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Barcoding the food chain: from Sanger to high-throughput
sequencing1

Joanne E. Littlefair and Elizabeth L. Clare

Abstract: Society faces the complex challenge of supporting biodiversity and ecosystem functioning, while
ensuring food security by providing safe traceable food through an ever-more-complex global food chain. The
increase in human mobility brings the added threat of pests, parasites, and invaders that further complicate our
agro-industrial efforts. DNA barcoding technologies allow researchers to identify both individual species, and,
when combined with universal primers and high-throughput sequencing techniques, the diversity within mixed
samples (metabarcoding). These tools are already being employed to detect market substitutions, trace pests
through the forensic evaluation of trace “environmental DNA”, and to track parasitic infections in livestock. The
potential of DNA barcoding to contribute to increased security of the food chain is clear, but challenges remain in
regulation and the need for validation of experimental analysis. Here, we present an overview of the current uses and
challenges of applied DNA barcoding in agriculture, from agro-ecosystems within farmland to the kitchen table.
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Résumé : La société doit faire face au défi complexe de supporter la biodiversité et le bon fonctionnement des
écosystèmes, tout en assurant la sécurité alimentaire et en produisant une nourriture sécuritaire et traçable par le biais
d’une chaine alimentaire globale de plus en plus complexe. L’accroissement de la mobilité des populations entraîne des
menaces nouvelles en matière d’organismes nuisibles, de parasites et d’espèces envahissantes qui compliquent davan-
tage les efforts agroalimentaires. Les technologies de codage à barres de l’ADN permettent aux chercheurs d’identifier
à la fois des espèces individuelles et, lorsque combinées avec des amorces universelles et des techniques de séquençage
à haut débit, la diversité présente au sein d’échantillons mixtes (métacodage à barres). Ces outils sont déjà employés
pour détecter des substitutions de produits sur le marché, suivre des organismes nuisibles via l’analyse de traces
d’« ADN environnemental » et de suivre les infections de parasites au sein du bétail. Le potentiel du codage à barres de
l’ADN à contribuer à une sécurité accrue de la chaine alimentaire est évidente, mais des défis demeurent en ce qui a trait
à la réglementation et à la nécessité de valider les analyses expérimentales. Dans cette synthèse, les auteurs présentent
une vue d’ensemble de usages actuels et des défis liés à l’application du codage à barres en agriculture, des agro-
écosystèmes des terres agricoles jusqu’à la table. [Traduit par la Rédaction]

Mots-clés : codage à barres de l’ADN, métacodage à barres, agriculture, agro-écosystèmes, nourriture.

The challenge of feeding 9–10 billion (bn) people by
2050 means that increasing agricultural capacity and ef-
ficiency is of great importance, but significant food secu-
rity challenges are posed by anthropogenic pressures,
global climate change, and the resulting environmental
and biotic changes such as the movement of pest popu-
lation ranges (Godfray et al. 2010; Godfray 2011). It is neces-
sary to employ the latest techniques to maximise yields and
consumer safety, whilst also farming sustainably in agro-
ecosystems which are increasingly intensified. Genetic and
genomic techniques have been very useful for plant and

animal breeders to maximise fitness and create genetically
modified organisms (Herdt 2006; Zivy et al. 2015) that are
capable of wider climate tolerances and pest resistance.
Research into new molecular techniques and their applica-
tions are increasing at a rapid pace. Over the last 10 years
there has been an explosion in the use of DNA barcoding
as a tool for eukaryote identification (Hebert et al. 2003),
with many papers cited by this review published in the
preceding two or three years.

DNA barcodes are small, generally species-specific
fragments of DNA. Standard regions include a 658-bp
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region of the cytochrome c oxidase subunit 1 (COI) mito-
chondrial gene in animals (Hebert et al. 2003) or other
regions, for example, �800 bp of matK and �600 bp of
rbcL in plants (CBOL Plant Working Group 2009) or the
internal transcribed spacers of nuclear ribosomal DNA in
plants and fungi (Schoch et al. 2012). These are extracted,
PCR amplified, and sequenced, using Sanger sequencing
or, increasingly, high-throughput sequencing (HTS). These
sequences can be used to identify and differentiate exist-
ing species when matched against existing databases, for
example, GenBank, the Barcode of Life Data System (BOLD)
(Ratnasingham and Hebert 2007), and integrated into the
identification and species delineation of new taxa (Hubert
and Hanner 2015). Known as metabarcoding, primers with
broad binding affinity combined with high-throughput se-
quencing allow the parallel sequencing of thousands of
barcodes to identify multiple species in a mixed sample
(Pompanon et al. 2012; Taberlet et al. 2012b). Although we
focus on the utility of DNA barcoding and metabarcod-
ing for agriculture in this review, we also discuss other
molecular methods of identification, such as real-time
PCR, in our perspectives on developing techniques.

