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Abstract

lllegal hunting is a major threat to the elephants of Africa, with more elephants killed by poachers
than die from natural causes. DNA from tusks has been used to infer the source populations for
confiscated ivory, relying on nuclear genetic markers. However, mitochondrial DNA (mtDNA)
sequences can also provide information on the geographic origins of elephants due to female
elephant philopatry. Here, we introduce the Loxodonta Localizer (LL; www.loxodontalocalizer.org),
an interactive software tool that uses a database of mtDNA sequences compiled from previously
published studies to provide information on the potential provenance of confiscated ivory.
A 316 bp control region sequence, which can be readily generated from DNA extracted from ivory,
is used as a query. The software generates a listing of haplotypes reported among 1917 African
elephants in 24 range countries, sorted in order of similarity to the query sequence. The African
locations from which haplotype sequences have been previously reported are shown on a map.We
demonstrate examples of haplotypes reported from only a single locality or country, examine the
utility of the program in identifying elephants from countries with varying degrees of sampling,
and analyze batches of confiscated ivory. The LL allows for the source of confiscated ivory to be
assessed within days, using widely available molecular methods that do not depend on a particular

© The American Genetic Association 2019.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com

OXFORD

761


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:roca@illinois.edu?subject=
http://www.loxodontalocalizer.org

762

Journal of Heredity, 2019, Vol. 110, No. 7

platform or laboratory. The program enables identification of potential regions or localities from
which elephants are being poached, with capacity for rapid identification of populations newly or

consistently targeted by poachers.

Keywords: forensics, forest elephant, poaching, savanna elephant, wildlife trafficking

The poaching (illegal hunting) of elephants for their ivory is a major
threat to populations across much of Africa. An upward trend in the
amount of ivory illegally traded has persisted since 2008, with the
overall weight of ivory in illegal trade estimated to be 3 times greater
in 2016 than in 2007 (CITES 2017). There were 22 large-scale seiz-
ures of batches of ivory in 2016—each weighing more than 500 kg
(CITES 2017). As a result of the illegal trade in ivory, currently
more elephants in Africa die from poaching than die from natural
causes, and the number of elephants in Africa is estimated to have
fallen by ca. 110 000 in the decade prior to 2016 (CITES 2017). The
recent decline in population size has been documented as greater
than 60% for forest elephants (Loxodonta cyclotis) (Maisels et al.
2013) and 30% for savanna elephants (Loxodonta africana) (Chase
et al. 2016). Recent analyses of population datasets from 73 loca-
tions believed to carry half of Africa’s elephants concluded that the
number of elephants across these locations was less than 25% of
what would be expected if poaching were not a factor (Robson et al.
2017). Among these 73 locations, 30% were estimated to have a
population size of less than 5% of the expected numbers (Robson
et al. 2017). Recently, efforts to reduce demand for ivory and to pro-
tect source populations appear to have reduced poaching intensity
(Hauenstein et al. 2019).

The Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) has mandated that large-scale seiz-
ures of elephant ivory be subject to forensic analysis, which could
help to establish the geographic source of the ivory (CITES 2016;
CITES 2017). DNA can be extracted from ivory, even from older
samples kept at room temperature, in sufficient concentration to
permit genetic analysis (Mailand and Wasser 2007; Winters et al.
2018). Progress in establishing the provenance of confiscated ele-
phant ivory has largely relied on the use of microsatellite markers
present in nuclear DNA (nDNA). With statistical methods such as
spatial smoothing and tessellation, location-specific allele frequen-
cies have been derived for both forest (Loxodonta cyclotis) and sa-
vanna (L. africana) elephants. These have been used to estimate the
geographic origin of confiscated ivory (Wasser et al. 2004; Wasser
et al. 2007), identify poaching hotspots (Wasser et al. 2015), and
infer the tactics of smuggling operations (Wasser et al. 2008; Wasser
et al. 2018).

