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Abstract 

Soil can play an important role in forensic investigations in linking suspects or objects to a 

crime scene. Bacterial populations are one of the biotic parameters in soil which can be used 

for comparisons. Terminal restriction fragment length polymorphism (t-RFLP) is used to 

visualize these populations. Here we present a method to compare soil t-RFLP profiles based 

on Bray-Curtis distances. We developed a decision model to predict the possible common 

source of unknown samples. Test cases in cooperation with the Police Academy of the 

Netherlands were used to validate the decision model. The results of these test cases are very 

promising, indicating that bacterial profiling is a useful additional tool in forensic soil 

comparisons. 
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1. Introduction 

Soil is found as trace evidence in a wide variety of crimes on clothing, materials and 

equipment. Comparing soil traces can be instrumental in linking suspects or objects to crime 

scenes. Soil is a complex matrix, rich in biotic and abiotic parameters like minerals, pollen, 

diatoms and micro-organisms. Many of these parameters have been explored for forensic 

comparisons resulting in reports on the use of pollen [1,2], soil type, grain size and more 

recently of bacterial profiling [3,4]. The evidential value of a soil comparison can be improved 

when more parameters are used. Both preliminary studies on bacterial t-RFLP profiling are 

very promising, even though the sample sizes in these studies are small.    

Bacterial populations in soil are variable between different locations due to both local biotic 

and abiotic factors. In molecular ecology, culture-independent techniques such as denaturing 

or temperature gradient gel electrophoresis, ribosomal intergenic spacer analysis and terminal 

restriction fragment length polymorphism (t-RFLP) have been extensively described as suitable 

tools to visualize bacterial diversity in soil without the loss of non-culturable species [5-11]. We 

chose to compare soil samples using t-RFLP, because it can be easily implemented in forensic 

laboratories, since it makes use of the same equipment as the general forensic DNA-typing 

techniques. In t-RFLP a universal marker for bacteria is amplified using fluorescently labelled 

PCR primers. PCR products are enzymatically digested and separated using capillary 

electrophoresis with laser detection.  

Besides a reliable technique to generate bacterial profiles, it is essential to know how to 

interpret and compare these profiles objectively. To date there is no standard way of t-RFLP 

data processing. Horswell et al. tested t-RFLP profiling in two case scenarios and used 

presence/absence data and an ecological distance measure to determine the similarity between 

soil samples [3]. Heath and Saunders used  hierarchical clustering of t-RFLP profiles to try to 

discriminate between soil samples taken from areas with different ecological properties [4].  

The scope of our study is to use bacterial profiling to predict a possible common source of soil 

samples, even if they are from the same soil type, and develop a method to quantify the 

calculated similarity in a forensic setting. We present a method suitable to calculate the 

similarity between bacterial profiles and the development of a decision model to estimate the 

evidential value of such similarities. This decision model can be used in a Bayesian approach in 

forensic cases, when a statement has to be made about a possible common source of unknown 

soil samples. We evaluated the decision model with test cases in cooperation with the Police 

Academy of the Netherlands. 

 

2. Materials and methods 

2.1. Soil sampling 

75 soil samples ranging in size from 30-500 grams from the upper 1 cm of the soil layer were 

collected at 58 different locations within the Netherlands (Figure 1). At some locations more 

than one sample was taken, either originating from a common or from a different source. 

Samples were only considered as originating from a common source when they were taken 
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Figure 1 Schematic view of sampling locations within 
the Netherlands (A) and information on soil 
compositions (B). Bullets indicate sampling locations, 
the size of the bullet indicates the number of sampling 
locations within that area. Source map: d-maps.com. 

 

from the same sampling location, from the same soil type (biological and physical conditions) 

and within 1 meter distance.  These sites included home gardens, public gardens, fields, 

woodlands, edges along roads and potting soil resulting in humus rich, sandy and clayish 

samples (Figure 1). All samples were processed directly or stored at -20°C. 

 

During a three-year period, students of the 

Police Academy were asked to perform test 

cases: make a shoeprint in soil and collect a 

soil sample from the shoe sole, the upper 1 

cm from the resulting shoeprint and one or 

more non-related soil samples from other 

sampling point(s). In total 50 soil samples 

were collected like in normal casework and 

sent to the laboratory. On arrival samples 

were directly processed or stored at -20°C.  

