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ABSTRACT ARTICLE HISTORY
Establishing geographical location is a crucial aspect of forensic Received 23 July 2022
sciences, distinguishing between primary and secondary crime Accepted 13 March 2023
scenes, linking an individual to a crime scene, or detecting sources

R 7 . . = KEYWORDS
of disease. Microorganisms can be used as geolocation indicators Bacterial DNA; forensic
since microbial communities vary according to climatic factors (e.g. microbiology; forensic
temperature, humidity, soil properties, altitude). Therefore, this sciences; geographical
systematic review aimed to investigate whether the human or location; human
environmental microbiomes help to determine a crime’s geoloca- microbiome; soil microbiome

tion. Articles were searched in PubMed,Scopus and Web of Science
using keywords and data fields. The final selection included seven
(of 172) manuscripts. The results showed that the microbial profile
of either human or environmental samples have the potential to
link a cadaver or a crime scene to a given location, highlighting
microbes’ usefulness in obtaining information from geographical
locations (e.g. soil samples from a suspect’s shoe matched to a
source). However, research is required before applying this forensic
strategy to real scenarios. For instance, optimizing and standardiz-
ing the microbiome analysis methods and determining several
factors that may influence the results.

Introduction

Forensic microbiology applies microbiological methods to criminal and medicolegal
investigation'™. This forensic science is responsible for analyzing and interpreting
microbial evidence, mainly in biocrime, bioterrorism, human identification, estimation
of postmortem interval, and geolocation'™®. Microorganisms are a phylogenetically
diversified group, subdivided into bacteria, archaea, fungi, microalgae, protozoa,
metazoans, and viruses®'®. These microorganisms form a complex and ubiquitous
community, establishing commensal, symbiotic, or pathogenic relationships with
man. Therefore, microorganisms contribute to the balance between health and
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disease'""'2. For geographical location determination, the human microbiome analysis
presents advantages over other methods. Microbes are present in all seasons and
habitats, including the most extreme ones>>®°. Most human associated microorgan-
isms are resistant to degradation due to the presence of the cell wall and the ability to
form biofilms, namely bacteria and fungi'®. The diversity of the microbial communities
is as diverse as a fingerprint, distinguishing even monozygotic twins'>.

For geolocation, microbes can be used to distinguish between primary and secondary
crime scenes, locate clandestine graves, and identify suspects. These associations are
possible because microbial communities differ in composition and function depending
on geographical locations'*"'®, climate (precipitation rates, altitude, temperature, and soil
properties) and host properties or energy sources available in the environment'’. The
association between the victim’s or suspect ‘s microbiome can establish links between
them and the crime scene in cases of human trafficking or source of disease® ™8,

This systematic review aims to assess how microbiology can be used as a forensic tool
to establish a geographical location, linking the victims or suspects to a location, linking
the victims or suspects to a location using the human microbiome.

Materials and methods

This review followed the Preferred Reporting Items for Systematic Reviews and
MetaAnalyses (PRISMA) tool and guide'®. The review has also been submitted for regis-
tration on Prospero, and has the following registration ID CRD42022376240.

The scientific articles chosen for this review were selected from PubMed, Scopus and
Web of Science database between September and November 2022, with the query
(forensic or forensics) AND (‘microbiology*’ or ‘microbiom*’ or ‘microorganism*’ or
‘microbe* or ‘microbiota’ or ‘microflora’ or ‘microbia*’ or ‘bacteria’ or ‘fungi’ or ‘yeast’ or
‘Streptococcus’ or ‘Candida’) AND (‘geographic* location’ or ‘geolocation*')This query
intended to respond to the following PICO question: ‘In human samples, how can micro-
biology assist forensic science practice through the analysis of the transmission of micro-
organisms between the subject and a place to establish the geolocation of a crime scene?”’

First, articles corresponding to reviews, systematic reviews, and metaanalyses were
excluded. Afterwards, articles were selected progressively, starting by reading the title,
then the abstract and, finally, by reading the full article (Supplementary Figure S1). The
eligibility assessment for each article was made independently by the three authors.
Disagreements were resolved by consensus, excluding all those who did not meet the
established inclusion criteria.