The use of mitochondrial (mt) DNA sequences for establishing
the provenance of ivory has also been proposed (Ishida et al. 2013).
Among elephants, social groups consist of closely related females and
calves of both sexes (Moss and Poole 1983). Upon maturity, female
elephants remain with their core social groups, but male elephants
disperse (Moss and Poole 1983). But dispersing males cannot propa-
gate mtDNA because offspring of both sexes inherit mtDNA only
from their mothers. Therefore, mutations in mtDNA are likely to
persistently remain geographically localized (Roca et al. 2015; Ishida
et al. 2018). The genetic diversity of mtDNA may be slower to erode
among populations than nuclear DNA diversity, because the latter
would be affected by a high degree of male-male competition among
elephants (Petit and Excoffier 2009; Roca et al. 2015). Importantly,
the phylogeographic patterns displayed by elephant mtDNA may

starkly differ from patterns exhibited by nuclear DNA (Debruyne
2005; Roca et al. 2005; de Flamingh et al. 2018). Thus mtDNA can
provide information on the geographic origins of elephants or their
ivory that may not be apparent if only nuclear markers are relied
upon (Ishida et al. 2013). Another advantage of mtDNA is that it has
a higher copy number per cell than nuclear DNA, a consideration for
samples with less abundant or lower quality DNA.

The potential utility of mtDNA sequences for establishing the
provenance of elephants has been suggested by previous analyses
of the geographic distributions of mtDNA haplotypes. Ishida and
colleagues sequenced 4258 bp of mtDNA in 653 savanna and forest
elephants from 22 localities in 13 countries (Ishida et al. 2013).
Among 108 distinct haplotypes identified, 72% were detected at
only one of the 22 localities. This sequence included a shorter seg-
ment of mtDNA that forms part of the control region. A 316 bp
sequence of hypervariable region 1 of the control region (Johnson
et al. 2007) from these elephants was then combined with the same
control region sequence reported by previous studies of African
elephants to yield a combined dataset representing elephants from
81 localities across 22 countries. In this dataset, 101 distinct haplo-
types were detected, with 62% of the distinct haplotypes detected
in only a single country (Ishida et al. 2013). The limited geographic
distribution of distinct haplotypes suggests that mtDNA sequences
would provide a useful tool for examining the provenance of seized
ivory (Ishida et al. 2013).

Here, we report the development of software, designated the
Loxodonta Localizer (LL; www.loxodontalocalizer.org), that uses as
input a 316 bp sequence of hypervariable region 1 of the control re-
gion of mtDNA generated from African elephant samples to assess
the provenance of ivory. The input sequences are queried against
previously generated sequences for the genus Loxodonta (Barriel
et al. 1999; Eggert et al. 2002; Nyakaana et al. 2002; Debruyne
et al. 2003; Charif et al. 2005; Debruyne 2005; Archie et al. 2006;
Johnson et al. 2007; Ishida et al. 2013; Brandt et al. 2014; Finch
et al. 2014; Mondol et al. 2015). The studies that generated these
sequences examined a total of 1917 African elephant individuals
across 24 range states (Supplementary Table S1). The range states
are divided by the IUCN into 4 broad geographic regions, repre-
senting western, central, eastern, and southern Africa. For each of
these regions, elephant sequences from 6 countries are currently in-
cluded in the LL, so that each of the regions is well covered by the
LL. As output, the LL shows on a map of Africa the geographic
locations from which identical or similar sequences have been re-
ported. The map also shows each geographic locality from which
any African elephants have been sequenced for the same mtDNA
segment. The program provides an assessment of where in Africa
elephants with identical or similar haplotypes to the query sequence
have previously been sampled. If the query sequence haplotype has
a broad geographic distribution, it will not be very informative for
assessing the geographic origins of confiscated ivory. But a haplotype
with limited geographic distribution would be informative about
place of origin. The required DNA methods are widely accessible,
provide quick turnaround times, are independent of the platform
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used, and allow for ready comparisons across laboratories and re-
search studies. The software is intended to indicate the regions or
localities where elephants are being poached, and may especially be
useful for quickly identifying elephant populations being newly or
most targeted by poachers.

Methods

Programming of the LL

The LL was developed in the Django web application frame-
work (Django Software Foundation 2018) and is hosted at www.
loxodontalocalizer.org using the AWS Lambda serverless com-
puter platform. The source code is available at https:/github.
com/kaizhao86/loxodontalocalizer. The application uses a Django
Object-Relational-Model (ORM) managed SQLite database, which
manages the architecture of the database through Django interfaces
in the Python programming language. The database containing pub-
lished elephant haplotypes, their respective GenBank accession num-
bers and publication information, along with the locations of sample
collection and write/modify/delete access is restricted to administra-
tors for the web service. The entity-relationship diagram for the LL
is shown as Supplementary Figure S1, which lists the information
included in the database tables.