 

2.2. DNA extraction 

DNA was isolated from 10 to 250 mg of 

soil using the FastDNA® SPIN Kit for Soil 

and the FastPrep® Instrument (MP 

Biomedicals, USA). The manufacturers 

protocol was used with exception of bead-

beating for 30 seconds at a speed setting of 

5.5 and 1 min centrifugation after bead-

beating. DNA concentrations were 

determined using NanoDrop 1000 

(NanoDrop Technologies, USA). Quality 

and quantity of DNA extracts were also 

verified on 1,8% agarose gels stained with 

ethidium bromide. 

 

2.3. Amplification of the bacterial DNA marker and generation of restriction fragments  

The 16S bacterial rDNA marker (1.4kb) was amplified with forward primer FAM63f (5’-CAG 

GCC TAA CAC ATG CAA GTC-3’) and reverse primer 1389r (5’-ACG GGC GGT GTG 

TAC AAG-3’) [5,12]. 25 µl PCR mixtures contained 1x PCR buffer II (Applied Biosystems, 

USA), 2,5 mM MgCl2 (Applied Biosystems, USA), 800 µM dNTPs (200 µM each, Applied 

Biosystems, USA), 3 µg BSA (New England Biolabs, USA), 20 pmol of each primer (Biolegio, 

the Netherlands), 1,5 U AmpliTaq Gold polymerase (Applied Biosystems, USA), 

approximately 10 ng genomic DNA and distilled water. The following PCR program was used 

on GeneAmp 9700 PCR system with golden block (Applied Biosystems, USA): 10 min 95°C, 
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32 cycles of 1 min 95°C, 1 min 55°C, 2 min 72°C and a final extension of 10 min 72°C. PCR 

products were visualized on 1,8% agarose gels stained with ethidium bromide. 

20 µl of PCR product was incubated for three hours at 37°C using restriction enzymes HhaI 

and AluI (New England Biolabs, USA) [5,10], either in two single or one combined reaction. 

The enzymes were heat inactivated by incubating the samples at 65°C for 20 min. 

Routinely positive and negative controls were subjected to PCR, restriction and capillary 

electrophoresis to determine if restrictions were complete and there was no bacterial DNA 

contamination respectively. 

 

2.4. Analysis of restriction fragments by capillary electrophoreses (CE) 

1 µl of digested PCR product was run on ABI Genetic Analyzer 3130XL (Applied Biosystems, 

USA) using POP4 polymer (Applied Biosystems, USA) and filter set F. 8,6 µl HiDi-

Formamide (Applied Biosystems, USA) and 0,4 µl GeneScan ROX 500 size standard (Applied 

Biosystems, USA) was used per sample. Electrokinetic injection was performed at 3 kVolts for 

10 or 30 seconds. Fragments were separated at 15 kVolts for 1500 sec at 60°C. Both purified 

(QiaQuick Nucleotide removal kit, Qiagen GmbH, Germany) and non purified restriction 

products were used. 

 

2.5. Data processing 

GeneMapper v4.0 (Applied Biosystems, USA), T-Align (http://inismor.ucd.ie/~talign/ 

index.html) [13], MS Excel and Statistica v7.1 (Statsoft Inc., USA) were used for CE data 

processing. CE data was imported in GeneMapper and analysed with the AFLP option. The 

peaks in the range of 100-500bp and with intensities of 50 RFU or higher (default lower 

detection limit by Applied Biosystems) were taken into account without normalization.  

GeneMapper sizing tables containing peak positions and relative peak areas per sample were 

exported to MS Excel and edited for T-Align. T-Align is designed to make a consensus profile 

of two single profiles and subsequently align the consensus profiles. Here we used only single 

profiles in the alignment to prevent the loss of information. To compensate for difference in 

overall intensity between profiles, relative peak areas of a profile were normalized by dividing 

each peak area by the total intensity of the profile.   

Euclidean, Jaccard and Bray-Curtis (BC) distances between 76 normalized profiles (test set) 

derived from 22 soil samples (2850 comparisons) were calculated using Poptools 

(http://www.cse.csiro.au/poptools) in MS Excel to determine the similarity between profiles. 