Data were extracted from each primary study and organized into a table, including
title, authors, year of publication, population (number and type of participants), the type
of study, the main objective, the intervention (microbial group assessed and method of
analysis), and the outcome (significant findings and quantitative results). For risk of bias
analysis in the individual studies, the Joanna Briggs InstituteFaculty of Health and Medical
Sciences at the University of Adelaide protocol was followed?®. In all included articles, the
analysis was separately conducted by the authors. For each question in the protocol,
articles were classified for the risk of bias as 'no’, ‘yes’ or ‘unclear’. For each yes, a point was
given, and articles scoring six or more were selected for this review (Supplementary
table S1).
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Results and discussion

The selected studies were published in English and intended to evaluate the potential of
microbial samples as tools for forensic investigation'®'”%'~2* (Table 1). From a total of 172,
the final selection included seven manuscripts. In these studies used two different
strategies to link the microbial profile to the geolocation. Three papers used the analysis
of the microbiome of human samples: paper, saliva®3, stool and saliva®', and the last up to
54 different body sites'®. The other four papers used the microbial communities of
environmental samples: one did not specify'’, one used dust at regional, national and
global level®®, and the other two studies used soil samples?*?*. Regarding microbial
assessment methodology, high throughput 16S rRNA gene sequencing was performed
in all studies but Habtom et al.?* also used terminal restriction fragment length poly-
morphism (TRFLP). In the following two sections the studies using either human or
environmental samples are described.

Human samples

The work of Clarke and colleagues?' wants to understand how microbiome samples (oral
and stool) from four geographically divergent populations could be used to distinguish
between them, even for populations living in the same city. Microbiota profiling was
performed targeting the V4 region of the 16S rRNA gene from the 206 samples, and the
female participants were from one of four geographic regions: Barbados, Santiago (Chile),
Pretoria (South Africa), and Bangkok (Thailand). By analysing the stool microbiome, the
top five dominant taxa were Bacteroides, Prevotella_9, Faecalibacterium, Alistipes, and
unclassified Eubacterium. Differences were found in geographical divergent populations,
with, for example, higher abundance of Faecalibacterium in South African individuals and
lower abundance in the individuals from Thailand. The data suggested that in populations
with similar diets, the most geographically distinct taxa was in lower abundance in the
stool (10.4% of the total gut microbiome), so they analysed the influence of the lifestyle on
stool microbiota. Smoking was correlated with never smoking, living with a smoker or
being an exsmoker. Also, BMI categories and diet (corn/corneal) had little influence, and
only on stool microbiota. The oral microbiome was analysed, and the phyla’s
Bacteroidetes and Proteobacteria demonstrated significant differential abundance
between countries. The most dominant genera among oral microbiota were
Prevotellaceae, Pasteurellaceae_unclassifed, Haemophilus, Streptococcus, Gemelia,
Veillonella, and Neisseria. Furthermore, oral microbiota could differentiate geographic
locations with 16% variation between countries, where Chilean communities were the
most geographically distinct, so that oral microbial community composition may vary
according to the lifestyle of populations, as well as stool microbiota. Differences in oral
microbiome composition between different geographical regions were also found in the
study by Liang and colleagues®®, who analysed 70 saliva samples by 165 rRNA gene V3V4
sequencing. This authors also compared samples of other fluids and tissue: vaginal
secretions, semen and skin; and the results showed that the dominant genus in each
body region is different, being for vaginal secretions the genus Lactobacillus (69.02%),
Corynebacterium (16.38%) for semen and Cutibacterium (70.13%) for skin. It has also been
shown that body fluids can be clearly distinguished, as 49 of the 50 samples analysed
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were correctly associated with the fluid/tissue of origin, only one semen sample was
mistaken for vaginal. Additionally, the random forest model was used to predict the value
of microbial salivary markers to distinguish regionally, using 21 saliva samples from the
five regions and the five main eigenvalues are Oribacterium, Peptostreptococcus,
Haemophilus, Veillonella and Saccharimonadaceae. The results showed that 16 of the 21
test samples were correctly classified, demonstrating the potential of the model to
recognize saliva samples from the regions under study.

In conclusion, the analysis of oral and stool microbiome can provide important infor-
mation regarding the geographically location and the influence of populations’ diets,
behaviours, and lifestyles. Furthermore, the dominant genus in each body region is
different. However, it is necessary to collect comprehensive microbial data from different
geographical locations, distinct soil types, from local to continental levels, with larger
sample sizes, and from different body parts, but also to understand how external factors
(e.g. diet, environment) may influence the structure of each microbiota community. After
this, the development of a reference database for subsequent comparison with samples
of unknown origin, is necessary for the use of the microbiome as a tool to make inferences
about geographical location. Additionally, for machine learning algorithms, the sample
size of the study by Liang and colleagues®® is considered reduced. At a sample level, the
criteria established for the selection of participants can condition the results and the
influence of other factors that affect the oral microbiota. More studies with a larger sample
are needed to overcome these limitations and exhaustively record individual oral char-
acteristics, including diet and other habits that may influence salivary microbial structure.
Despite this, this study allowed us to conclude that the analysis of the microbial commu-
nity in saliva can give us important information about body fluid traceability and geo-
graphic inference.

