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Soil is commonly used in forensic casework to provide discriminatory power to link a suspect to a crime scene.
Standard analyses examine the intrinsic properties of soils, includingmineralogy, geophysics, texture and colour;
however, soils can also support a vast amount of organisms, which can be examined using DNA fingerprinting
techniques. Many previous genetic analyses have relied on patterns of fragment length variation produced by
amplification of unidentified taxa in the soil extract. In contrast, the development of advanced DNA sequencing
technologies now provides the ability to generate a detailed picture of soil microbial communities and the taxa
present, allowing for improved discrimination between samples. However, DNA must be efficiently extracted
from the complex soil matrix to achieve accurate and reproducible DNA sequencing results, and extraction effi-
cacy is highly dependent on the soil type andmethod used. As a result, a consideration of soil properties is impor-
tant when estimating the likelihood of successful DNA extraction. This would include a basic understanding of
soil components, their interactions with DNAmolecules and the factors that affect such interactions. This review
highlights some important considerations required prior to DNA extraction and discusses the use of common
chemical reagents in soil DNA extraction protocols to achieve maximum efficacy. Together, the information pre-
sented here is designed to facilitate informed decisions about the most appropriate sampling and extraction
methodology, relevant both to the soil type and the details of a specific forensic case, to ensure sufficient DNA
yield and enable successful analysis.

© 2014 Forensic Science Society. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Forensic soil analysis is amultidisciplinary science that spans several
fields of research because soils are highly individualistic and can be
characterised using a number of techniques, including texture, mineral-
ogy, consistency, particle size, pH and soil colour [1–4]. Contaminants
and components imbedded within soil, such as pollen, fibres, glass or
plant matter, provide valuable evidence in forensic investigations by
linking particular suspects to specific sites [5–9]. In addition, soil DNA
analysis also provides additional evidence, as microbial, plant, and
human DNA within unknown forensic soil samples can be compared
to that of reference samples [10,11]. For example, a major area of cur-
rent forensic soil DNA research utilises Microbial Community Profiling
(MCP) [12], including denaturing gradient gel electrophoresis (DGGE;
[13]), amplicon-length heterogeneity PCR (LH-PCR; [14]), and terminal
restriction fragment length polymorphism (T-RFLP; [15–17]). These
methods all use DNA fragment length variation within different micro-
bial species to produce a DNA fingerprint, but the results do not specify
the individual taxa responsible for a given profile. In contrast, high-
throughput sequencing (HTS) can produce thousands of sequencing
reads per sample, providing a far more detailed picture of microbial
communities present within the soil.

HTS combined with DNA metabarcoding [18] can be used to access
bothmicrobial and non-microbial DNA in soils. Typically, biological ma-
terials, such as plant roots, leaf fragments or insect larvae, found at a
crime scene are often only present in trace amounts and cannot be iden-
tified by traditional morphological means, due to the absence of diag-
nostic morphological characters [19]. HTS provides the potential to
utilise the DNAwithin the soil to identify these elements, and this tech-
nique has already shown considerable potential within forensic science
[20]. For example, HTS analysis of blood-stains was able to conclusively
identify individuals, when previous human-microsatellite typing failed
[21]. Similarly, Fierer et al. demonstrated that microbial forensics can
be used to discriminate between individuals, based on themicrobial as-
semblage present on skin [22].

HTS techniques offer awide range of applications for soil DNAprofil-
ing, through discriminating between criminal sites or linking a suspect
and location. However, soil DNA profiling is problematic due to difficul-
ties involved in recovering DNA from complex soil matrices, as well as
temporal and seasonal variations in soil biota that may change during
a forensic case. DNA profiles are strongly dependent on the extraction
method used [23] and soil type examined (e.g. [24]). Consequently,
DNA extraction forms a crucial step since incomplete lysis at this stage
will transfer biases to downstream analyses. This review addresses
common problems encountered during soil DNA extraction and dis-
cussesmodificationswhich can be applied to overcome such difficulties
and improve total DNA yield.

Soil DNA analysis also requires a basic knowledge of soil mineralogy
and chemistry to interpret DNA interactions with soil particles and
guide the use of common reagents in DNA extraction protocols. This re-
view also provides a basic outline of soil components and describes how
each interacts with DNA molecules to highlight the importance of soil
properties on the retrieval of DNA from highly variable environmental
samples.