User-submitted queries are compared against all haplotypes in
the database using the BioPython global pairwise aligner (Cock et al.
2009). Matches are shown in an interactive web viewer. Haplotypes
are ordered by number of mismatches to the queried sequence.
Localities, where elephants are found with each respective haplo-
type, are shown utilizing Google Maps. To ensure that errors and
omissions were not present in the LL databases, systematic testing
was conducted, including 3 major sets of tests, which are described
in the Supplementary Text.

DNA Extraction, Amplification, and Sequencing of
Seized lvory

Ivory pieces were decalcified and DNA recovered following the
protocol of Mailand and Wasser (Mailand and Wasser 2007).
A 522 bp of the elephant control region of mtDNA was targeted
using the primers CR-F1/CR-R2 (Brandt et al. 2014) in a 20 pL re-
action (14 pL mastermix, 2 pL of each primer and 2 pL of DNA)
using a Veriti Thermal Cycler (Applied Biosystems) with the fol-
lowing program: 95°C for 5 min; followed by 40 cycles of 95°C for
30 s, 55°C for 30 s, and 72°C for 1 min. Appropriate negative and
positive controls were included throughout. Following treatment
of the PCR products with Exonuclease I and shrimp alkaline phos-
phatase (Hanke and Wink 1994), Sanger sequencing was undertaken
on an in-house 3500 sequencing platform (Applied Biosystems) or
outsourced, using both forward and reverse primers to produce a
consensus sequence which was subsequently edited to 316 bp using
Geneious 9.0 (https://www.geneious.com). DNA sequence data were
queried against the LL for analysis.

Software Description and Results
Home Page and Output Page for the LL

The LL home page may be viewed at www.loxodontalocalizer.org.
The home page introduces the LL; links to frequently asked ques-
tions (FAQ); and links to protocols describing DNA extraction from

ivory, amplification and Sanger sequencing, and the workflow for
trimming of sequences to the appropriate size. Additional details are
given in the Supplementary Text. A 316 bp control region sequence
from an African elephant is used as a query, and a pull-down menu
is available to show existing sequences in the database. The query
may be entered in FASTA format, so that the first line(s) of the entry
box (preceded by a header line that begins with “>”) can include a
description, sample number(s), or other identifying information for
the sequence. This information will also be shown by the program
on the output page.

The LL generates output showing the geographic distribution of
identical or similar sequences that have previously been published
for African elephants (Figure 1). The output consists of a map, a
timestamp and copy of the input sequence including the information
entered as the header line of the FASTA format, a listing of results by
number of mismatches to the sequence, and a number of options pro-
vided to the user. The default output map shows all of sub-Saharan
Africa, and thus includes all of the African elephant range states
(Thouless et al. 2016) as a Google map (https://www.google.com/
maps). It shows an icon at every location for which a sequence is
included in the LL database. At locations at which the haplotype(s)
most closely matching the input sequence have been reported, the
rectangular icons are replaced with pins. Clicking on any of the pins
or rectangular icons on the map will produce a box providing in-
formation for the closest-matching haplotype to the query at that
location, indicating the name of the location, the type of location, the
name of the African country, the haplotype LL number, the number of
matches and mismatches when compared to the query sequence, and
the author(s) reporting the most closely matching sequence.

A listing to the right of the map reiterates the query sequence
in FASTA format entered on the input page, and also generates a
timestamp that lists the date and time that the output was generated
(in Greenwich Mean Time). Results of the search are then listed,
showing all of the haplotypes in the LL databases in the order in
which they match the query, and including links to corresponding
published papers and GenBank accession number(s) (https:/www.
ncbi.nlm.nih.gov/genbank/). The users can print the output page to
save a record of the input sequence, timestamp, and output map and
listing. Additional information on the output page is included in the
legend of Figure 1 and in the Supplementary Text.

Results From the LL: Haplotypes With Limited
Distribution

A haplotype reported from only one locality or country would pro-
vide useful information about the likely origin of a batch of con-
fiscated ivory, especially if supported by the sequences of multiple
tusks in the batch. Some African elephant mtDNA sequences are
carried by elephants from many different countries in a region of
Africa, and thus would only be useful for suggesting that regions of
Africa from which they have not been detected as unlikely to be the
potential source of confiscated ivory. More useful for establishing
provenance are the haplotype sequences that have only been re-
ported from a small number of adjacent countries, or from a single
country, or even from only a single locality within a country. Those
haplotypes that have the most limited geographic distribution would
be the most useful for assessing the geographic provenance of con-
fiscated ivory. One such haplotype, LL0O0S, is highlighted in Figure
1. It has been reported only once in the literature, from Ngwasha
National Park in Botswana (Eggert et al. 2002). When DNA from
a batch of confiscated ivory is sequenced, haplotypes with limited
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Description and sequence provided:

>LL0O0S
CCARCCCGCTATGTATATCGTGCATTARATGCTTGTCCCCA
TACATAATGATATATATTACTAACTATACTTAATCTTACAT
AGACCATACCATGTATAATCGTGCATCACATTATTTACCCC
ATGCTTATAAGCAAGTACTGTTTAATCAATGTGTCAAGTCA
TATTCATGTAGAT TCACAGGTCATGTTCTAGTTCATGGATA
TTATTCACCTACGATAAACCATAGTCTTACATAGCACATTA
AAGCTCTTGATCGTACATAGCACATTACTGAGAAATCTCTA
GTCATCATGCATATCACCTCCAACAGTTG

Locations may be shown or removed as pins on the map by clicking on the box
next to each location name. However, this is enabled only for the closest-
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Figure 1. Results page for the LL. The map on the left shows an icon at each location where a reference sequence from an African elephant is available. As
indicated by the key, when a specific geographic locality or region is available for the sequence, a white square with a black dot is used; when only country
information has been reported for the sequence, the white square does not have a black dot.The user can shift the regions covered by the map or zoom in or out
of the map. In a listing to the right, the user is given the option to also show protected areas or the current African elephant range on the map (both are shown)
(Thouless et al. 2016).To the right of the map, a timestamp is also shown that lists the date and time that the LL output was generated (in Greenwich MeanTime),
and the description and sequence query that were entered in the input page. This is followed by a listing of the search results, with haplotypes ordered by the
number of mismatches to the queried sequence. Each reference haplotype result returned includes: the LL haplotype designation, the number of mismatches
and matches, the option to show an alignment of the entry with the LL haplotype (not shown), the location and country from which the reference sequence
was reported, the corresponding GenBank accession number (with link to GenBank) and the paper reporting the sequences (with a link to the published paper).
Reference sequences with exact matches are automatically shown as blue icons with letter codes. It is also possible for the user to select on the list of reference
sequences that have mismatches, in which case red pins would appear on the map (not shown). On the map, one may click on a pin (shown) or location icon
(not shown), which then displays a box above the pin or icon, with information on the closest-matching reference haplotype at that location (not shown). The

example shown has one match at one locality; other haplotypes may provide less precise geographic information.

geographic distributions such as this one would be especially helpful
for the assessment of provenance. The utility of such haplotypes is
more compelling when the haplotypes are present in regions that
have been heavily sampled both extensively (many geographic loca-
tions within a region) and intensively (large numbers of elephants,
from different social groups). Depending on the sequence, it may be
helpful to have the LL also display on a map the geographic distri-
bution of haplotypes with only 1 or 2 mismatches to the identified
sequence, to examine the degree to which these may cluster within a
precise geographic region.

Results From the LL: Geographically Isolated
Populations

Elephant range across Africa is becoming increasingly fragmented,
with many populations becoming isolated. An example of an iso-
lated elephant population is that of the Gash-Barka region of Eritrea
(Brandt et al. 2014). The elephants of Eritrea are not contiguous
with other populations, and population size has been estimated as
ca. 80-120 (Shoshani et al. 2004; CITES 2017). mtDNA sequences