Singh and coIIeagues16 introduce the forensic microbiome database (FMD). This data-
set provides data and tools to explore the possibilities of microbiomes to answer forensic
questions, serving as a model for other databases. This work uses 20,820 samples
collected from different body sites from people from diverse geographic location (35
different countries corresponding to 138 cities). Most samples (approximately 50%) were
obtained from stool samples, followed by saliva and other oral locations. All samples were
subjected to 16S sequencing. The results showed that, when body sites with more than
150 samples in the database were considered (96% of the data), the accuracy was 80.5%
for cities, 81.5% for state/region, and 92.1% for countries. Also, the prediction accuracy
ranged from 61% for retroauricular crease to 93% for saliva samples. It was observed that
similar body sites are cross predicted. This crossprediction is negligible between the oral
cavity, skin, vagina, and stool, demonstrating the unique microbiome composition of
different body sites. At last, the incorrect samples (20.5%) were analysed to understand
the impact of distance on incorrect predictions. In the case of incorrectly predicted vagina
samples (13% of all vagina samples), the average distance is 7000 km. The vagina samples
predicted as stool samples were dominated by the same genus, suggesting either cross-
contamination or biological/technical contamination, which explains the considerable
variation in incorrect samples’ distance.

The significant limitations to the use of the microbiome as forensic evidence are
associated with the lack of standardized collection and storage protocols, the influence
of external factors that may induce sample degradation or contamination, the sensitivity
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and species discrimination by sequencing techniques, the privacy of subjects’ genetic
data, and the accuracy and robustness of statistical data”?°.

Environmental samples

Grantham and coIIeagues25 used 1816 dust samples collected at three levels (global (30
countries on 6 continents), national (continental USA), and regional) to propose a new
forensic geolocation algorithm for estimating the strength of a spatial point pattern using
deep neural network classifiers trained on random Voronoi partitions of the spatial
domain. This algorithm can approximate the conditional continuous distribution of a
sample’s provenience given its microbial composition by adapting a deep neural network
classifier to each partition and calculating the average over the partitions. Also, it was
compared with other geolocation algorithms (Spatial NN; Spatial RF; Spatial Net; BDA and
Area DNN) and partitioning schemes (coarse; fine; mixed and none).

At the regional scale, spatial models perform similarly across partitioning schemes,
with BDA and Area DNN models achieving lowest prediction errors and Area DNN having
the highest accuracy rate (53.4%). By focusing on a small geographic area, we can insulate
the capacity of the models to predict the source of a sample when biogeographic
differences are kept roughly constant and as demonstrated in the countrylevel analysis,
DeepSpace is able to learn regional patterns in the data, which could improve its
classification accuracy.

Starting at the national level, the results indicate that spatial models, DeepSpace
outperforms Spatial NN, Spatial RF and Spatial Net in predicting the geographic origin
of samples (state, county, and city). Regarding the partitioning schemes, fine has high
prediction errors but slightly lower coverage probabilities, coarse has the lowest predic-
tion error but coverage probabilities are overestimated, and mixed partitioning is the
balance between the above. There is a decrease in prediction error as the complexity of
the spatial classifier increases (Spatial NN to Spatial RF to Spatial Net to DeepSpace). In the
coarse partition, Spatial RF and DeepSpace are biased towards populated urban areas
since more data are available than for the surrounding rural areas, and DeepSpace detects
more regional patterns than Spatial RF. On a national scale, differences in fungal occu-
pancy are likely to reflect both biogeographic differences in terms of which taxa occur
were and differences in local habitats.

At the global level, the models were compared for their capacity to capture the country
of provenance of the sample. Area DNN achieves a high classification rate of 84.7%.
Among the three partitioning schemes, the spatial models perform best with the mixed
partitions achieving country classification rates of 89.5% (DeepSpace), 84.2% (Spatial Net),
74.9% (Spatial RF) and 62.7% (Spatial NN). The models have a difficulty in distinguishing
among samples from the countries bordering Uruguay and Argentina, but DeepSpace
misclassifies only three samples in comparison to 10 samples misclassified by Area DNN.
Samples for Croatia were often misclassified as being from neighbouring countries by
DeepSpace. Interestingly, Macedonia in contrast, which is very close to Croatia, was
always properly classified by DeepSpace and misclassified by Area DNN. In other regions,
the performance of the models was inverted: DeepSpace often predicted Oman samples
to be from Qatar, while Area DNN did not. Overall, DeepSpace achieves noticeably fewer
errors than the Area DNN when classifying country. This suggests that there are regional



12 (&) B.MOITAS ET AL.

patterns within and between countries that a pointlevel model can exploit for more
accurate forensic geolocations.