2. Considerations prior to DNA extraction

In order to achieve reproducible, informative, and reliable results in
soil forensic analyses, contaminationmust be closelymonitored to accu-
rately obtain a representative DNA extract of the soil sample under anal-
ysis. In addition to lab contamination, events at a scene which occur
following a crime may also introduce contamination as a result of soil
transfer effects and therefore must be taken into consideration. To en-
sure reproducible and accurate results it is necessary to ensure ample
sample size and numbers during collection, to enable accurate identifi-
cation of samples that do indeed originate from a common source.
Finally, the time lapse between the crime and collection of reference
samples must be accounted for since temporal and seasonal variations
may influence results.
2.1. Sample contamination

Contamination is a major concern in any DNA analysis, especially in
forensic science. Introduction of contaminant DNA from external
sources can occur: 1) prior to collection by mixing with other sources
of DNA, 2) during collection and storage, and/or 3) during laboratory
analysis.

In many cases, the soil sample will have been removed from the en-
vironment by transfer to an object, or mixed with other soils during the
crime [7]. This can make it difficult to separate the features of the con-
taminants from those of the original source. For example, layers of
soils are commonly encountered on objects such as car tyres, so when-
ever possible layers should be sampled separately. The primary effects
of soil transfer are particle size selective to some extent, and this varies
depending on soil properties andmineralogy as well as the type of con-
tact [25]. The coarse fraction of soil that adheres to objects is typically
lost first, leaving fine soil particles available for analysis [26]. For this
reason, Croft et al. [27] suggest that the fine soil fraction, comprised of
particles b150 μmwill provide the most accurate reflection of the orig-
inal soil, as it excludes artefacts introduced by transfer effects. Thus, it
may be beneficial to fractionate reference samples prior to extraction,
in order to perform an analysis using only fine fractions for DNA profile
comparisons. Fractionation of soil is commonly achieved using sieving
methods [28]. Robertson et al. recommend the use of wet sieving over
dry sieving to obtainmore accurate and precise particle size distribution
results [29]. However, water and equipment used in this step should be
sterile (DNA free), as not to introduce DNA contamination at this stage.

Sample collection is a critical issue in forensic soil DNA analysis.
Samples should ideally be recovered as soon as possible after a crime
is identified, before contamination of the crime scene occurs. Forensic
scientists should use the appropriate equipment, e.g. gloves and
facemasks, to prevent introducing DNA from the scientist to the sample.
In addition, sterile, air-tight containers should be used to prevent intro-
duction of DNA from the laboratory equipment and the surrounding en-
vironment. Following collection, storage conditions and length of
storage can influence DNA profiles [30,31]. This is of particular concern
during microbial analysis, because microorganisms can continue to
grow and divide within the soil after it has been collected. In general,
fungal species can also survive longer and grow more efficiently in
colder temperatures compared to bacterial species, ensuring that even
refrigeration may not be an appropriate long term storage solution
[32]. Ideally, DNA extractions should be carried out as soon as possible
(within 24 h of collection) to minimise these effects. Where this is not
possible, samples can be frozen to aid in preventing community change,
or samples can be stored in protein inhibitors, such as RNAlater
(Invitrogen) to prevent further microbial growth [33,34], although ad-
ditional considerations prior to extractionwould apply to ensure proper
removal of protein inhibitors.

During laboratory analysis, it is critical to avoid introduction of DNA
from the scientist, the reagents and the surrounding environment. DNA
extractions, including extraction blanks, should be carried out in dedi-
cated extraction hoods, andmultiple no-template controls should be in-
cluded in all DNA amplification steps tomonitor contamination. The no-
template controls should be processed and sequenced identically, in
parallel to all samples. Any sequences obtained in no-template controls
should be identified where possible, and discounted from sample se-
quences where necessary, using bioinformatics tools. Further, positive
controls should be avoided where possible, to prevent the risk of
within-experiment cross-contamination. It is critical to maintain the
rigorous use of controls tomonitor contamination at all stages of the ex-
perimental process. It is also important to note that clean no-template
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controls, does not remove the possibility of either low concentration or
stochastic contamination within reactions.