Calculated distances were used to create a decision model using Statistica for the comparison 

of profiles of unknown source. 

 

2.6. Validation of the t-RFLP method and decision model 

Reproducibility of the t-RFLP method was tested by duplicate extractions of soil samples as 

well as duplicate PCRs of a soil DNA extract. To test the robustness of the t-RFLP method, 

different soil types (clay, sand, forest soil, and potting soil) and sample sizes were used. The 



Chapter 2 
 

20 

decision model was validated by adding more profiles to the database of soil bacterial profiles 

and recalculating the decision model. Furthermore, test cases in cooperation with the Police 

Academy (as described above) were conducted. Information about the samples, sampling sites 

and sampling strategy was only given after analysis during a training course at the Netherlands 

Forensic Institute. 

 

3. Results and discussion 

3.1. Optimizing the t-RFLP method for forensic use 

Restriction of PCR products using AluI resulted in peaks in a 100-300 bp range (Figure 2a). 

Restrictions with HhaI resulted in peaks with lengths in the range of 100-500 bp (Figure 2b). A 

double digestion reaction resulted in profiles with many peaks in 100-300 bp range (Figure 2c). 

We chose to work with HhaI, because this resulted in more length polymorphism compared to 

using AluI or AluI/HhaI (Figure 2).  

 

  
Figure 2 T-RFLP profiles of a soil sample using different restriction enzymes. Triplicate PCRs were performed on 
one soil DNA extract. The PCRs were incubated with restriction enzyme AluI (A), restriction enzyme HhaI (B) and 
with both restriction enzyme AluI and HhaI in one reaction (C). 

 

An injection time of 10 seconds in CE resulted in profiles of low intensities. Since salts or 

unincorporated nucleotides can influence sample uptake in capillary electrophoresis [11] we 

tested two strategies to increase the signal. Increasing the injection time to 30 seconds resulted 

in profiles with peaks with desirable intensities. Relative peak areas were similar to 10 seconds 



 Statistical data analysis of bacterial t-RFLP profiles in forensic soil comparisons 

21 

injection time, and more peaks were detected. Purifying the restriction product using the 

Nucleotide Removal Kit also resulted in profiles with peaks of higher intensities. Here, the 

relative peak areas were also similar to the relative peak areas of non purified samples, and 

more peaks were detected. To reduce analysis time and costs, we chose only to increase the 

injection time.  

When generating bacterial profiles using the described settings for DNA-extraction, PCR and 

capillary electrophoreses, duplicate extractions, duplicate PCRs from the same DNA extract 

and duplicate CE-runs all gave reproducible results. This is illustrated by Bray-Curtis distances 

<0.25 indicating a common origin (for detailed explanation, see section 3.3). 

When impure DNA extracts (mostly from forest soil), measured as A260/280 and seen as 

coloration of the extract, were used as input for the PCR most samples yielded a profile. This 

shows that the PCR conditions are robust, which is important since in casework these types of 

extracts can also be encountered and it is not desirable to additionally purify the samples as 

loss of DNA and/or unknown alteration of profile can occur. Only 9 out of 75 soil samples 

yielded non-amplifiable DNA extracts. Most of these soil samples contained large amounts of 

organic material and thus large amounts of humic acid and other PCR inhibitors. The PCR 

inhibitors could not completely be removed during extraction and purification, visualized as 

brown coloration of the DNA extracts. Additional purification or alteration of the extraction 

procedure may improve the quality of the DNA extracts for these samples.  

In casework, it is not always possible to obtain 250 mg of soil traces for instance from a shoe. 

To test whether smaller samples yield reliable profiles, aliquots from one sample were used to 

generate a t-RFLP profile. All aliquots ranging from 10 mg to 250 mg gave profiles which 

showed no significant difference from each other. This is illustrated by Bray-Curtis distances 

<0.25 indicating a common origin (for detailed explanation, see section 3.3). 

 

3.2. Data processing 

From a CE run, both binary and continuous data can be exported from GeneMapper v4.0. 

Continuous data, including peak position and relative peak area, provided more information 

and was chosen over only peak positions (binary data). ABI genetic analyzers assign fragment 

sizes with two decimals, resulting in small differences in size calling for peaks of similar size. 