In conclusion, DeepSpace is a geolocation algorithm that combines random spatial
partitions with deep learning classification and has been applied to three spatial scales:
regional, national, and global. At regional level, the results obtained were not satisfactory
since none of the methods reaches accuracy percentages higher than 53% but, on the
contrary, at national and global level the results were very good, presenting error rates
lower than 100 km at continental USA level and 90% correct classification in 28 countries
at global level. Despite these results, limitations were identified at the sampling level:' the
dust samples used were neither randomly nor systematically collected at any spatial level
and? samples were collected from rarely disturbed surfaces (exterior doors and windows).
Future studies could combine the analysis of fungi and bacteria, including other char-
acteristics (besides spatial coordinates) such as soil type or seasonality improving the
results obtained.

Habtom and colleagues?? collected samples from five different sites across the rainfall
gradient of Israel, to assess the bacterial community present in the different soil types and
to understand the differences at local (metres) and regional (kilometres) level. The analysis
of the bacterial community by TRFLP detected 447 TRFs, of which 6.5% were found in all
soil types, 12.3% were specific to one site and soil type, and not found in other samples.
Also, this analysis showed that site location is more important than soil type in determin-
ing the microbial community structure, as geographic locations formed clusters without
regard to soil types. In contrast, even soil types from different locations did not form
clusters. Despite this, bacterial communities differed significantly depending on soil type,
bearing in mind that precipitation is highly correlated with soil community composition at
all sites. Physico-chemical analyses were performed demonstrating that microbial struc-
ture is correlated with sodium and ammonium levels in the soil. The soil parameters with
the most significant influence on community structure differed by region; the following
factors were important: water saturation, levels of sodium, potassium, phosphorus and
organic matter.

This work also analysed the differences between bacterial communities depending on
the distances between them and determined that there is a significant correlation in the
sense that the further away two communities are, the more distinct they will be, and this
relationship is not significant at 2 metres of distance. However, it is observed from ten
metres to ten kilometres, in all types of soil. In addition, the bacterial composition of three
adjacent soils (rendzina, terra rossa and sand) was analysed, collecting five samples of
each type, in one region. Starting at the phylum level, Proteobacteria and Actinobacteria
are the main ones with significantly higher Bacilli levels in the sand and significantly lower
planctomycetacia and verrucomicrobia, not being able to distinguish between rendzina
and terra rossa, and sand was not well differentiated from them. At the level of taxonomic
genus, the communities of the three soils are significantly different from each other, with
sand showing less diversity compared to rendzina and terra rossa (more similar to each
other) but with more significant variability between communities of the same type of soil
(sand). The most abundant genera in rendzina and terra rossa soils were Rubrobacter,
Microvirga and unidentified Acidobacteria while in sand they were Microvirga,
Arthrobacter and Bacillus. Lastly, this work also addressed the forensic evaluation of
microbial evidence by likelihood ratio (LR): six types of soil (loess, desert skeletal soil,
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sand, Mediterranean mountain soil, rendzina, and terra rossa) were used as a test set for
evaluation of soil microbial evidence through modelling and validation of the LR, getting
the accuracy of Cllr = 0.57 (measured as the cost of log-likelihood ratio).

Also, it was possible to statistically and repeatedly distinguish between different
geographic locations in the same soil type and different soil types in the same geographic
location, thus demonstrating the potential use of the soil microbiome as a tool in forensic
sciences. However, it is still necessary to overcome temporal limitations (collecting
samples at different points), sample storage and lack of standardized protocols to analyse
soil DNA and the impossibility of analysing samples that have soil mixtures.

