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ABSTRACT: Plant material is frequently encountered in criminal investigations but often overlooked as potential evidence. We designed a
DNA-based molecular identification system for 100 Australian grasses that consisted of a series of polymerase chain reaction assays that enabled the
progressive identification of grasses to different taxonomic levels. The identification system was based on DNA sequence variation at four chloroplast
and two mitochondrial loci. Seventeen informative indels and 68 single-nucleotide polymorphisms were utilized as molecular markers for subfamily
to species-level identification. To identify an unknown sample to subfamily level required a minimum of four markers or nine markers for species
identification. The accuracy of the system was confirmed by blind tests. We have demonstrated ‘‘proof of concept’’ of a molecular identification
system for trace botanical samples. Our evaluation suggests that the adoption of a system that combines this approach with DNA sequencing could
assist the morphological identification of grasses found as forensic evidence.
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Botanical Evidence

Plant material is frequently encountered in criminal investigations
but often overlooked as potential evidence due to our present
inability to rapidly, accurately, and cost-effectively identify trace
botanical specimens. Grasses were used as the model species in this
study because they are among the plant species most likely to be
encountered as forensic trace evidence. Grasses have considerable
potential as contact DNA evidence and could provide links between
crime scenes and individuals because of their ubiquitous nature in
both urban and rural environments, their frequent utilization by
humans, and the grass spikelet’s morphological adaptations for seed
dispersal (1).

Species Identification of Botanical Evidence

A number of methods are currently utilized to identify the bio-
logical origin of an unknown sample to higher taxonomic levels or
for discriminating between closely related and morphologically sim-
ilar organisms. These methods have been applied in forensic inves-
tigations (2–4), for biodiversity evaluation (5), and for the species
or cultivar identification of plants (6–11). An important consider-
ation in the development of a molecular system for species identifi-
cation is that despite the availability of a range of DNA profiling

techniques, not all techniques will meet forensic standards or be
transferable among forensic laboratories because they suffer from
problems of specificity, reproducibility, and profile complexity, and
can therefore be discarded as evidence in the courtroom. In addi-
tion with many forensic samples, the quality, quantity, and purity
of DNA is poor, introducing problems not routinely encountered in
regular DNA profiling studies.

Forensic DNA profiling presently favors fragment analysis over
direct sequencing. From a forensic perspective, an identification
method needs to be robust and standardized whilst being able to be
variable enough to discriminate among individuals and degraded
samples. The most promising tools for forensic botany, which are
currently in use in forensics involving human identification, are
short tandem repeats (STRs) and single nucleotide polymorphisms
(SNPs). Another molecular identification system that has risen in
popularity since commencing this research is DNA barcoding.

DNA Barcoding

Hebert et al. (12) proposed that microgenomic identification sys-
tems, which employ DNA sequences from a uniform locality on
the genome as taxon ‘‘barcodes,’’ could provide a new approach to
species identification. Thus far, work on animals has employed a
standard region of the mitochondrial (mtDNA) genome (a highly
variable 648-bp region near the 5¢ end of the cytochrome oxidase
subunit I [COI] gene) to provide species-specific DNA barcodes
(12). DNA barcoding has been used to survey several taxa in their
natural habitats. These include birds (13), amphibians (14), spiders
(15), fishes (16), insects (17–20), fungi (21), and primates (22).

DNA barcoding in plants presents challenges not encountered in
the early work on DNA barcoding in animals. Most significant has
been the difficulty of finding a single variable barcoding gene in
plants. The COI gene is not appropriate for distinguishing species
of plants because genes in the mtDNA of plants evolve at extre-
mely conservative rates (23) and exhibit limited variation. It has
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proven to be useful only in identifying some species of algae (24).
Several other loci have been proposed for the species identification
of flowering plants and some authors have proposed a multilocus
tiered approach for DNA barcoding of land plants (25–29).

Presently, there is no easy solution for the DNA barcoding of
plants. De Ley et al. (30) proposed a combination of morphological
and molecular strategies could overcome some of the criticisms
associated with barcoding as a species identification tool. Here, we
evaluate an alternative DNA-based identification system that could
work in conjunction with the morphological identification of botan-
ical specimens.