The use of DNA barcoding for the identification of
species has the potential for an extensive range of appli-
cations, particularly in monitoring and product valida-
tion (Bohmann et al. 2014; Adamowicz and Steinke 2015;
Kress et al. 2015). Agri-food supply chains are becoming
elongated as they are globalized, which exposes consum-
ers to the risks of greater potential for contamination,
misidentification, and even food fraud (Lee et al. 2012).
Although the application of molecular techniques has
been reviewed for certain aspects of the food industry
and the ecosystems on which it depends (e.g., food fraud
(Clark 2015), host–parasitoid interactions (Hrcek and
Godfray 2015)), a review of the applications of DNA bar-
coding throughout the entire food chain from farm to
fork, with a particular emphasis on the use of the new
technology of metabarcoding, is lacking. In this article,
we will review the potential applications of DNA barcod-
ing in agriculture, from monitoring communities under
threat in agro-ecosystems, ensuring food security against
attack from pests and parasites, to providing safe and
traceable food to the kitchen table (Fig. 1). We will high-
light issues with the implementation of DNA barcoding
as a tool in industry, based on problems faced by aca-
demic studies, and propose future directions for its use.

Examining agricultural landscapes as ecosystems
While the identification of individuals will remain im-

portant, DNA barcoding is moving towards the identifi-
cation of whole communities (Cristescu 2014; Gibson
et al. 2015), known as metabarcoding (Taberlet et al. 2012a).
Agro-ecosystems are one such community, with species
diversity linked to the provision of ecosystem services
(Balvanera et al. 2006) and negatively correlated with
farming intensity (Kleijn et al. 2009). In metabarcoding,

bulk samples are collected en masse, combined, mass-
amplified, sequenced with high-throughput sequencing,
and subjected to bioinformatic analysis (Shokralla et al.
2015). It is a molecular approach to examine species diver-
sity and trophic interactions, which could be developed
for repeatable measures of biodiversity on large spatial
scales.

Specifically within agricultural landscapes, schemes
exist to increase biodiversity and support ecosystem ser-
vices, some of which form part of international goals
such as the EU’s Common Agricultural Policy (CAP)
“greening” component, which links subsidies to environ-
mentally friendly farming practices (EUR-Lex-52011PC0625
2011), or on a smaller local scale such as conservation
agriculture interventions. Monitoring is a key compo-
nent of any scheme to evaluate whether levels of biodi-
versity are being supported or increased (Targetti et al.
2014). Although crucial, monitoring using the existing
methods of trapping and visual assessments is often
time-consuming and expensive (Ji et al. 2013; Targetti
et al. 2014). Metabarcoding has been proposed as a fast,
cheap, and auditable way to monitor biodiversity, which
is less reliant on taxonomic expertise that is often expen-
sive and unevenly distributed around the globe (Ji et al.
2013; Gibson et al. 2015; Syaripuddin et al. 2015). If imple-
mented, it has been suggested that metabarcoding will
allow us to move from monitoring indicator species, the
use of which is sometimes problematic (Moonen and
Bàrberi 2008), to taking measures of whole biodiversity.
Payments in “greening” schemes of agricultural settings
could even be made contingent on biodiversity outcomes
with this information (Ji et al. 2013).

Environmental DNA (eDNA) will be useful for monitor-
ing species diversity in water or soil resources within
agro-ecosystems. eDNA sampling involves the extraction
of exogenous DNA without first isolating target organ-
isms for sequencing (Taberlet et al. 2012a; Yang et al.
2014). Methods development is ongoing, but research ef-
fort has concentrated on monitoring fish and aquatic
invertebrate communities from DNA extracted from fil-
tered water (Lodge et al. 2012; Thomsen et al. 2012). In the
context of agro-ecosystems, these techniques could sup-
plement studies of the ecological impacts of agriculture
on species diversity, such as the impacts of run-off into
adjacent waterways. eDNA could similarly be extracted
from soil to monitor the diversity of soil-dwelling inver-
tebrates, fungi and bacteria (Orgiazzi et al. 2015), which
are all affected by ongoing agricultural activity (Caldwell
et al. 2015), but are also linked to ecosystem functioning
(Bender et al. 2016).