have been reported for 15 elephant individuals from Eritrea, which
carried 3 distinct haplotypes (Brandt et al. 2014). We used each of
the 3 haplotypes known to be carried by Eritrean elephants (Brandt
et al. 2014) as queries to the LL. One of the Eritrean haplotypes, car-
ried by 3 of 15 Eritrean elephants (Figure 2), has been reported for
elephants across the eastern and southern regions of the continent
(Brandt et al. 2014). This haplotype is so geographically widespread
that it would not be helpful for establishing provenance. By con-
trast, each of the other 2 haplotypes has only been reported from
elephants in Eritrea, and thus would be quite useful for inferring the
provenance of an elephant or of ivory as originating from Eritrea or
a nearby location (Figure 2). Thus 2 of 3 haplotypes found in Eritrea,
carried by 12 of 15 sequenced Eritrean elephants, would provide
information useful in assessing the provenance of a sample of un-
known origin. While Eritrea’s elephant population is not known to
be subject to poaching (Yacob et al. 2004), this example highlights
the potential of the LL to identify novel locations being targeted by
poachers, when rare haplotypes unique to such regions are evident
among confiscated ivory.
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Figure 2. LL results for Eritrean elephants.The maps show the geographic distribution of each haplotype reported from the population of elephants in the Gash-
Barka region of Eritrea (Brandt et al. 2014; CITES 2017). This may be taken as representative of a query sequence to the LL from a set of elephant samples from
an isolated population in the increasingly fragmented range of elephants in Africa. Mitochondrial DNA sequences of 15 elephant individuals from Eritrea (out
of a total population estimated as ca. 80-120 individuals) comprised 3 distinct haplotypes (Shoshani et al. 2004; Brandt et al. 2014; CITES 2017); the LL output
is shown for each haplotype. (A) Haplotype LL116 was carried by 11 of the 15 elephants sequenced for Eritrea. (B) Haplotype LL117 was carried by 1 of the 15
elephants (Brandt et al. 2014). (C) Haplotype LL062 was carried by 3 of 15 Eritrean elephants (Brandt et al. 2014), but has also been reported in elephants across
eastern and southern African localities and would not provide information on geographic provenance. Overall, 12 of 15 Eritrean elephants carried haplotypes
reported only from Eritrea. This example highlights the potential of the Loxodonta Localizer to identify novel locations targeted by poachers, should haplotypes

unique to such regions become evident among confiscated ivory.

Results From the LL: Previously Un-Sampled

Countries

The addition of more mtDNA sequences, especially for elephants
from countries and regions that are not well-sampled, would add
to the accuracy and precision of the LL, for example, by identifying
novel locally restricted haplotypes. As an example, sequences recently
generated for 6 Zambian elephants (de Flamingh et al. 2018) were
examined. The 4 distinct haplotypes in these Zambian elephants
were queried in the LL (not shown) before these sequences were
added to the LL database. Two of the haplotypes from Zambia had
exact matches to haplotypes detected in nearby countries. The other
2 haplotypes from Zambia were novel, and there was a high degree
of divergence (4 and 6 mismatches) compared to the closest sequence
on the LL database. The more mismatches there are between the
query sequence and the closest LL haplotype, the less reliable the
geographic information provided by the mismatching haplotypes, so
these 2 haplotypes would have been geographically uninformative
if their provenance had been unknown. Thus novel and divergent
mtDNA haplotypes in a batch of ivory may be an indication that it
originates in geographic locations not heavily sampled.

Forensic Use of the LL

In 2012, the largest elephant ivory seizure in over a decade (6
tons, approximately 2300 whole or cut tusks) was confiscated in
Malaysia, arriving in a shipment from Togo. A subsample of 266
small ivory sections was later transported to the United States for
nuclear DNA analysis (Wasser et al. 2004; Wasser et al. 2007).
Estimates of geographic provenance were made available almost a
year later (Wasser et al. 2015) for 79% of the samples where suffi-
cient nuclear DNA was recovered. During the initial subsampling of
the ivory, the Malaysian Department of Wildlife and National Parks
(PERHILITAN) collected, where possible, duplicate ivory samples
for every sample being transferred to the United States. While in-
dividual results for each tested sample were not published along-
side the estimate of geographic provenance, which highlighted, in

particular, the countries of Tanzania and Gabon (Wasser et al. 2015),
they were included for a subset of 80 samples in the supplementary
data of a later publication (Cerling et al. 2016). Of these 80 ivory
samples, 74 duplicate samples of ivory remained with PERHILITAN
and were tested for DNA geographic provenance using the LL.

The mtDNA assessment of provenance was consistent with the
geographic provenance previously estimated using nuclear markers,
as were the conclusions about the mixed origin of the ivory in this
seizure (Wasser et al. 2015). The mtDNA identified countries that
overlapped with those identified by nuclear DNA, or identified geo-
graphically adjacent countries. This demonstrated that the LL can
provide information on the geographic origins of a batch of con-
fiscated ivory with accuracy. The tusks with haplotypes previously
reported only from elephants within a single locality or country,
or from a few adjacent countries, would be especially helpful for
establishing provenance, and this outcome was illustrated by
showing output data as 2 sets, one for more narrowly distributed
and the other for more widespread haplotypes (Supplementary Table
$2).

