complex mixture is critical in microbial forensics, for example, 
DNA identification of source animal in food market [74]. Individual 
muscle fibers were collected from the meat sample and DNA was 
extracted for profiling. The DNA database is able to identify the specific 
animal of origin as well as to the track the production parameter 
and process performance. This provides a practical measure, offers 
unparalleled ability to detect the contamination, and help characterize 
the distribution pathway of the affected product.

As forensic science is an applied science of analytical chemistry 
in law enforcement, the uniqueness of the forensic analysis is to 
comparison and contrast of the forensic evidence, which may provide 
a lead in criminal investigation or identifies an individual involved in 
an incidence. To this end, database is the most powerful technique and 
has played a key role in forensic investigations. The most successful and 
widely used databases are automated fingerprint identification system 
(AFIS), combined DNA indexing system (CODIS), and national 
integrated ballistics information network (NIBIN) [2].

The chromatographic analysis of cocaine impurity profile provided 
successfully the potential information of the origin of the illicit drugs 
[75]. The signature patterns of cocaine samples was recorded as 14 
impurities in cocaine samples. The proposed standard procedure is a 
simple, one step derivatization without pre-preparation (extraction or 
chemical modification) to obtain such a chromatographic signature 
profile. The experimental data indicated that the presented procedure 
was sufficiently sensitive for determine the origin (“sample batch”) of 
cocaine samples. With the reliable computerized pattern recognition, 
program and more sensitive methodology itis likely the cocaine 
impurity signature profile would able to determine the country of 
origin of unknown cocaine sample. Similar methodologies to obtain 
the signature patterns for amphetamine [76], methamphetamine [77], 
opium alkaloids [78], and cannabis [79] were explored and established.

To the best of our knowledge, there is no report on BoNT signature 
analysis in forensic science. Mass spectrometry is a powerful tool in 
identification of BoNTs and application in proteomics. Figure 2 showed 
a diagram of mass spectral proteomics analysis [80]. A complex protein 
mixture is analyzed directly (top-down proteomics) or digested into 
peptides (bottom-up proteomics). The proteins or peptides samples 
are separated using liquid chromatography and subsequently analyzed 
using tandem mass spectrometry to obtain the molecular weights and 
protein sequence information via parent and tandem mass spectra. The 
“bottom-up” proteomics uses the small peptide or protein fragment 
and has better specificity and sensitivity than the “topdown”method. 
However, the potential information on protein modifications such as 
oxidation or phosphorylation may be lost by this method alone. The 
BoNT signature profile can be determined by the combination of “top-
down” and “bottom-up” proteomics. The database of “BoNT signature” 
may be generated and used for the detection and identification of 
BoNTs in forensic science.
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In addition to the mass spectrometry, two other outstanding 
analytical techniques might be used in the signature analysis of BoNT 
would be chromatography and FTIR. Chromatographic analysis 
including the capillary gas chromatography and high performance 
liquid chromatography is successfully used in forensic drug impurity 
signature analysis such as methamphetamine [81,82], marijuana [79], 
heroin [78], and cocaine [75]. As the BoNT is a protein sample, the 
capillary gas chromatography is ideal for organic compounds with 
a molecular mass limit of 500 and would not appropriate for BoNT 
analysis. High performance liquid chromatography is reasonable and 
sensitive for the signature analysis of BoNT; however, it requires a 
longer time for conducting on measurement than mass spectrometry. 
FTIR is fruitfully utilized for tap and fiber analysis [16,17]. Due to the 
fact that protein samples such as BoNT has significant overlap of IR 
signals in amide structure, FTIR might be limited and problematic in 
signature analysis of BoNT. In addition, the sensitivity of FTIR is lower 
than mass spectroscopy.

Conclusions
The key element in forensic analysis is to match an unknown from 

crime scene and a known from a suspect and to provide scientific 
sounding evidence for the lead to solve the legal issue in crime 
investigation. To this end, the databases, including fingerprint, DNA 
profiling, and firearm information, are particularly powerful tool. As 
an emerging field and a national need, microbial forensics has been 
a significantly expended field in terms of detection and identification 
of the source of microorganisms in the past ten years [4]. The detailed 
characterization of the bacteria, viruses and toxins are especially 
worthwhile to provide a complete categories and classification of the 
microorganisms in forensic sciences. As documented in this review, 
BoNTs are one of the top biological weapons in bioterrorism and 
biocrimes, may be assessed using the signature analysis and potential 
building a “BoNT signature” database using mass spectral proteomics. 
This approach may provide specific and detailed information in 
detection and identification of BoNTs in microbial forensics and 
potentially serves a model system to inspire the forensic analysis of 
other bacteria or viruses to combat bioterrorism and biocrimes.
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