2.2. Changes in environmental conditions

The reproducibility of the soil profile is essential to accurately identify
samples from a common source. Differences in environmental condi-
tions need to be considered to assess the likelihood of successfully
matching two samples, especially where temporal offsets are experi-
enced between the time of transfer and retrieval of a forensic soil sample.
The chemical properties of the soil matrix can be altered by environmen-
tal factors, such as rainfall, and as a result, the aerobic/anaerobic,
oxidising/reducing conditions within a soil are also subject to change
[35]. The effect of seasonal variation on the soil DNA profile obtained
from forensic samples must also be considered. For example, soils col-
lectedmonthly fromfive habitats over a one year periodwere used to as-
sess seasonal variation of soil bacteria [15], and showed monthly
fluctuations in community structure. Similarly, the effects of elevated
temperature and the frequency of summer precipitation on soil fauna
abundance were assessed over a two-year study in the Colorado Plateau
desert. While microfauna experience seasonal fluctuations, the effect
was not statistically significant for most groups, except amoebae [36].
Seasonal variations in soil DNA profiles could be useful in forensic analy-
ses, as it provides ameans to ascertain a timeline of events depending on
the taxonomy detected. However, such variations could also prevent a
match to reference samples if collected at a different time and/or under
different environmental conditions.

The quality and length of the DNA fragments retrieved will depend
on the environmental conditions, as well as the storage conditions of
samples post-collection. Quantitative PCR (qPCR) can be used to esti-
mate DNA degradation by quantifying the amount of DNA present at
several fragment sizes within a sample [37–39]. This approach could
be applied to evaluate the template quality and assist in determining
the most appropriate DNA target based on the fragment length present
in a forensic sample. If DNA extraction and/or PCR amplification success
is uncertain as a result of poor quality DNA or biasedmicrobial commu-
nities, then the soil sample may be better utilised for evidence by an al-
ternative technique, which is not as susceptible to environmental
change or organismal growth, such as phytolith or starch grain analysis
[40].

3. Soil DNA extraction

The initial extraction step in the analysis of soil DNA is potentially
the most crucial step. Incomplete cell lysis or DNA binding to soil com-
ponents in situ will transfer bias to downstream analysis [41]. DNA can
be extracted from soil either indirectly or directly [42,43]. Indirect ex-
traction involves separation of cells from soil prior to lysis, whereas di-
rect extraction cells are lysed in the presence of soil particles. Direct
extraction is strongly favoured due to higher yields and reduced poten-
tial for contamination associated with fewer preparation steps. The ini-
tial DNA extraction step can be performed through physical disruption
to disperse soil colloids (e.g. bead beating) or chemical disruption to
lyse cellmembranes (e.g. NaCl, SDS) andmay include enzymatic disrup-
tion (e.g. Proteinase K, lysozyme). This is followed by DNA purification
by various methods [42–45]. Many lab or user-specific protocols have
been developed to improve soil DNA extraction efficiency however,
the choice of soil DNA extraction method will influence the DNA profile
obtained [46–49]. Different DNA extraction methods can result in an
over- or under- representation of specific bacterial phyla [50]. These ob-
servations are further complicated because different DNA extraction
techniques have been conducted only on single soil types, so extraction
methods cannot be easily compared across different studies. This is a
significant issue in forensic applications and standardisations and direct
comparisons of protocols againstmultiple soil typeswill need to be con-
ducted to ensure reliability of forensic soil analyses.
3.1. Commercial soil DNA extraction kits

Commercial kits offer a means for standardising soil DNA extraction,
as the protocols can be easily implemented in any laboratory. Several
biotechnology companies offer soil DNA extraction kits (summarised
in Table 1) that are primarily favoured in forensic analysis over in-
house protocols because of the ease of use. The most commonly used
kit is the PowerSoil® DNA Isolation kit (MOBIO Lab Inc.), which is suffi-
cient for most soil samples but becomes problematic for difficult sam-
ples such as those containing high levels of organics, clay and heavy
metals. For such tough samples, alternative kits may be more efficient,
as they have been developed to take into consideration the variability
in soil type (e.g. NucleoSpin® Soil kit, Macherey-Nagel). Commercial
kits are typically optimised for a maximum of 0.25 g soil; however,
some allow larger volumes to be processed (e.g. PowerMax® DNA Iso-
lation kit, MOBIO Lab Inc.). While the soil mass available for forensic
analysis will vary, it is often limited. There have been mixed reports
on the effect of soil mass on the reproducibility of soil DNA profiles
[51–53]; however the effect of soil mass on the ability to differentiate
between samples has not yet been examined.