Several regulatory and industrial bodies support bio-
diversity assessments with eDNA assays in conjunction
with metabarcoding, assisted by the rapid sampling proto-
cols and apparently high detection rates relative to tra-
ditional sampling methods (Biggs et al. 2015). Farmers or
volunteer citizen scientists could easily play a role in the
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Fig. 1. Many components of our diet are produced by a food supply chain that is increasingly lengthened and globalised.
At the same time we must ensure adequate levels of safe food for an expanding human population. DNA barcoding is being
applied as a tool for species identification and biodiversity assessment at many stages of this food chain.
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collection of eDNA samples such as water or soil, which
might also facilitate citizen scientist monitoring of spe-
cies which are not charismatic or easily identifiable
(Janzen et al. 2005; Adamowicz and Steinke 2015;
Ugochukwu et al. 2015). Citizen scientist data from mor-
phological identifications is already feeding into policy
reports (Geijzendorffer et al. 2016), which could usefully
reduce the considerable amount of person-hours re-
quired for monitoring. Yet researchers have highlighted
issues with the use of eDNA, which necessitates knowl-
edge of how eDNA is released from the originating or-
ganism. eDNA accumulation and degradation rates need
to be quantified along with assay sensitivity. Mechanical
processes, animal behaviour, and weather conditions are
known to influence the degradation of DNA (Andersen
et al. 2012; Pilliod et al. 2014), and the extent to which
eDNA disperses throughout the environment must be
reliably quantified if the presence of a species is to be
inferred (Goldberg et al. 2015). eDNA originates from
dead individuals as well as live ones, although repeated
measurements over time will give an idea as to the per-
sistence of DNA within a given environment, which
could indicate whether an individual is alive (Ardura
et al. 2015). An alternative to this may involve the use of
environmental RNA (eRNA), which is generally less sta-
ble than DNA and therefore is more likely to indicate
ongoing gene transcription (Barnes and Turner 2016).

Characterising trophic interactions
DNA barcoding allows researchers to examine trophic

interactions within agro-ecosystems (Clare 2014), contribut-
ing, for example, to our understanding of how farmland
predators regulate pest species (Piñol et al. 2014; Furlong
2015). Traditionally, understanding predator–prey inter-
actions required morphological examination of gut con-
tents, faeces, and regurgitated pellets, with poor and
taxonomically biased resolution (Sheppard and Harwood
2005). When gut contents contain liquids such as blood,
haemolymph, or sap, species-specific interactions are
very difficult to determine without molecular analysis.
By examining gut contents or faeces with DNA barcoding
(sometimes termed molecular scatology), we can exam-
ine trophic interactions in a non-invasive way which also
has the potential for higher taxonomic resolution (King
et al. 2015). This high-resolution analysis of interactions
holds promise for improving our understanding of en-
tire interaction networks (Roslin and Majaneva 2016)
and, when applied to vulnerable farmland predators
(e.g., aerial insectivores), could provide valuable infor-
mation on subtle differences in how species use habitats
set aside for conservation.

Some trophic interactions will be directly linked to
ecosystem services such as pollination or biocontrol of
weed seeds and invertebrate pests (Kearns et al. 1998;
Klein et al. 2007; Bohan et al. 2011). For example, the
faeces of 108 avian species were subject to DNA barcod-

ing to determine the main predators of an economically
important invertebrate pest of coffee (Karp et al. 2014).
This information can be used to develop strategies to
attract and retain target predators that are important in
conservation biocontrol. The production of fruits, grains,
and nuts is reliant on the essential ecosystem service of
pollination. Metabarcoding can identify thousands of
plant–pollinator interactions from samples of pollen
from bees, presenting a genuine advantage over tradi-
tional pollen analysis using light microscopy, which is
time consuming and often yields only coarse taxonomic
resolution (Wilson et al. 2010; Clare et al. 2013; Sickel
et al. 2015; Bell et al. 2016). One study recently identified
650 plant taxa (95% to species level) using the ITS2 region
of 384 mixed pollen samples collected from bees (Sickel
et al. 2015).

Another important ecosystem service is invertebrate
pest control provided by parasitoids. DNA barcoding has
revealed host–parasitoid dynamics, showing that host–
parasitoid specificity is underestimated (Smith et al. 2006,
2007; Moreno-Ripoll et al. 2012; Alex Smith et al. 2013).
Labour-intensive rearing traditionally revealed links be-
tween hosts and parasitoids, whereas molecular methods
can be used to barcode parasitoid gut contents or traces
of parasitoid DNA on hosts (Hrcek et al. 2011). This re-
search provided evidence that there are many more para-
sitoid species than previously realised: morphological
identification is difficult (Hrcek and Godfray 2015), and
DNA barcoding suggests that generalist parasitoids are
actually several host-specific cryptic species in some
cases (Smith et al. 2006; Zhang et al. 2011). The addition of
cryptic taxa in ecological networks has the potential to
change our understanding of their structure and func-
tion (Wirta et al. 2014; Hrcek and Godfray 2015), for ex-
ample, by altering the number and identities of trophic
links (Hrcek et al. 2011), as well as our understanding of
the role of parasitoids in the biocontrol of pests.