Manual comparison of multiple t-RFLP profiles is both time consuming and error prone. 

Therefore, we chose to use T-Align, which is a web-based program that aligns multiple t-RFLP 

profiles with a user specified confidence interval (in base pairs) to compensate for the small 

differences in size calling. Taking the settings and limitations of CE into account, peaks in the 

100-500 bp range with an intensity of 50 RFU or higher were used. Peaks smaller than 100 bp 

were not taken into account because of possible primer dimers or other artifacts. Since the 

resolution of an ABI 3130XL is 0.2 bp, the user defined confidence interval for T-Align was 

set to 1.0 bp to prevent miscalculation of peak positions. After alignment, the profiles were 

normalized, resulting in a table with %-relative peak areas per profile, which were used for 

comparisons.  
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3.3. Comparison of bacterial profiles 

In literature Euclidean distance, BC distance and Jaccard coefficient are used to compare 

bacterial profiles [6,8,11,14-18]. We chose to use ecological distance measures instead of 

multivariate statistics, because there are no limitations to the number of variables and there is 

no minimum size of database needed. Since Jaccard coefficient only takes binary data into 

account, this index is not suitable for our dataset. Euclidean and BC distances can both handle 

continuous data and could be suitable for our dataset. The methods were compared by 

calculating ecological distances and creating a histogram showing the distribution of distances 

for the test set. Profiles assigned as having a common source can either be duplicate soil 

samples of a location, duplicate DNA extractions of a soil sample or duplicate PCRs of a DNA 

extract.  

 

 
Figure 3 Histograms with the number of observations (y-axes) of ecological distances calculated (x-axis) for a test set. 
Shaded bars represent distances calculated between profiles originating from a common source. Open bars represent 
distances calculated between profiles originating from a different source. Distributions of Bray-Curtis (A) and 
Euclidean distances (B) of 2,850 comparisons between 76 profiles of 22 soil samples are shown.  
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Figure 3 shows the distribution of distances between profiles originating from a common 

(shaded bars) or different (open bars) source. When using BC distances (Figure 3a), the area of 

overlap of calculated distances between profiles from a common source and from a different 

source is smaller than when using Euclidean distances (Figure 3b). A smaller overlap is 

favourable because it represents a higher discriminatory value. When comparing the algorithms 

of both methods, the difference in overlap can be explained by the fact that when using 

Euclidean distance the absence of a peak at the same position in both profiles is seen as a 

similarity. Since a t-RFLP profile contains a lot of ‘absent peaks’, Euclidean distance is not 

suitable for comparisons, as was also reported by Grant et al. [19]. This is further illustrated by 

the wide range of Euclidean distances calculated between profiles originating from a different 

source (open bars, Figure 3b) when compared to the BC distances calculated for these profiles 

(open bars, Figure 3a). Based on these findings, BC distance was used for our additional 

experiments and to explore further possibilities of soil comparisons based on bacterial 

profiling. 

 

3.4. Validation of the decision model with BC distances 

The t-RFLP method described above yields reproducible bacterial profiles from soil samples. 

Both duplicate DNA extractions from the same soil sample or DNA extractions from samples 

from the same location and duplicate PCRs from the same DNA extract were used to evaluate 

the decision model. A BC distance of 0.25 or lower was calculated for these samples. 

Furthermore, all BC distances between profiles obtained from various sample sizes from the 

same sample were below 0.25. Recent studies in our lab on deriving reproducible bacterial 

profiles from soil stains on clothing are very promising. A bacterial profile was obtained from 

stained clothing and compared to the profile of the reference sample giving a BC distance of 

0.22 and indicating that both samples can have a common source (data not shown). 

The shaded and open bars in the histogram in Figure 3a partly overlap. When a soil 

comparison results in a BC distance within this area of overlap, the sources of the respective 

samples cannot be classified unambiguously. Nevertheless, an experimentally determined 

distance can provide an indication to which group the profile most likely belongs. So this 

histogram can be used in a Bayesian approach, by quantifying the probability using the ratio of 

the shaded over the open bars. 