Some manufacturers also offer extraction kits which use 96-well
plates for high throughput of samples. There are now automated DNA
extraction methods for soils, such as the Aurora (Boreal Genomics),
which is based on an electrophoresis technology called SCODA
(Synchronous Coefficient of Drag Alteration). This has been designed
to allow sufficient extraction of high quality DNA from low template
soils. However, there is a minimum fragment size limit of 300 bp,
which may be problematic for many forensic soil samples containing
degraded DNA.

3.2. Modifications to DNA extraction

Many modifications have been made to soil DNA extraction proto-
cols, mainly by varying the physical treatment of material prior to
lysis and/or by altering the chemical components incorporated in the
extraction lysis buffer. To better understand the effect of these
chemicals during extraction, it is vital to be aware of the soil compo-
nents that interact with DNA molecules. Soils are composed of a solid
phase comprising inorganic minerals and organic components, e.g.
humic acids, aswell as an aqueous phase of elements, inorganic/organic
ions and molecules, that surrounds the solid particles. Each of these
components plays a role in the retention of DNA molecules in soil
and can affect the efficiency of DNA extraction. Previous DNA ad-
sorption studies suggest stronger binding to the inorganic rather than
organic components of soil [54–57]. However, organic components are
problematic for PCR amplification if insufficiently removed during
extraction.

3.2.1. Interactions of DNA and soil
This section describes the associations between DNAmolecules and

soil components to highlight the role and purpose of common chemical
reagents for successful DNA extraction.

DNA commonly exists in soil in three forms: intracellular DNA de-
posited from living or deceased organisms; and extracellular DNA, ei-
ther unbound in solution or physically bound via cation mediators
[58]. Intracellular DNA can be released from cells using a physical pre-
treatment step in the presence of a lysis buffer. Extracellular DNA in
aqueous solution interacts with the mineral surface based on polyelec-
trolyte adsorption, which is not restricted to oppositely charged compo-
nents [59–62]. Therefore, double layer repulsion exerted between the
negatively-charged mineral surface and negatively-charged phosphate
group results in adsorbed and un-adsorbed portions along the length
of the clay surface [59]. Consequently factors that influence this interac-
tion, such as pH, presence of cations and soil dispersion [63–65], will
affect adsorption of extracellular DNA onto the soil matrix and subse-
quently affect the efficiency of DNA extraction from soils.



Table 1
Details of common commercial soil DNA extraction kits.

Commercial kit Soil mass Automated
(Y/N)

Cell lysis/physical treatment method Comments

PowerSoil®DNA Isolation kit
MOBIO

0.25 g N Beat-beating
(different bead sizes and types available)

Does not work well with difficult samples,
very gentle

PowerMax® DNA Isolation Kit
MOBIO

Up to 10 g N Bead-beating
(different bead sizes and types available)

Same protocol as PowerSoil® with larger
volume

UltraClean® Soil DNA Isolation kit
MOBIO

0.25 g N Bead-beating
(ceramic or glass beads available)

96-well plate for high-throughput

SoilMaster™ DNA Extraction kit
Epicentre®

0.10 g N Hot-detergent lysis Proteinase K Targets high molecular weight DNA

Soil DNA Isolation kit
NORGEN BIOTEK

0.25 N Bead-beating High humic acid content soils

NucleoSpin® Soil kit
MACHERERY-NAGEL

b0.5 g N Offers two alternative lysis buffers to
suit soil sample, bead-beating
(ceramic beads)

Also an optional additive to enhance
performance

SurePrep™ Soil DNA Isolation Kit
Fischer BioReagents®

0.25 N Bead-beating Optimised for high water content soils

E.Z.N.A.® Soil DNA Kit
OMEGA bio-tek

Up to 1.0 g N Incubation bead-beating
(glass beads)