Identification of agricultural pests
Crop damage from pests causes significant revenue

loss and threatens food security (Godfray et al. 2010).
Annual costs of damage from insect pests are estimated
at $12bn in Brazil (Oliveira et al. 2013), and $14.4bn in the
USA (Pimentel et al. 2005). The best predictor of the num-
ber of invasive alien species within a country is its degree
of international trade, indicating that damage from in-
vasive pests is likely to increase as a result of the glo-
balised agri-food supply chain (Westphal et al. 2008). The
identification of invertebrate and weed pests will be im-
portant both in ports and in a domestic scenario to re-
cord and control invasions, where DNA barcoding is
facilitating the rapid and accurate identification and
tracking of agricultural pests (Scheffer et al. 2006; Ball
and Armstrong 2008; Floyd et al. 2010; Comtet et al. 2015;
Tyagi et al. 2015).
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The morphological identification of invertebrate pests
can be problematic. Accurate identification may require
highly skilled taxonomic expertise such as the dissection
of male genitalia for identification (e.g., Pauly et al. 2015),
which can be complex and time consuming. Sometimes
only immature life stages are collected, which lack dis-
tinguishing characteristics, or do not retain colouration
in storage media such as ethanol. One option is to rear
the stages to adulthood, but again this requires both
space and time for development, and specialist resources
such as temperature-controlled rooms and technicians.
There are now multiple examples of molecular methods
being used to identify invertebrates at different life
stages, for example, the immature stages of syrphid and
Bradysia (pests of greenhouse crops) fly species (Gomez-Polo
et al. 2014; Shin et al. 2015).

Species leave traces of their presence in the environ-
ment, which can also be investigated with DNA barcod-
ing, even after the individual is no longer present in the
area. Trace DNA can exist for a significant amount of
time; for example, spider and prey DNA was detected
from the webs of spiders 88 days after the removal of the
organisms (Xu et al. 2015). The detection of trace amounts of
DNA could be very useful in monitoring and preventing
the spread of pests; for example, trace amounts of host
and parasitoid DNA (from webs, eggs, frass, or pupal
cases) in crops and shipments could be barcoded using
HTS and non-specific primers (e.g., Gariepy et al. 2014).

It is important to note that challenges remain for the
identification of agricultural pest species with molecular
methods. Identifications rely on detailed and accurate
reference libraries supporting the analysis, while at the
same time invertebrates are still being discovered that
are new to science. However, rapid progress is being
made, particularly for taxa of special concern. For exam-
ple, a recent gap analysis comparing barcode sequences
in BOLD with a checklist of known arthropod plant pests
estimated that 638 of 943 species are currently barcoded
(Frewin et al. 2015). This represents a 10% increase in two
years, indicating that library coverage is progressing
under the Plant Pest Barcoding campaign (Frewin et al.
2015).

Although still faster than rearing and morphological
examination, traditional sequencing also involves a time
delay and specialised laboratory equipment. This will be
critical as inspections and subsequent quarantine are re-
liant on the rapid identification of pests. One solution is
the development of real-time PCR assays (see Text Box 1;
Naaum et al. 2012; Islam et al. 2015), which are faster and
often portable, making these suitable for scientists in the
field or inspection officials surveying for a particular
pest of interest. Here, species-specific primers must be
developed, or we risk the cross-amplification of closely
related species leading to potential false positives. While
real-time PCR is a viable solution to tracking targets of

identified interest rapidly and with low expense, it lacks
the broader scope to identify unexpected pests.