A Grass Molecular Identification System

Prior to the publication of many of the recent DNA-barcoding
studies, we previously demonstrated the in-principle feasibility of
an alternative approach—a molecular identification system for
grasses (31). This identification system consisted of a series of
polymerase chain reaction (PCR) assays that, like a traditional mor-
phological taxonomic key, enabled the progressive identification of
grass samples to a given taxonomic rank. We confirmed that by
applying five PCR assays spanning variable insertions and deletions
(indels) from two mitochondrial loci, identification was possible for
our control set of 20 samples, on which the design of the PCR
assays was based, and for 25 unknown grass samples (with some
restrictions) (32).

The current research reported here builds on our previous study
by expanding the identification system to include 100 representative
grasses. Because it will never be feasible to sample all known grass
species, our selection of diagnostic taxon-specific markers was
made in the context of a sound phylogenetic framework. We pre-
dicted that this would maximize the likelihood of finding molecular
markers at a given taxonomic level that would be diagnostic of
both represented and unrepresented grass samples, thus allowing
unknown samples to be identified to some taxonomic level. To
assess the accuracy of this system, a blind test was conducted. We
conclude with a critical evaluation of the strengths and limitations
of this molecular identification system.

Building on our previous study, the specific objectives were:

• To expand the hierarchical sample design to include 100 native
and exotic Australian grasses representing the nine major grass
subfamilies.

• To expand genome coverage in search of potentially diagnostic
indel and SNPs variation by sequencing chloroplast (rbcL, trnL-
trnF, rpl36-rps8, trnT2-rps4) and mitochondrial (nad 7, atpA)
loci.

• To construct a DNA-based molecular identification system that
is built on a phylogenetically sound framework and consists of a
series of taxon-specific PCR assays that enable the progressive
identification of grass samples.

• To critically evaluate the forensic scope and limitations of this
grass molecular identification system.

Methods

Study System

The Poaceae are one of the world’s largest flowering plant fami-
lies, comprising c. 10,000 species, inhabiting most ecological habi-
tats (33,34). The most comprehensive subfamilial classification of
the Poaceae to date was proposed by the Grass Phylogeny Working
Group (GPWG) in 2001 (35). Phylogenetic analyses of these data
confirmed: (i) there were 12 monophyletic subfamilies of the

Poaceae; (ii) three subfamilies Anomochlooideae, Pharoideae, and
Puelioideae were early diverging lineages; (iii) the remaining nine
subfamilies form a clade—that is further divided into two sister
clades: the PACCAD clade (Panicoideae, Arundinoideae, Chloridoi-
deae, Centothecoideae, Aristidoideae, Danthonioideae) and the BEP
clade (Bambusoideae, Ehrhartoideae, Pooideae).

Sampling

A total of 100 grass taxa representing the nine subfamilies within
the BEP and PACCAD clades formed the basis of our molecular
identification system (refer to Appendix 1 for species details).1

Sample selection initially followed the phylogenetic framework of
the GPWG in order to ensure a wide selection of representative
samples, while at the same time providing adequate representation
of the three largest subfamilies (Pooideae, Panicoideae, and Chlori-
doideae [36]). Grass seeds were germinated in sterile soil in glass-
house conditions to provide fresh growing leaf tissue for DNA. In
addition to the 100 grass taxa, a selection of herbarium, seed, and
roadside collected grass material was obtained to provide examples
of forensic-type material. Voucher specimens for all fertile grass
samples have been lodged with the Australian National Herbarium
(CSIRO, Canberra). Refer to Appendix 1 for source details and
voucher accession numbers.

DNA Extraction, PCR and DNA Sequencing

Detailed methods are provided in Ward et al. (32) and Ward (37).
Here we provide only a brief overview. DNA extractions were
performed using 100 mg of liquid nitrogen ground fresh leaf tissue
with the exception of the forensic-type material for which either 10
seeds or 100 mg of dried leaf tissue was used. For all extractions,
QIAGEN DNeasy� Plant Mini Kits (QIAGEN, Valencia, CA) were
used following the manufacturer’s instructions. DNA yield and qual-
ity was assessed against standards by agarose-gel electrophoresis.