Soil in lysis buffer is incubated at 70 °C for
10 min

FavorPrep™ Soil DNA Isolation Kit (Mini/Midi)
FAVORGEN® BIOTECH CORP

Mini: 0.2–1 g
Midi: up to 10 g

N Incubation, bead-beating
(glass beads)
Proteinase K

Soil in lysis buffer is incubate at 70 °C for
10 min

Maxwell® Research Systems
PROMEGA

Process up to 16 samples Y Uses paramagnetic-particle technology Maxwell ® 16 Forensic System available

Aurora System
Boreal Gemonics

Up to 5 mL of lysed or
prepared sample

Y SCODA purification technology High yield from low abundance samples,
N300 bp fragments
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3.2.2. Pre-treatment methods
The initial step in most commercial soil DNA extraction kits is phys-

ical disruption of the cells in a lysis buffer, most commonly by ‘bead-
beating,’ which aims to release intracellular DNA into solution as well
as homogenise the soil colloids. A variety of bead types (ceramic,
glass, zirconium, metal) are used in commercial kits. The type and
amount of beads used, the speed, and the temperature during bead
beating have all been shown to have an effect on extraction efficiency
[66]. Alternative physical treatments such as sonication, microwave,
freeze-thaw and ultrasound have also been explored [67]. Subjecting
samples to these treatments prior to extraction with the MoBio
Powersoil® DNA Isolation kit has shown to improve DNA yields. How-
ever, inconsistent extraction efficiency remains an issue [23,68,69],
and such treatments can result in fragmentation of DNA molecules
[49]. Some protocols also include an incubation step at 55 °C and/or
prolonged incubations to both increase the cell lysis and to aid soil dis-
persion of high clay content soils (e.g. E.Z.N.A.® Soil DNA kit, OMEGA
bio-tek). Clearly, the necessity and effectiveness of different extraction
pre-treatments will depend on the behaviour and properties of the
soil sample.
3.2.3. Soil dispersion
Soils vary in their ability to disperse in a liquid. For example, saline or

highly calcareous soils tend to aggregate clays in the soil and keep them
flocculated. The dispersion properties may prevent the soil from being
fully homogenous in the extraction buffer and subsequently influence
the DNA extraction efficiency. For example, Ettenauer et al. [70] found
that a finely ground sample powder strongly adsorbed the lysis buffer
so that the mixture did not represent a homogenous liquid suspension.
Soil dispersion is pH-dependent, and a soil subjected to a buffer with a
high pHwill result in better dispersion andmore efficientDNA recovery.
In addition, a high concentration of reagents such as tris, sodium dode-
cyl sulphate (SDS) and especially sodium chloride (NaCl) in extraction
buffers can prevent soil dispersion by suppressing the charges on the
clays. Ettenauer et al. [70] suggest that the ratio of soil mass to buffer
volume may play a role in DNA extraction efficiency, as a result of the
dispersion properties of the soil. If dispersion of soil in the lysis buffer
is problematic, one optionwould be to reduce the sample size and com-
bine multiple DNA extracts for downstream analysis.
3.2.4. Influence of pH
The pH of the soil and the lysis buffer are potentially the most influ-

ential factors in DNA adsorption to clay minerals, as pH affects the elec-
trostatic property of both the clay mineral surface and the DNA
phosphate. The phosphate group on DNA can exist in various oxidation
states depending on pH: H3PO4, H2PO4

− (monobasic), HPO4
2− (bibasic)

and PO4
3− (tribasic) [35], which can all influence the strength of interac-

tion towards themineral surface. The electrostatic state of the claymin-
eral surface is dependent on the pH at which there is no net charge on
the clay surface. This value is termed the Point Zero Charge (PzC) and
varies between clay types [65]. One study used 20 soil samples to
show an increase in DNA yield with an increase in extraction buffer
pH, with an optimum of pH 9 [67]. Additionally, numerous studies
have shown an increase in DNA adsorption on soils with low pH
[57,63,71]. For these soils, DNA released during the lysis stepwas poten-
tially lost because it was more readily adsorbed onto the clay surface.
For example, acidic claymineral allophane can bind 95–99% of available
DNA, with only 5% in an extractable form [71].