Text Box 1: Hidden Helicoverpa: the development
of an identification assay for an economically
important crop pest

Amongst the most significant agricultural pests in the
modern world are the noctuid moths Helicoverpa armigera
(Old World) and Helicoverpa zea (New World). In 2013, the
polyphagous H. armigera was found to have invaded South
America where it had not previously been found, and it
was estimated that US crops worth $843m per annum are
vulnerable to the expansion of H. armigera (Kriticos et al.
2015). The larvae of the two species do not have any char-
acteristics that can be reliably distinguished from each
other, and adults can only be separated by dissection of
genitalia, making identification time- and resource-
intensive (Fig. 2). Gilligan et al. (2015) created a simple
real-time PCR probe with 99% accurate identification of
both H. armigera and H. zea, which can be performed in
50 min from isolated DNA. The assay uses a segment of
ITS2 which is amplified using just one primer pair. In-
conclusive results were generated by 4 out of 452 sam-
ples: this error was attributed to a combination of one
false negative result (H. zea), values outside the estab-
lished zone for interpretation, and pipetting error.
While DNA barcoding has been used to distinguish be-
tween these species (Mastrangelo et al. 2014), the lack of
a sequencing step in the rapid PCR assessment repre-
sents a significant time saving. Real-time PCR assays such
as this could be used on larvae and adults intercepted at
import/export ports or in domestic settings to track the
spread of this invasive pest. It is worth noting that this
assay used the ITS2 region rather than the standard ani-
mal barcode COI. By using COI in assays, this gives a
greater degree of flexibility because inconclusive or neg-
ative results can be investigated by sequencing and
matching to barcode libraries to identify species.

Identification of agricultural parasites
Livestock disease represents a further significant eco-

nomic cost to the agricultural industry. In the UK, annual
losses of £1.7bn are reported as a result of livestock

Fig. 2. Major crop pests Helicoverpa armigera (left) and
Helicoverpa zea (right) require genitalia dissection to distinguish
between the two which requires time-consuming expertise.
Text Box 1 describes the development of a real-time multiplex
PCR assay by Gilligan et al. 2015 which uses a single primer
pair to identify the moths to species level.
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disease, with a 17% impact on production (Flint and
Woolliams 2008). Many of these livestock diseases result
from macro-parasitic infection, such as digeneans, cestodes,
and nematodes.

During the treatment of ruminants, parasitic load and
species must first be identified, usually by faecal egg
counts or ELISA testing. Eggs cannot usually be differen-
tiated morphologically, and reliance on faecal egg counts
only identifies the presence of reproductively mature
adult parasites (Roeber et al. 2013; Budischak et al. 2015).
Eggs can be hatched in faecal cultures and reared until
the infective stage, but again larval identification is dif-
ficult and usually requires taxonomic expertise. It is also
difficult to determine whether a parasitic infection is
ongoing or has been cleared by treatment or the immune
system, as eggs are not shed consistently. This is also
a disadvantage of ELISA testing, as a time-lag exists
between initial infection and the production of antibodies,
which also persist in the body for a short time after the
infection has been cleared (Roeber et al. 2013). Some gas-
trointestinal nematodes are serologically cross-reactive,
which can lead to false positives when using ELISA for
species-level identifications (Johnson et al. 1996; Eysker
and Ploeger 2000).

DNA barcoding could facilitate species-level identifica-
tions of parasites (Elsasser et al. 2009) and ongoing mon-
itoring of infection in livestock. Barcoding can provide
taxonomic resolution to species level of eggs or larvae. If
parasites also release traces of DNA in addition to eggs,
this could be tested non-invasively using DNA barcoding
of the faeces. In this way, researchers could identify in-
fection even if eggs were not released consistently or in
cases where antibodies persist despite the infection be-
ing cleared. Of course, one problem is the persistence of
trace DNA post-infection. Work still has to be done to test
the quantity of trace DNA that can be detected, the accu-
mulation rate and persistence of that DNA, and whether
this is released at a consistent rate which can definitively
confirm the presence of a parasitic load.

More broadly, the development of parasite barcoding
assays could be used to confirm disease transmission
pathways. For example, the protozoan parasite Neospora
infects cattle but also has hosts in foxes, domestic dogs,
and coyotes (McAllister et al. 1998; Gondim et al. 2004).
By barcoding the faeces of these animals, it can be con-
firmed if transmission is through these routes and ap-
propriate animal health measures taken (e.g., enforcing
removal of pet dog faeces on farmland in the case of
Neospora). Molecular methods have also been used along-
side morphology to link the adult and immature stages
of a parasite’s life cycle, which can occur in different
hosts (Alcántar-Escalera et al. 2013).

Very little parasite diversity is currently barcoded—
only an estimated 3.42% of Nematoda and 3.02% of Platy-
helminthes (Kvist 2013), although this percentage increases
when considering medically important vectors of hu-

man disease (43% of 1403 species) (Ondrejicka et al. 2014).
Barcoding campaigns increase the completeness of ref-
erence libraries, which in turn aids primer development.
For example, the European Union 7th Framework proj-
ect QBOL: “Development of a new diagnostic tool using
DNA barcoding to identify quarantine organisms in sup-
port of plant health” aimed to establish barcodes for all
European quarantine organisms (Kiewnick et al. 2011).