In order to locate potential diagnostic characters, four chloroplast
loci (rbcL, trnL-trnF, rpl36-rps8, trnT2-rps4) and two mitochon-
drial (nad 7, atpA) loci were the target of DNA sequencing. These
six loci were targeted as they represented both coding and noncod-
ing regions from two different plant genomes, they were prevalent
in the phylogenetic literature, they produced single PCR products
of <1500 bp in size, and they showed evidence of variation across
taxa at one or more taxonomic levels.

The primer sequences and sources are shown in Table 1. Approxi-
mately 40 ng of template DNA was used in 40 lL PCR reactions
consisting of 1· PCR reaction buffer (QIAGEN: 1.5 mM MgCl2,
Tris–HCl, KCl, and (NH4)2SO4), 200 lM of each dNTP, 0.2 lM
each of forward and reverse primer, and 1 U of Taq DNA poly-
merase (5 U ⁄lL) (QIAGEN). Amplification was performed in a
Corbett Research Thermal Cycler with an initial cycle at 94�C for
3 min, followed by 30 cycles of 94�C for 30 sec, 55�C for 30 sec,
and 72�C for 2 min, with a final extension of 72�C for 10 min.

All PCR reactions produced single bands that were ethanol pre-
cipitated before further purification of the sequencing products
using AutoSeq96 Plates (Amersham BioSciences, Piscataway, NJ)
as per manufacturer’s instructions. The purified sequencing products
were then sequenced in both forward and reverse directions using
the original primers and BigDye Terminator Cycle Sequencing Kits
(Applied Biosystems, Foster City, CA) on an ABI 3100 automated
sequencing instrument as per manufacturer’s instructions. Sequence

1All appendices referred to in this paper can be freely sourced at http://
www.anu.edu.au/BoZo/grass_id.
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chromatograms were checked and edited using Sequencher, Version
3.0 (Gene Codes Corporation, Ann Arbor, MI).

Location of Variation

Based on the sequence data from the six loci, a comprehensive
phylogenetic analysis across the 100 grass samples was performed
(see Ward [37] for the full details, which are beyond the scope of
this paper). Importantly, this analysis revealed a phylogeny in gen-
eral agreement with the GPWG phylogeny (35) indicating that this
combination of six loci offered robust phylogenetic signal, with the
ability to resolve the taxa and their taxonomic groupings accurately.
Therefore, these six loci potentially offered a range of diagnostic
markers at different taxonomic levels for the molecular identifica-
tion system. However, one important finding was that a combina-
tion of loci was required to recover an accurate phylogeny. This
also indicated that a single locus would not offer sufficient
sequence variation to enable the identification of all grass species.

Our next task was to identify diagnostic indel and SNP variants
at various taxonomic levels within the context of the phylogeny.
We reasoned that by selecting diagnostic markers within a sound
phylogenetic framework, this would assist in the identification of
unknown samples (i.e., samples not used in the design of the iden-
tification system). To further assist our discovery of diagnostic
markers, sequence alignments were divided into subfamily, tribal,
or genus-specific alignments for each locus. A total of 116 infor-
mative indels were located at five of the six loci: rpl36-rps8,
trnT2-rps4, trnL-trnF, atpA, and nad 7, while across all six loci (c.
6200 bp), 1954 variable SNP positions were located.

Primer Design and Optimization of Taxon-Specific
Molecular Markers

Our molecular identification system was designed such that the
PCR assays targeted informative DNA sequences surrounding vari-
able indels or SNPs. In total, 85 diagnostic characters were identi-
fied for the design of taxon-specific molecular markers, which
included 17 informative indels and 68 SNPs. These diagnostic
markers were selected because they enabled a hierarchical design
to our system. Using the software Primer3 (42), primer design con-
siderations included the need for conserved sequence flanking the
variable region and a fragment size of <500 bp in size to enhance
the likelihood that amplification would occur with degraded DNA.