To prevent extracellular DNA from binding to the soil surface after
lysis, sodium phosphate is commonly used in the lysis buffer. This com-
peteswith DNAphosphate groups to block binding sites on the clay sur-
face, and thus increase DNA yield [71]. However, a small portion of DNA
adsorb to soil at all phosphate concentrations [65]. Similarly, Taberlet
et al. [51] suggest an extraction protocol based on a saturated phosphate
buffer, which aims to block available binding sites on the claymineral as
well as displace DNAmolecules already bound releasing them into solu-
tion. Alternatively, soil pre-treatmentwith RNA to saturate available ad-
sorption sites has been shown to increase DNA yield from soils [63,67].
3.2.5. Influence of cations
DNA adsorption to clay minerals has also been shown to increase in

the presence of cations in the extraction buffer [63,65,72]. Pastre et al.
[62] report reduced DNA yields in the presence of high multi-valent
salt concentration. This can be attributed to the effect of cation valency
(the charge on the cation). DNA adsorption is enhanced by multi-
variant cations (positive charge greater than one) that act as bridges
to tightly bind DNA molecules to the clay mineral surface [63,64,72].
Franchi et al. [58] show that, in the absence of cations, only 8.6% of
DNA was adsorbed, whereas 96.2% was adsorbed in the presence of
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4.0 nM Mg2+ cations. Furthermore, the effect of divalent cations has
also been shown to be dependent on the species of cation,with a greater
adsorption of DNA in the presence of Ca2+ compared to Mg2+ [65].

To prevent DNA adsorption via cations, reagents called chelating
agents are often incorporated into the lysis buffer. Chelating agents re-
movemetal ions from aqueous solution by forming stablewater soluble
complexes, thus preventing bridge formation between the DNA phos-
phates and the clay surface. The most commonly used chelating agent
in DNA extraction protocols is ethylenediaminetetraacetic acid (EDTA)
[13,68,73,74]. However, EDTA used at high concentrations can become
problematic in PCR amplification reactions, as it also chelates cations
such as Mg2+ necessary for polymerase activity in the PCR [49,75].

3.2.6. Removal of PCR inhibitors
In general, silica-based extraction methods have been shown to be

more effective at removing PCR inhibitors than organic solvent-based
methods (e.g. phenol/chloroform).

Soil organic matter, e.g. humic acids, can also become problematic in
DNA analysis, as they can inhibit PCR amplification by suppressing the
activity of the DNA polymerase and need to be removed during the
extraction process [76]. Soil organicmatter includes the compounds de-
rived from living specimens during decomposition of cellular materials
and biochemicals, such as carbohydrates, fats, waxes, lipids, alkanes,
amino acids, proteins and organic acids, including DNA. High organic
content soils are classically recognised by dark, brown to black soil col-
ours. DNA adsorbed to organic molecules is not easily displaced and can
be lost during DNA extraction [67,72].

To reduce PCR inhibition by humic substances, reagents are used to
remove the inhibitor molecules, such as flocculants. Flocculants [77]
have been shown to increase yields and reduce downstreamPCR inhibi-
tion with high organic content soils [78]. Flocculant molecules reduce
repulsion between adjacent inhibitor molecules causing aggregation,
reducing solubility and allowing separation from the DNA extract [77].
Surfactants (amphiphilic organic molecules composed of a hydrophilic
head and a hydrophobic tail) are known to disrupt cellular membrane
bilayers but also contribute to the removal of PCR inhibitors during
DNA extraction. Anionic surfactant SDS is most commonly used in soil
DNA extraction buffers; however, some protocols substitute SDS for cat-
ionic surfactant cetyl trimethylammonium bromide (CTAB) [74,79,80]
or N-lauryl sulphate, a molecular variation of SDS [81]. A wide-range
of surfactants are available with different behaviour towards different
soil types [82–84]. Similarly, polyvinylpolypyrrolidone (PVPP), a
crosslinker that is insoluble in water, has been used to remove humic
acids and other phenolic compounds by agglomeration [67,73,77].

DNA extraction from a soil sample with a high organic content or
high heavy metal content may be improved by substituting SDS for an
alternative surfactant, such as CTAB, or introducing flocculants to the
lysis buffer. If a PCR reaction is unsuccessful, dilution of the DNA extract
to reduce the impacts of inhibitors can also be tried [85]. Alternatively, a
pre-lysis wash step can be included in the protocol for soils with high
humic content or iron oxides to improve DNA extraction efficiency [86].