Multiplex PCR assays have been described that can
rapidly distinguish between species of agriculturally im-
portant parasites, for example, species of Eimeria, the
cause of coccidiosis (Fernandez et al. 2003; You 2014).
These assays have been utilised in commercial poultry
flocks (Ogedengbe et al. 2011), where it is relatively cost
effective because tests for seven species of Eimeria can be
carried out as a single PCR reaction. Schwarz et al. (2009)
examined the relationship between the genetic diversity
of Eimeria infection with flock performance (measured as
cost-per-mass produced), and found that more patho-
genic species were associated with lower performance
farms. DNA barcoding of some parasitic taxa has been
problematic; for example, high nucleotide diversity in
the COI region of platyhelminths made it difficult to
design primers to amplify the entire phylum (Moszczynska
et al. 2009). Three new degenerate primers have been
tested that achieve 100% sequencing success, in the
6 orders of cestodes and 23 families of digeneans tested.
Other flatworm groups were excluded from the design
due to high levels of variation in initial sequence align-
ments (Van Steenkiste et al. 2015).

Preventing the mislabelling of food products
The uses of DNA barcoding as an identification tool

extend to the final stages of the agricultural supply
chain—the finished products that are distributed to re-
tailers, wholesalers, and consumers. DNA barcoding has
revealed the accidental or intentional mislabelling of
food products, including additions of species not found
on the product label or entire substitutions of animal or
plant species. This contentious subject has received high-
profile media coverage in recent years, resulting in the
withdrawal of affected products from shelves (Mariani
et al. 2014). Mislabelling appears to be widespread amongst
processed food products, with rates as high as 41% of
236 fish products purchased from Canadian retailers
(Hanner et al. 2011) and 18% of 149 fish purchased from
South African restaurants and retailers (Cawthorn et al.
2015). Another study of 48 samples originating from
ground meat products in California showed that 10 were
mislabelled, of which nine contained additional unde-
clared species other than the specified animal and one
was a complete species substitution (Kane and Hellberg
2015). The substitution of products is not limited to
the animal supply chain. Recent investigations of her-
bal products found that 59% of commercial products
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contained species not listed as ingredients (Newmaster
et al. 2013).

Mislabelling can lead to serious problems for consum-
ers and industry. Consumer safety is put at risk by aller-
gens, interactions with medication or supplements (in
the case of mislabelled herb or plant products), and tox-
icity (Clark 2015). A lack of confidence in industry can
result in behaviour change and damage to the revenue
and reputation of suppliers, with trickle-down effects to
retailers, restaurants, and other food outlets (Barnett
et al. 2016). Retailers and distributors may try to mitigate
this by entering voluntarily certification schemes, such
as the Marine Stewardship Council chain of custody cer-
tification, which traces seafood to their fishery of origin
through every stage of processing (Marine Stewardship
Council Get Certified! Chain of Custody n.d.).

Different factors in the agri-food supply chain con-
tribute to accidental or intentional substitutions. Some
related species share physical characteristics; for exam-
ple, fillets of fish are difficult to distinguish as identify-
ing features have been removed. Some products are
composed of the output from many different suppliers;
for example, minor crops are often grown by many dif-
ferent small-scale farmers and subsequently combined,
resulting in increased potential for contamination in the
supply chain (Galimberti et al. 2014). Strong manufactur-
ing processes (mincing, blending, drying, and (or) recon-
stituting) involved in creating heavily processed products
also disguise physical characteristics. The common name
problem also complicates this process as food products
from different geographic regions may be sold under
common names that lack scientific validity, or have mul-
tiple uses, and thus substitutions may be inadvertent
(Wong and Hanner 2008).

With well-defined reference libraries, DNA barcoding
and metabarcoding can identify products to species level
despite strong processing or degradation and is likely to
play a major role in discovering incorrectly marketed
products and blends in the future. DNA barcoding has
specific advantages over protein analysis that might
have previously been used to examine processed fish or
meat, as it can be used on cooked samples in which
proteins are distorted or degraded (Bossier 1999). How-
ever, only short fragments can be sequenced from highly
degraded material, which will complicate the identifica-
tion of closely related species. Using HTS techniques and
mini-primers to amplify multiple short (100–300 bp)
fragments can expedite this. Furthermore, issues remain
around the use of sensitive molecular methods for the
interpretation of the contents of commercial plant prod-
ucts, given the potential for contamination during the
acquisition or manufacturing process, shared soil envi-
ronments, or mycorrhizal relationships during the
growth of plants (Ivanova et al. 2015, 2016). Finally, a
large portion of food frauds do not involve the addition
or substitution of species (e.g., product dilution, substi-