Primer names, sequences, PCR conditions, and product sizes are
summarized in Appendix 2.

For large indel molecular markers (>14 bps), a single forward
and reverse primer was anchored in the conserved flanking regions
on either side of the deletion such that differences in fragment size
due to the indel were readily resolved by agarose. For smaller indel
molecular markers (3–14 bps), the novel PCR assay included three
primers in a single PCR reaction, as described in Ward et al. (32).
Two primers (F and R) were designed in the conserved flanking
regions on either side of the indel, while an internal forward insert
primer (F1) was also designed to match the last three base pairs of
the insertion. Thus, this assay produced two bands for an insertion
(control and insert fragment), while a single band was produced for
the deletion. By further manipulating the F1 primer size, it was
possible to ensure that the two products could be readily resolved
by agarose electrophoresis (product size differences ranged from 23
to 251 bp).

In order to identify the SNPs by an agarose-based assay, we
employed an allele-specific PCR (AS-PCR) approach. Again we
employed a three primer PCR assay similar to that described above
to ensure a positive control product. However, two alternative PCR
reactions were required for each SNP with the two allele-specific
SNP primers designed to match the SNP on the 3¢ end of the pri-
mer. Primer positions were again designed to ensure agarose-based
resolution of the two PCR fragments (product size differences ran-
ged from 33 to 322 bp) when the SNP was present. An additional
mismatch was introduced at either the second or third base from
the 3¢ end of the allele-specific primer to increase the specificity of
these primers following the recommendations of other studies (43–
45).

Test of the Molecular Identification System

To test the performance of the molecular identification system, a
total of 91 samples consisting of 24 grass species represented in
the molecular identification system design, 22 grass species not
included in the design, 16 forensic-type (seed, dried leaf, herbarium
material) grass samples, and 24 grass samples collected from an
Australian Capital Territory (ACT) roadside were assayed. In addi-
tion, five duplicate samples were included to check the reproduc-
ibility of the results. Refer to Appendix 4 for species information
and voucher accession numbers. To avoid any bias in the scoring
of the results, they were scored ‘‘blind’’ such that the species

TABLE 1—The primer name, sequence, and annealing temperature for the six primer pairs used for PCR amplification and sequencing of the six loci.

Locus Primer Name Primer Sequence 5¢–3¢ Tm (�C) References

cpDNA loci
rbcL—subunit of ribulose 1,
5-biphosphate carboxylase
coding locus

rbcL F TCACCACAAACAGAAACTAAAGC 58 This study
rbcL R TGCTTTAGCTAATACACGGAAAT 58 This study

rpl36-rps8—noncoding
intergenic spacer region

rpl36 ATTCTACGTGCACTCTTCCG 56 38
rps8 CGAGGTATAATGACAGATCGAG 56 38

trnT2-rps4—noncoding
intergenic spacer region

trnT2 CTGTAGGTGTAACCTTTCGC 56 38
rps4 TCSTATTCCTGCAGTACAGG 56 38

trnL-trnF—noncoding
intergenic spacer region

C CGAAATCGGTAGACGCTACG 55 39
F ATTTGAACTGGTGACACGAG 55 39

mtDNA loci
atpA—alpha subunit of

F-1-ATPase coding locus
atpA-F1 AAGTGGATGAGATCGGTCGAG 55 40
atpA-B1 GGCATTCGATCACAGA 55 40

nad 7—intron 1 in subunit 7
of NADH dehydrogenase locus

nad 7 ⁄ 1 ACCTCAACATCCTGCTGCTC 47 41
nad 7 ⁄ 2r CGATCAGAATAAGGTAAAGC 47 41

All the universal and grass-specific primer pairs were obtained from the literature as listed, except for the rbcL primer pair which was designed for this
study.
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identity was not known to the first author (JW) during the labora-
tory and scoring phases. A set of control samples were also ampli-
fied along with the unknown samples for each PCR assay to act as
positive controls and to provide size standards.