4. Standardisation of DNA extraction method

While there is much research currently underway to develop and
improve the efficiency of DNA extraction from soils, the comparison of
soil samples for forensics requires a standard protocol to ensure all sam-
ples are processed identically within a case. An ISO (International Orga-
nisation for Standardisation) standard has been published for soil
microbial DNA extraction [87] to enable accurate data comparison be-
tween different groups of soil scientists. This standard is based on a
publication byMartin-Laurent et al. andwas evaluated across 13 labora-
tories worldwide using 12 soils, including those from arable forest and
industrial sites [88,89]. However, it would also be beneficial to institute
a standardised method across all forensic laboratories for comparative
analyses as such a protocol has not yet been adopted.
In the event that reference samples are not available for comparison,
retrieving maximum genetic information from the sample of interest
would be preferable, warranting the use of tailored DNA extraction
methods based on the specific soil properties, rather than following a
standardised protocol.

5. Conclusions

The use of DNA metabarcoding and HTS technology to identify taxa
from soil samples has the potential to provide a detailed picture of soil
DNA communities, but is not without limitations. It is imperative that
DNA extraction efficiency is maximised for forensic soil analyses be-
cause sample sizes are often limited and incomplete DNA extractions
can introduce bias and therefore alter the interpretation of results. The
reproducibility and optimal soil mass used in the extraction steps re-
quires research, with conflicting reports about the ability to detect
local endemics, rare species, and taxawith special habitat requirements.
Due to the existence of a wide variety of soil DNA extraction protocols,
there is currently no standardised extractionmethod used across foren-
sic laboratories, potentially resulting in different profiles from the same
sample. This may limit the potential to compare forensic samples across
different forensic groups, countries, or even case studies.

The effect of environmental conditions on the DNA profile has po-
tential to be useful for estimating the time of a crime, but can also com-
plicate comparative analyses if soils are not collected simultaneously.
Similarly, sample storage conditions following a crime will affect the
DNA quality and type available for analysis, while DNA degradation
rates in soils under different conditions remain largely unexplored. Sim-
ilarly, how much bias is introduced by species growth during storage
and the effects on identification is also currently unknown. All of these
areas require considerable attention before forensic soil science can
move forward. For example, if contamination is introduced there is
the potential of obtaining a false positive result. Alternatively, inefficient
DNA extraction and incomplete cell lysis could reduce genetic informa-
tion and lead to a false negative result. Both of these outcomeswould be
detrimental to a case.

Assessment of soil properties prior to DNA extraction is necessary to
enable use of the most appropriate protocol, exploiting knowledge of
DNA adsorption to soil components and consideration of soil properties,
such as pH, organic content, clay content and soil moisture. This assess-
ment will provide an idea of the likely behaviour of the soil during DNA
extraction and avoid potential losses of vital pieces of evidence. In addi-
tion to soil type, the most efficient DNA extraction protocol for forensic
soil analysis will be highly dependent on the case, the availability of ev-
idence, the value of that evidence, number of samples required and the
cost of multiple extractions.

While DNA from soil samples recovered from a crime scene has the
potential to revolutionise forensic research, considerable amounts of
further research are required before soil DNA can be utilised as evidence
in casework. Even before DNA is extracted, storage conditions can alter
theDNAprofile of soils; future research is needed to determine how this
impacts the ability to discriminate between sites. Assessment of the ef-
fects of storage contamination on multiple different metabarcoding
markers would determine which DNA targets are the most robust
under different circumstances, i.e. which taxa should be sequenced
if the samples have been stored at cool temperatures verses room
temperature. Similarly, spatial variationwithin a single sitemay prevent
accurate classification of unknown soils and also requires further inves-
tigation to survey site variation according to soil and habitat types. The
resolution power of combining several different metabarcoding
markers should also be tested, as this could provide greater discrimina-
tion between samples or sites. Lastly, standardisation of soil DNA foren-
sic methods will need to be examined. When these issues are resolved,
forensic scientistswill be able to incorporateDNA soil analysis into com-
monly applied casework, providing robust, reliable evidence from soil
DNA.
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