tuting farmed for wild fish). DNA barcoding is not always
appropriate in these scenarios which may require other
techniques such as multi-element analysis or gas chro-
matography (Ballin 2010; Drivelos and Georgiou 2012).
For example, it is generally difficult to determine the
geographic provenance of a sample with DNA barcoding,
which could be useful for uncovering illegal fishing or
protected designation of origin substitutions, although
some populations do contain distinct COI sequences
(Bogdanowicz et al. 2000). Inferring data on biomass
from copy numbers of sequences is still contentious
(Deagle et al. 2013) and the subject of system-specific
research (Saitoh et al. 2016), so frauds such as product
dilution will be difficult to detect.

Regulatory bodies with responsibility for food safety,
such as the US Food and Drug Administration (USA), are
beginning to implement DNA barcoding to identify prod-
uct substitutions (Handy et al. 2011). Consumer demand
for greater food traceability after recent food fraud scan-
dals will also be a driver for product validation (Barnett
et al. 2016). Due to high consumer interest and media
coverage, it is likely that DNA barcoding can be used to
engage citizen scientists in food safety research; for ex-
ample, in sample collection as used by Naaum and
Hanner (2015). Issues remain, however, around the af-
fordability and accessibility of DNA barcoding in devel-
oping countries. Data from South Africa suggests that
areas with higher proportions of low-income groups ex-
perience a higher incidence of food misrepresentation,
possibly due to consumer focus on cost savings rather
than food traceability (Cawthorn et al. 2015), or a less
strict regulation of domestic supply chains. Developing
countries also face unique challenges around species
identification in the food chain which could be assisted
by the use of DNA barcoding; for example, unidentified
meat sources in bushmeat markets can pose risks from
zoonotic diseases or illegal hunting that threatens en-
dangered species (Wolfe et al. 2004; Minhós et al. 2013).
There is some scope for resource matching and sharing
between countries with significant biodiversity and
those with significant infrastructure, but this has been
targeted more at the library-building component of DNA
barcoding. As global food chains expand through trade,
such resource matching may be mutually advantageous.

Issues and implementation
DNA barcoding has significant advantages and is likely

to play a major part in sample identification in the fu-
ture, either alone or to complement existing methods.
Sequencing mixed samples in large quantities is cheaper
than ever using HTS techniques when compared with
traditional Sanger sequencing (Shokralla et al. 2014),
with recent estimates of cost at $20 per metabarcoded
sample (materials cost only, Sickel et al. 2015). While the
initial generation of reference barcodes requires bidirec-
tional sequencing of the highest quality, subsequent

952 Genome Vol. 59, 2016

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

M
C

G
IL

L
 U

N
IV

E
R

SI
T

Y
 o

n 
12

/0
2/

16
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



studies could save costs with unidirectional sequencing
or qPCR, which would be sufficient for species detection.
The approaches differentiate between the high-quality
sequences required for reference library generation and
relatively low quality but less expensive approaches re-
quired to confirm the presence of a particular species.
Degraded samples can be used in DNA barcoding which
might not be possible in morphological analyses; sam-
ples can be collected as raw, cooked, frozen, mixed, or
preserved in relatively cheap kinds of medium such as
ethanol. Procedures developed in ancient DNA laborato-
ries mean that even very small amounts of degraded
DNA can be used in combination with HTS techniques,
whereas reasonably high-quality DNA is needed for Sanger
sequencing. Identification by third parties can be audit-
able, and a subjective element of identification is re-
moved due to its reliance on a reference library (Clark
2015), once these libraries are built and validated to
obtain accurate identifications. Open access tools will
increase reproducibility of barcode data further—bioin-
formatics scripts can be uploaded to github, and data can
be stored in online repositories such as EBI, NCBI, Dat-
aDryad, or Figshare, although long-term accessible stor-
age space for large datasets is under pressure.

Some common issues remain across DNA barcoding
and metabarcoding studies. Choice of methods can be a
contentious and confusing process when designing a me-
tabarcoding study. Considerable laboratory expertise
and resources may be required; for example, some eDNA
protocols have advocated the use of positive and nega-
tive air pressure rooms and whole-room irradiation to
restrict contamination (Biggs et al. 2015). All studies must
make extensive use of both field and laboratory controls
to monitor contamination. The inclusion of mock com-
munities alongside mixtures of unknown samples should
be an important part of ensuring that laboratory and
bioinformatics methods development are fit for pur-
pose, for example, resulting in the construction of reli-
able estimates of Molecular Operational Taxonomic Unit
(MOTU) diversity (Clare et al. 2016). Finally, amplicon se-
quencing is problematic, due to taxonomic bias and the
potential amplification of contaminants, but PCR-free
sequencing is on the horizon (Liu et al. 2016).