Results

Sequence Variation

The mitochondrial coding and noncoding loci (atpA and nad 7
intron respectively) exhibited the least sequence variation (9.5% of
1210 bp and 18.48% of 1001 bp respectively), the coding chloro-
plast locus (rbcL) exhibited moderate sequence variation (20% of
800 bp), while the noncoding chloroplast spacer regions (rpl36-
rps8, trnT2-rps4, trnL-trnF) exhibited the most total sequence vari-
ability (38.84% of 1066 bp, 49.2% of 998 bp, and 53.35% of
1106 bp respectively). One hundred and sixteen indels were identi-
fied; the mtDNA loci atpA and nad 7 exhibited one and 21 indels,
respectively and the rpl36-rps8, trnT2-rps4, and trnL-trnF loci
exhibited 18, 35, and 41 indels, respectively.

Molecular Identification System Construction

The first stage in the molecular marker design process involved
designing higher-level taxonomic markers from informative indels
and SNPs that would divide the samples into the two major grass
clades (BEP and PACCAD clades). Next, markers were designed
to enable identification for the nine subfamily divisions. Due to the
large number of species in the sample design, lower-level taxo-
nomic markers (tribe, genus, and species) were only designed for
the three largest subfamilies (86 samples in total); the Pooideae,
Panicoideae, and Chloridoideae. Within these three subfamilies,
markers were designed to identify all 86 samples to the genus level
and the majority to species level. Fourteen species within genera
did not possess variation at the species level for the six loci
sequenced and thus were not able to be distinguished below the
genus level.

The molecular identification system was constructed so that the
markers divided the samples into two groups at each step, depend-
ing on the presence or absence of an indel or SNP. Figure 1 dem-
onstrates how the molecular identification system was constructed
for the Poeae to discriminate samples at the genus and species

levels. A full set of molecular identification system pathways for
the 100 grass taxa at each taxonomic level are presented in Appen-
dix 3. Figure 2 provides examples of how the taxon-specific molec-
ular markers were visualized and scored on agarose gels.

Marker Statistics

The molecular identification system was constructed from 91
marker sets; 17 were designed from informative indels from the
trnT2-rps4, trnL-trnF, atpA, and nad 7 loci, and 68 were designed
from SNPs from all six loci. Of the 91 marker sets, two were used
for clade identification, nine for subfamily identification, 11 for
tribe identification, 22 for genus identification, and 47 for species
identification. Of the three subfamilies that had lower-level taxo-
nomic markers designed, the number of representative samples in
each subfamily reflected the number of PCR assays required to
identify each sample. The Panicoideae was comprised of 43 marker
sets, the Pooideae subfamily 27 marker sets, and the Chloridoideae
subfamily 21 marker sets. To identify an unknown sample to sub-
family level required as few as four markers, and a minimum of
nine and maximum of 12 markers were required for species
identification.

PCR Assay Outcomes

The large indel PCR assay consistently produced bands that were
readily resolved and easily scored on agarose gels. For example,
samples from the BEP clade were easily distinguished from the
PACCAD clade by an 80-bp deletion (Fig. 2). The smaller indel
and SNP PCR assays, with their internal positive control band for
PCR failure, also generated fragment size differences among taxa
that were readily resolved by agarose gel electrophoresis (Fig. 2).
The generic AS-PCR method for SNP detection proved to be diffi-
cult to optimize for some marker sets and it was not possible to
achieve allele-specific assays in all cases. Therefore, it was neces-
sary to individually optimize PCR conditions for some assays to
ensure accurate SNP typing.

Outcomes of the Molecular Identification System Tests

All 24 grass species represented in the molecular identification
system were correctly identified to all possible taxonomic levels.