Huang and colleagues'’ presented a machine-learning framework to determine the
geolocations from metagenomics profiling microbial samples. This work included 305
environmental samples from 16 cities in the training set, plus 61 mystery samples from
other cities. The data set originated from the multi-source microbiome data from
MetaSUB International Consortium used in the CAMDA 2019 Metagenomic Forensics
challenge. Results showed that samples from one city generally cluster in a distinct
group. Therefore, different cities corresponded to separated groups based on specific
species profiles. As the multiclass classifier only presents probabilities of sampled cities,
these cases present a limitation to the study. To overcome this limitation, the authors
resorted to Kriging Interpolation (originated by geostatistics to estimate the probabilities
of ‘filling’ spatial locations between sampled cities) to produce the optimal linear
unbiased prediction of intermediate values under the assumption of broad sense sta-
tionary of covariance on the map. Using Kriging’s interpolation, the authors assumed that
‘everything is related to everything else, but near things are more related than distant
things’ (Tobler’s First Law of Geography). This assumption is only sometimes valid since, in
some cases, geographically further away cities may have more similar abundance profiles
than closer cities. This represents another limitation overcome by setting a biological
coordinate system on which the distance between cities better reflects their similarity in
terms of biological differences. Based on the biological coordinates of all sampled cities,
the biological coordinates of unsampled cities can be derived by applying affine trans-
formation between the biological and geographical coordinate systems, using the coor-
dinates of sampled cities as anchor points. Another limitation was the poorly performance
of algorithm on some testing samples. The low performance was possibly due to the
limited number of cities from the training set compared to the size of the geographic
coverage of those cities, as well as the small number of available training samples for each
city, which may not cover all potential microbiome from the city.

In conclusion, this geolocation prediction framework successfully assigned samples to
their cities of origin with high probabilities. Also, the interpolation results from biological
coordinates show much higher confidence than those from geographic coordinates. This
implies that biological coordinates better reflect the deviation of the abundance profiles
of metagenomic samples of different locations for deducting the geolocation of
unsampled sites. The proposed method provides accurate predictions of the geolocation
of microbial samples using selected abundance profiles as features.

Macdonald and colleagues®* tested the ability of terminal restriction fragment
length polymorphism (T-RFLP) to distinguish between soils, to determine if profiling
of bacterial and fungal community structures could be used to discriminate between
soils collected from distinct locations in Greater Wellington region of New Zealand.
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Variations in the microbial community between ten sites were assessed. Within each
site, three distinct patches ranging from five to sixty metres apart were identified,
with a total of 90 samples. Bacterial communities were analysed by 16S rRNA
sequencing and fungi by ITS region, between 18S and 23S regions. This worked
showed that the biogeographic location influenced the structure of bacterial and
fungal communities. For bacteria, 27 sites could be discriminated at the highest
significance level (p < 0.1%), nine at p < 1%, and six at p < 5%. For fungal
community, between 17 and 31 TRFs were obtained which showed that some sites
share a more similar fungal community while others show obvious differences. When
combining the analysis of the communities 44 of 45 site comparison showed level of
discrimination.

No discrimination between vegetation classes was identified for bacteria or fungi.
Within each site, samples were collected from three different patches (A, B, and C)
which were also subjected to comparison. For most regions, there is a significant effect
of patch on microbial community structure within the site, both bacteria and fungi.
Although the degree of discrimination varied between sites and it was not possible to
discriminate between all soils, results demonstrated that samples obtained from different
soils within the Greater Wellington region could be discriminated to different degrees
based on microbial profiles, even though they have underlying geological similarities,
with fungal community structure generally demonstrating the high discriminatory poten-
tial between sites than bacterial. The combination of bacterial and fungal analysis only
added less information than the fungal community structure provided alone, as variability
within each patch is more significant in the bacterial community than in fungi.

In sum, this study has shown differences in the structure of soil bacterial and fungal
communities and that the structure varies along environmental gradients, even at local
and regional scales. Therefore, soil microbial community analysis can be helpful when it is
necessary to associate a soil trace found in a forensic context with a geographical location.
However, much research is needed to overcome several limitations or questions that
remain, including further studies to understand how specific taxonomic groups can
provide better discriminatory information, how vegetation structurally influences the
soil microbial community, and exhaustive sampling in different habitats and soils, to
understand variation at different scales better.

Conclusion

Although only seven geolocation studies were included, we can infer that it is possible to
obtain information about a location through either human or environmental microbiome
analysis. However, further studies are needed to overcome some limitations for the
microbiome to be used in forensic analysis for geographic location. These studies should
allow a better knowledge of sampling and analytical limitations, elucidating the influence
of external factors (e.g. climate and diet) on the microbiome, and obtaining more data to
relate the microbiome from a cadaver to a given location. Although further studies are
required, this work demonstrates that the analysis of microorganisms within and sur-
rounding the cadaveric island can reveal relevant information for the establishment or
estimation of the geographical location.
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