Once methods have been selected, interpreting rela-
tive and absolute abundance of organisms from DNA
barcode reads remains contentious. Some studies have
shown that eDNA extracted from water is a good indica-
tor of relative species abundance in aquatic systems
(Lodge et al. 2012; Thomsen et al. 2012; Pilliod et al. 2014),
and while this provides a good starting point, it remains
a thorny issue for terrestrial systems (Saitoh et al. 2016),
for invertebrate species (due to primer bias), or when
degraded DNA is used (King et al. 2008). One solution is to
model occupancy (species-level) or spatial mark-recapture
(individual-level) data, although careful experimental
designs are needed before data collection can begin

(Schnell et al. 2015). Finally, barcoding techniques can
always be used in parallel with a subsample of tradi-
tional trapping methods and morphological analysis of
samples (Furlong 2015).

Standardisation across laboratories is an issue when
assays are used as a management tool (e.g., quantifying
food fraud) or to inform policy relating to biodiversity
monitoring (Griffiths et al. 2014). In addition to molecu-
lar laboratory techniques, metabarcoding datasets also
require the development of bioinformatics pipelines.
Programmes and data cleaning steps vary between re-
search groups; the different clustering methods and data
cleaning steps can considerably change the estimate of
MOTU diversity (Brandon-Mong et al. 2015; Clare et al.
2016). Analysis of how bioinformatics pipelines affect
ecological conclusions will be valuable, but as yet they
are rare (although see Clare et al. 2016; Roslin and Majaneva
2016).

Text box 2: Outstanding R&D questions for the
use of barcoding methods in agriculture

Agro-ecosystems

• How can we use mock communities and bioinformat-
ics pipelines validated against ecological systems to
produce reliable estimates of MOTU?

• Can eDNA and eRNA be used as a reliable indicator of
the presence and diversity of living organisms? What
controls the rates of eDNA and eRNA production, dis-
semination throughout the environment, and degra-
dation?

• Development of PCR-free techniques to remove prob-
lems with taxa-specific amplification bias and the am-
plification of contaminants. Investigate the relationship
between the products of PCR-free sequencing and spe-
cies biomass/abundance.

• Development of genome skimming techniques using
shallow-pass shotgun sequencing for DNA-based mark-
recapture studies, for example, mammals/birds in
agricultural landscapes, and subsequent estimates of
population size.

Pests and parasites

• Is eDNA produced by parasites in faeces and is it a
reliable indicator of infection status? How does it com-
pare to ELISA and egg counting techniques?

• Continued library building through barcoding drives
for reference databases of understudied taxa, many of
which are pest and parasite species.

Food fraud

• Development of fast, cheap assays for the high-throughput
sampling of products. A high degree of accuracy will
be required to ensure consumer safety and the repu-
tation of industry.

• Integration of DNA barcoding into designation of
origin fraud or wild-farmed fraud, possibly through
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sequencing larger areas than the standard DNA bar-
code (“ultrabarcoding” or genome skimming). Imple-
mentation will be context-dependent on the study
system.

Conclusions and future directions
As with other genomics technologies, barcoding data

will become more accessible in the future. As sequencing
costs and the person-hours required drop, the assays
themselves will become quicker and cheaper to perform.
The rise of portable handheld sequencers will allow very
fast in-situ sequencing (Hayden 2015), which could be
used to perform pest identifications at ports or to assess
biodiversity in real-time. With the shift from Sanger se-
quencing to HTS techniques, more sequence informa-
tion can be collected. The development of primers for
mini-barcodes means that even information from de-
graded samples can be recovered where this was not
previously possible. Finally, it is likely that ease-of-use
and decreasing costs will put DNA barcoding into the
hands of farmers and citizen scientists (Adamowicz and
Steinke 2015).

The agricultural industry faces the twin challenges
of supporting biodiversity and ecosystem functioning,
while providing safe traceable food to feed the world.
Supply chains are further threatened by inefficiencies
that result from waste and loss of harvest due to pests
and parasites. Barcoding technology allows researchers
to identify both individual species and the diversity of
mixed samples, which we have argued will have diverse
applications in agro-ecosystems and the agri-food supply
chain. It will require academics and private laboratories
at the forefront of DNA barcoding to work collabora-
tively alongside agro-industry, from individual farmers
to large-scale companies and regulators.
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