FIG. 1—The molecular identification system pathway for the identification of grass samples from the Poeae into genera and subsequent species groups.
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All 22 nonrepresented species were identified correctly to the tribe
level and 13 of these were correctly identified to genus. For the
forensic-type samples, all samples represented in the molecular
identification system design were correctly identified. This included
all the samples extracted from dried plant material, grass seeds, and
three out of four herbarium samples. All five duplicate samples
were correctly identified at all possible taxonomic levels. All 24
roadside samples were identified correctly to the subfamily or tribe
level, depending on marker availability. Sixteen samples were suc-
cessfully identified to genus level and eight to species level.

The samples that were not correctly identified to genus or spe-
cies level fell into one of two categories: (i) samples that did have
genus ⁄ species-specific molecular markers in the molecular identifi-
cation system; however, an incorrect identification indicated that
the assumed taxon-specific markers were in fact not universally
diagnostic across the genus ⁄ species when tested with a broader
range of samples but rather only for the system representatives; (ii)
samples that had no genus ⁄ species-specific markers in the molecu-
lar identification system and consequently were identified as a clo-
sely related genus represented in the system.

Discussion

The Molecular Identification System

Our molecular identification system was designed such that the
PCR assays targeted specific single locus and phylogenetically
informative DNA sequences surrounding variable sites and without
the need for DNA sequencing of the test samples. Consideration of
the reliability of the PCR assay methodology employed in the
molecular identification system was particularly important given
the forensic context of this study. It was essential that the scoring
process was accurate, repeatable, and unambiguous and ultimately
transferable across laboratories. In addition, the molecular markers

were designed to be <500 bp in size to enable amplification of
trace and degraded evidence material.

Two kinds of molecular markers underpinned this system: indels
and SNPs. Informative indels were readily converted to PCR-based
molecular markers and with our three primer assays, always
provided a control band as a check for PCR failure. The PCR
assays (for both large and smaller indels) required little or no
marker-specific optimization and always produced unambiguous
results with fragment size differences that were easily resolved with
agarose electrophoresis. There are a number of SNP-typing
methods available (see reviews [46–51]), which vary in their
suitability for application in forensics. For the purpose of this study,
we chose to apply the low-cost agarose gel-based AS-PCR method
(43). However, for routine analyses, we would adopt a SNP-
genotyping method that offers multiplex capability, does not require
individual assay optimization, and can be run on an automated
genotyping instrument.

All samples represented in the design of the molecular identifica-
tion system were correctly identified at all taxonomic levels for
which molecular markers were available. This confirmed that the
molecular identification system was an accurate identification
method and reiterated the findings from our pilot study on 20
grasses, where 100% of all samples represented in the design of
the system were accurately identified (32).

The phylogenetically representative design of the molecular iden-
tification system also assisted with the identification of unknown
samples not included in the original design. With the exception of
several anomalous samples, test samples were correctly identified
at the clade, subfamily, and tribe levels given the availability of
molecular markers for those taxa. Therefore, the molecular identifi-
cation system was capable of identifying unrepresented samples at
higher taxonomic levels.

Misidentification, defined here as the incorrect identification of a
sample at a specific taxonomic level, is an important consideration
for the design of any molecular identification system. In this study,
when an unknown sample lacked a representative at the genus or
species level in the original design, either misidentification occurred
or PCR failure or PCR fragments of inappropriate size indicated
the level at which it was not possible to provide an accurate identi-
fication. Misidentification usually resulted in the identification of a
sample as a closely related genus or species. In general, with care
in scoring and the inclusion of positive controls for all assays, mis-
identification should be minimized or detected by PCR failure or
unexpected fragment size.

In common with all identification systems, including DNA bar-
coding, the only solution to eliminate misidentification is the
requirement for all target species to be represented in the system
design. For the Poaceae, this would involve the unrealistic inclusion
of c. 10,000 species. Geographic- or purpose-specific identification
systems rather than whole family identification systems would min-
imize risks of misidentification due to a lack of representative spe-
cies in the original system design. For example, a system could be
readily developed for common native and exotic grasses in the
ACT. This would greatly reduce the number of samples that need
to be represented, enhancing the accuracy of the system as an iden-
tification method for unknown evidence samples.