To further validate the decision model, the database of soil samples on which the histogram is 

funded was extended. In total 164 profiles derived from 50 soil samples resulting in 13,366 

comparisons were used to calculate a new decision model (Figure 4). A comparison between 

the histograms in Figure 3a and Figure 4 showed that the addition of these t-RFLP profiles 

only slightly altered the histogram. The area of overlap changed from 0.28-0.40 to 0.25-0.42 

when 10,516 comparisons were added.   
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Figure 4 Histogram with distribution of 13,366 Bray-Curtis distances calculated (x-axis) between 164 profiles of 50 
soil samples. The number of observations of Bray-Curtis distances is indicated on the y-axes. Shaded bars represent 
distances calculated between profiles originating from a common source. Open bars represent distances calculated 
between profiles originating from a different source. 
 

The area of overlap is also influenced by definitions of ‘same’ and ‘different’ location and the 

biological and physical conditions of a location such as the type of soil and vegetation (see 

section 2.1). To test how these aspects influence the method, we analysed test cases provided 

by the Police Academy without knowledge about sampling sites and correlation between 

samples. In total, 13 test cases were analysed and discussed. Of these test cases, 10 

combinations of shoe samples and shoeprints gave BC distances in the area indicating a 

common source (BC<0.25). The remaining 3 combinations (case A,B,C) gave a distance in the 

area of overlap (0.25<BC<0.42), making it more difficult to give an indication about the 

sources of the samples. During evaluation of the test cases, these higher distance values could 

be explained by the information about the sampling sites (photos and/or descriptions) 

provided by the students or the sample types collected by the students. In case A there was a 

mixture of soil collected from the shoe, which could not be separated before DNA extraction. 

The resulting bacterial t-RFLP profile of this mixed sample could not be related to the 

reference site and a BC distance was calculated, which is more likely when samples originated 

from a different source. In case B samples were collected from the sandy edge of a river where 

no vegetation was present. The samples resulted in poor t-RFLP profiles, probably due to low 
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diversity in the bacterial community. When there is low bacterial diversity a small difference in 

t-RFLP profile can have a large impact on the calculated BC distance. For case B a BC distance 

was calculated, which is more likely when samples originated from a different source. In case C 

the samples also contained very large amounts of sand, but were collected from a spot where 

vegetation was present. Because of the vegetation there was probably more diversity in the 

bacterial community and a BC distance was calculated, which is more likely when samples 

originated from a common source. The above indicates that there are boundaries to the 

application of bacterial profiling in forensic casework and additional research on sampling 

strategies will be necessary. No false positive results were reported. 20 out of 24 provided 

samples from non-related areas gave BC distances of 0.42 or higher. 4 out of 24 samples from 

non-related areas gave BC distances in the area of overlap. In all four cases BC distances were 

calculated, which are more likely when samples originated from different sources. These lower 

distance values could in all cases be explained by the information about the sampling sites 

provided by the students. Samples were for instance taken in close proximity of each other, e.g. 

from the same garden or within several meters from each other. Therefore information about 

the biological and physical diversity of the reference site (e.g. crime scene) should be used to 

determine the number of reference samples which should be taken into account to make 

reliable and representative comparisons for that site. Furthermore, the test cases provided by 

the Police Academy show that the method is not very sensitive to different sample collection 

methods and storage conditions.  

 

4. Conclusions 

We have developed a robust and reproducible method to generate t-RFLP profiles from 

various soil samples and a method to compare these profiles. Processing of the t-RFLP data 

resulted in aligned profiles (1.0bp confidence interval) with peak positions in the range of 100-

500 bp with their normalized relative peak areas. The processed data was used to find the best 

model to compare bacterial profiles. BC distance shows to be best suited to compare these 

profiles because peak absence in two profiles is not taken into account. The decision model 

built on BC distances has a better discriminatory value between samples from a common and 

different source when compared to the model based on Euclidean distances. This decision 

model can be used in a Bayesian approach especially when a distance in the area of overlap of 

the shaded and open bars (Figure 4) is calculated between two samples of unknown sources.  

Since soil is a very common trace in many forensic investigations, optimal use of this trace is 

beneficial. Especially in combination with the analysis of other parameters from a soil sample, 

such as pollen or elemental composition (using Energy Dispersive X-Ray Fluorescence 

spectrometry (EDXRF)), bacterial profiling is a useful tool in soil comparisons and can help to 

improve the value of soil traces in criminal casework.   
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