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General discussion 

Technological advancements make it possible to extract more information from (smaller) 

forensic traces. The use of DNA in biological traces is an important example of this, and in 

addition to human DNA, DNA of other life forms can provide valuable information in 

forensic investigations [1]. Scientists are therefore increasingly aware of the possibilities for 

applying a wide range of scientific techniques in forensic investigations. As a result, there is a 

growing awareness amongst scientists from other fields of expertise (i.e. non forensic), that 

their techniques have potential relevance in forensic investigations. However, appropriately 

robust research and validation is necessary before a method can be applied reliably in real 

criminal investigations and become accepted in court. 

Also, the evidential value of scientific evidence has increased over the past 20 years with 

random match probabilities of one in one billion being reported in human DNA analysis, for 

instance. This tremendously increases the impact of scientific evidence in casework. Although 

legal systems around the world require different standards of admitting evidence, one generally 

accepted criterion for scientific evidence is the “Daubert standard”: the technique should be 

validated, peer reviewed and generally accepted by the relevant community [2]. Therefore, in 

Europe, the European Network of Forensic Science Institutes (ENSFI) plays an important 

role in the quality assurance and validation of new techniques in forensic investigations by 

European laboratories (ensfi.eu). 

 

Techniques used in other scientific fields can have forensic potential. Technical validation 

through determining detection limit, repeatability and robustness is essential in forensic science 

just as it is necessary for ‘regular’ science. Furthermore, biological and/or forensic validation of 

any given method needs to be performed specifically to make its forensic application possible 

[2]. For example, the application of terminal restriction fragment length polymorphism (t-

RFLP) in a forensic setting was first described by Horswell et al. [3]. The method described in 

their paper was subsequently optimized, validated and implemented at the NFI ([4]/Chapter 

2), and has since become a standard tool for bacterial community profiling of soils in forensic 

investigations, where questioned soil samples are compared to crime scene samples. Following 

the technical validation, mock cases were analysed as part of the forensic validation. The mock 

cases, where a shoe had to be used to make a shoeprint in soil, were prepared by students of 

the Police Academy of the Netherlands. The shoe sole, the shoeprint and at least one other 

location from which they thought the soil would be different were sampled. By having 

different individuals prepare mock cases, various methods of evidence collection were 

intentionally and inherently introduced, as no one will sample shoes and soil in exactly the 

same manner. Although this variability could influence the analysis, it is also realistic and 

representative for real crime scene investigations. Different individuals will not perform 

sampling in the exact same manner but the validated analytical method used should not be 

affected by this variability as is shown by the analysis of the mock cases ([4]/Chapter 2). 
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Another important parameter when comparing soil samples is spatial variation where soil 

microbial communities can be highly similar or very different at short and large distances. 

Several factors can contribute to these (dis)similarities with soil type or soil usage known to 

have a large influence on the occurring microbial community. Within a garden, for instance, 

the microbial community in a flowerbed may differ considerably from that in the lawn despite 

a separating distance that can be less than one meter. On the other hand, when two soil 

samples are taken from two gardens that are over 20 meters apart, but with similar history and 

usage, high similarities can still be expected. Overall, it is important, to determine the variability 

of the relevant reference location. Therefore, it may be a requirement to not only collect a 

sample from a shoeprint, for instance, but also multiple other reference samples from the 

crime scene. 

Apart from spatial variation, the influence of different environmental exposure of the trace 

evidence and reference sample should be examined. Soil underneath a shoe will be subject to a 

cascade of events that is different to a reference sample from a crime scene, with a direct 

impact on the microbial community. These events can include mixing with additional soil types 

while walking around, and differences in ‘storage’ conditions. The shoe could, for instance, be 

kept in the suspect’s home under relatively constant environmental conditions while the 

outdoor weather at the crime scene could be highly variable with implications for the microbial 

communities of this same soil. Additionally, there can be a considerable time interval between 

committing the crime and retrieving a reference sample. It can take weeks or months before 

trace evidence is discovered, potentially leading to divergence of the microbial community in 

these samples. Shifts in the microbial population can also be introduced by the crime itself. 

Comparing the microbial community in a soil sample taken from beneath a (decomposing) 

dead body to that collected from a shovel used to dig the grave could result in a large 

difference between these samples. Body decomposition will probably result in a shift in grave 

soil microbial communities, as was described by Olakanye et al. for buried pig muscle tissue [5]. 

The soil on a suspect’s shovel will not be subject to this change caused by decomposition, 

resulting in differences between soil microbial communities from the crime scene and shovel. 

As can be inferred from the deliberations above, one of the main difficulties when comparing 

microbial communities (in soil) is that not finding a ‘match’ does not necessarily mean that the 

samples originated from different locations. This can be extrapolated to other forensic 

microbiological applications as well ([6]/Chapter 4). Human-associated microbial populations 

can also be affected by differences in sampling techniques/materials and ‘storage conditions’ 

or subjection to another cascade of events. When comparing a faecal trace to a faecal reference 

sample from a suspect, time between deposition of the trace and collection of the reference 

material can affect the composition of both trace and reference material. Events like antibiotic 

or drug use or drastic changes in dietary pattern could introduce changes in the reference 

material and ‘storage’ of the trace material under aerobic conditions at a temperature other 

than body temperature could introduce changes in trace material. All of the above needs to be 

taken into account when evaluating the evidence in a criminal case. 
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Since there can be technical, biological and forensic issues causing variation, it is highly unlikely 

that a perfect ‘match’ will be found when comparing microbial communities from trace 

evidence to references. Therefore, it is important to statistically assess how much difference 

can be accepted to report a common origin or a ‘match’ between two communities or samples. 