The Forensic Utility of the Molecular Identification System

Our tests incorporated forensic-type samples to determine if
identification of degraded, trace, or suboptimal botanical material
could be achieved. Our findings demonstrated that the molecular
markers employed (<500 bp in size) were suitable for amplifying

FIG. 2—(a) The first assay demonstrates the utility of the large indel
BEP ⁄ PACCAD clade marker. The second assay demonstrates the utility of
a smaller indel marker that distinguishes between Aristidoideae and samples
from other subfamilies. (b) The first assay demonstrates the utility of an
SNP marker (A ⁄ G) that distinguishes between Pooideae and Ehrhartoideae
samples and the second assay demonstrates the utility of an SNP marker
(C ⁄ A) that distinguishes between Triodieae and samples from other tribes.
C indicates negative control lanes, and a 100-bp ladder marker was used as
a size standard and loaded in the first lane of each of the assays.
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forensic-type samples from different sources of plant material. The
identification of samples collected from an area of roadside in the
ACT demonstrated how the system might be utilized in forensic
casework. For example, if a combination of different species of
grass seeds or fragments were found on a suspect’s clothing, each
separate grass fragment could be identified to determine the grass
species present at the alleged crime scene. All roadside samples in
this study were identified to at least tribe level and eight species
identifications were possible. Therefore, this system could assist
with the direction of an investigation by eliminating possible crime
scenes based on the species composition of grasses at a specific
geographic location.

Future Directions

Potential improvements to this molecular identification system
include:

• Development of multiplex PCR assays in combination with high-
throughput capillary electrophoresis methods to maximize the
number of informative markers per reaction.

• Adoption of high-throughput methods for the detection and geno-
typing of SNP variation to enhance rapid screening capabilities.

• Design of geographic- or purpose-specific identification systems
to target relevant species of interest.

We recommend that future development of molecular identifica-
tion systems for botanical evidence should consider a two-tiered
approach with the first tier employing a hierarchical molecular key
to assist higher taxonomic-level identification (such as the approach
taken in this study) and the second tier employing a DNA barcod-
ing sequencing approach for identification at the lower taxonomic
levels. Importantly, our extensive sequencing analysis has indicated
that no single DNA sequence region will offer universal utility for
identification across the diverse grass family.

A similar multigene tiered approach has been suggested by New-
master et al. (28) who proposed a first tier of a core-coding gene
such as rbcL and a second tier of multiple highly variable coding
or noncoding genes, one of which would be implemented depend-
ing on the outcome of the first tier. A tiered approach would still
require the compilation of a comprehensive sequence database of
target grasses at selected loci. Thus the outcome of a higher-level
taxonomic identification system could be used to assist in the selec-
tion of the most appropriate DNA region(s) to target for sequenc-
ing, given knowledge of the tribe or genus of the samples in hand,
while reducing the double-sequencing requirement of the system
proposed by Newmaster et al. (28). Tsai et al. (52) have demon-
strated the feasibility of compiling a specific DNA sequence data-
base of chloroplast trnL intron and trnL-trnF intergenic spacer
sequences to assist in the identification of popular plants in Taiwan.
As a starting point for developing such a database, the variable loci
suggested in the plant DNA-barcoding literature could be adopted
such as the chloroplast trnH-psbA or trnD-trnT intergenic spacer
(26,29). Beyond these chloroplast loci, access to large segments of
chloroplast noncoding DNA sequences is now available with new
sets of universal primers such as those of Ebert and Peakall (53).
Ebert and Peakall (54) also provided a comprehensive review of
the technical resources available for accessing genetic variation in
plant chloroplast genomes.

Conclusion

We have developed and tested a molecular identification system
for grasses based on indel and SNP variation at multiple taxonomic

levels using a multilocus approach. Our study has confirmed ‘‘proof
of concept’’ of a new forensic technique that has the potential to
provide assistance in the analysis of grass evidence. When used in
conjunction with a forensic botanist, who might be able to make a
preliminary morphological identification of the evidence, a DNA-
based molecular identification system could confirm or extend
identification of trace botanical evidence.
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