For this purpose a decision model using similarities between samples from the same origin and 

from different origins was used to assess the similarity of questioned samples ([4]/Chapter 2, 

[6]/Chapter 4). For soil microbial communities the database consists of comparisons between 

t-RFLP profiles of samples from the same sampling point and/or replicate analyses of the 

same soil sample and comparisons between t-RFLP profiles from samples from different 

sampling points. This results in a histogram of Bray-Curtis distances, which can be used as a 

decision support model. A similar decision support model was used for comparing microbial 

populations in faeces characterised by microarray analysis ([6]/Chapter 4). When unknown 

samples are compared, the histogram is used to assess the probability of the samples 

originating from the same sampling point or individual. Next to this assessment, other factors 

are taken into account before the results are reported to the prosecutor. For instance, the time 

between the crime and collection of reference samples. In analysis of soil samples other 

components like pollen grains, are often determined as part of the metadata ([7]/Chapter 3).  

When using the microbial community to establish a link between a trace and a 

reference/donor, it is sufficient to assess the degree of similarity between the populations of 

these samples and evaluate this similarity using the decision support model. The exact 

composition of the community is less important, so techniques like t-RFLP, where no species 

names can be given to peaks, can be used. When microbial communities are used for cell type 

identification, in for instance sexual assault cases, the composition of the community can be 

very informative, since each habitat harbours a different microbial population. The detected 

organisms can be used to infer the cell type from which the sample originated (Chapter 5-7). 

The decision support model described above cannot be used for this purpose, as it can only be 

used to evaluate the similarity between two samples. For cell type identification the microbial 

population present in questioned samples is compared to populations of reference samples. As 

a consequence, it is essential that a suitable reference database is used when evaluating the 

evidence. This evaluation can be performed by means of clustering or classification. The main 

difference between these two methods is that clustering is unsupervised and classification is a 

supervised method. This means that with clustering no clusters are predefined as all clusters 

are calculated using the data. In classification, the classes are predefined and a model that 

represents the best separation of the classes is constructed. As a consequence, when clustering 

is used, adding questioned samples to a reference database and recalculating clusters can result 

in changes within clusters. The microarray data described in this thesis shows that only 

minimal changes occurred when the mock case samples were added to the reference samples 

of human, feline and canine origin (Chapter 7). When large changes in clustering do occur, 

classification may be more suitable, as in classification the model is designed based on the 

reference data. Questioned samples are analysed using this model, without affecting it. As 

described above for similarity analysis, similar forensic issues need to be taken into account 
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when analysing the composition of microbial populations in casework. The microbial 

community which is deposited on a used condom for instance may change when stored for a 

longer period of time in an environment which is different (and less ideal) from its original. 

The relative abundance of anaerobic vaginal or intestinal species for instance may decrease 

when the item is exposed to an aerobic environment. The robbery described in Chapter 6 

illustrates that, even after storage at room temperature for a little over one year, it is still 

possible to detect a microbial population similar to faecal samples in brown staining on a 

tissue. 

Recently, several peer-reviewed papers have been published demonstrating the potential use of 

skin microbial communities in identifying suspects. Microbial communities on hands have, for 

instance, been used to link keyboards and computer mice to their users [8], link objects to the 

person who touched them [9,10] or link shoes to their users [11]. Although most of these 

studies were performed under controlled conditions where objects were sterilized before they 

were touched or used only by one person, the methods applied could, in theory, make 

considerable contributions to forensic investigations. Nevertheless and as described above, the 

outcome of these investigations could be very different under uncontrolled and less than ‘ideal’ 

conditions as in real crime scenarios. Consequently, several key questions arise, which should 

be addressed in the forensic validation of a method. These include but are not limited to: (i) If 

two or more individuals touched an object, is it possible to unravel their respective microbial 

profiles from the mixed deposited communities?; (ii) When profiling a microbial community 

on a questioned item, will it be possible to determine if the retrieved profile could be a mixed 

or single donor profile (comparable to mixed or single donor human short tandem repeat 

profiles)?; (iii) What happens if an item is cleaned or washed?; (iv) Will it be possible to link a 

microbial trace to a donor when the suspect has been on a course of antibiotics in the time 

between committing the crime and collecting the reference sample?  

 

Overall, this thesis shows that there is high potential for microbial population analysis in 

forensic investigations. Biological variation due to differences in habitat create the possibility to 

use these populations for both linking items to locations/donors and determining the (cellular) 

origin of a sample. Advancements in technology create more opportunities to characterise the 

populations. The theoretical applicability of a new method or technique, whether developed de 

novo or co-opted from other disciplines, should always be examined under ideal (laboratory) 

conditions and then assessed under (true) forensic conditions before it can be used in 

casework. The forensic validation process can also be used to identify the limitations of each 

individual technique. Naturally, this could mean that the use of one technique may not be 

appropriate or ideal for a specific situation. As described above, comparing the microbial 

community in a soil sample taken from beneath a dead body to that collected from a shovel 

could result in a large difference between these samples. In such cases, microbial community 

profiling may not be the recommended analytical technique. Therefore, determining which 

technique to use in a case requires consultation with the relevant forensic experts. Many 

scientific techniques can be used in casework as long as their limitations or restrictions are 
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known and reported. Hence forensic validation is a valuable tool in determining the 

applicability of novel protocols/techniques. New knowledge and findings, ever advancing 

scientific techniques and growing creativity in supplying alternative hypotheses by suspects 

inevitably mean that the validation of techniques used in forensic investigations is a dynamic 

and ongoing process, which must, therefore, be re-evaluated and revised continually. 
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