Following the promising agreement between both nuclear and
mtDNA testing of the Malaysia ivory samples, ivory samples were
then DNA tested from 2 additional ivory seizures:

(1) From a 7.2 ton ivory seizure in Hong Kong seized by Customs in
July 2017. Ninety samples were selected by Hong Kong Customs
for subsampling before being transported to Malaysia, with ap-
propriate CITES permits, to undergo mtDNA analysis using the
LL as described below. The 90 samples likely represented 78 indi-
viduals, as 12 samples were likely from the second tusk of a pre-
viously sampled individual (based on morphology; the mtDNA
sequences also matched for the 2 tusks for each of these 12 pairs).
The samples were all assigned to the Tridom region of central Af-
rica, and therefore represented a single area of origin, assuming
that the initial ivory subsampling, which was not entirely con-
sistent with best practice for subsampling (UNODC 2014), was
representative of the entire seizure.
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(2) From a 3 ton ivory seizure in Malaysia, confiscated by Customs
in 2017. One hundred ninety ivory samples were selected for sub-
sampling following appropriate guidelines (UNODC 2014) and
DNA sequences analyzed using LL as described below. Again al-
most all samples were assigned to the Tridom region of Africa as
a source for the seized ivory.

For these sets of ivory, the time from the start of analysis to obtaining
the sequence results was 6 days and a report showing the proven-
ance of ivory was ready for quick dissemination to source countries
within the following days. This highlights the speed at which results
can be obtained by using the LL for a preliminary assessment of
the provenance of ivory, and the ability of facilities within countries
where ivory is confiscated to generate results quickly and effectively
in local forensic laboratories. Rapid assessment of the geographic
provenance of seized ivory is key to enabling law enforcement agen-
cies to work collaboratively with colleagues from other countries of
interest in relation to a particular seizure, and therefore help tackle
the transnational nature of this illegal trade.

The simplicity and low cost of the LL approach also make it
suitable for ivory DNA testing from seizures below the suggested
>500 kg weight proposed by CITES, and even for cases of single tusk
seizures, as well as from worked ivory pieces, a sample type that is
often less suitable for nuclear DNA tests. On seized ivory pieces, a
high success rate (>95%) for DNA extraction, amplification, and
sequencing indicates that the LL will be useful for examining these
(unpublished data).

The LL could be used to examine and compare haplotypes within
or between seizures for further insights into the origins of the ivory.
Within a seizure, one may examine whether the geographic distribu-
tions of haplotypes are consistent with a common provenance for
the tusks. Elephant mtDNA haplotypes fall into 8 subclades (Ishida
et al. 2013), many of which do not overlap geographically. Thus,
in many cases, 2 different seizures of ivory would not overlap in
mtDNA haplotypes, establishing that the 2 sets of ivory have dif-
ferent geographic origins. Previous research has established that
many localities even within the same region of Africa do not overlap
in haplotypes carried by elephants. For example, in southern Africa,
mtDNA haplotypes present among elephants in northern Namibia
(n = 60 elephants; 9 unique haplotypes) did not overlap with the
haplotypes present among elephants in Kruger (z = 50 elephants;
9 unique haplotypes) (Ishida et al. 2013). To determine whether 2
tusks belong to the same individual, a single locus such as mtDNA is
never sufficient, but if 2 seizures of ivory show no overlap in mtDNA
haplotypes, this would also preclude the necessity for further ana-
lyzing the 2 seizures to determine whether 2 tusks in the different
shipments were from the same individual elephant (Wasser et al.
2018). By contrast, if tusks in 2 different seizures both carried a rare
mitochondrial haplotype, the 2 tusks could be specifically targeted
for nuclear DNA analysis for individual identification. Even if haplo-
types are shared between ivory seizures, one could split the haplo-
types in each seizure into those with a geographically widespread,
and those with a geographically limited distribution. Comparing
only the geographically limited haplotypes between the 2 seizures
would give an indication as to whether the ivory in each seizure may
have originated in the same geographic region.

Discussion

The LL does not specifically address the taxonomy of African
elephants because CITES lists all African elephants as a single

protected taxon regardless of species or subspecies. The only excep-
tions to the placement of elephants in Africa in CITES Appendix
I have been granted to individual countries, and not by taxonomic
unit, so that species or subspecies within Africa are not a legal con-
sideration. However, in the FAQ we include information on our
published method for identifying species of origin using nuclear
SNPs that have fixed differences between the species (Ishida et al.
2011). The mtDNA phylogeography of elephants is consistent with
the pattern detected among many pairs of hybridizing species, for
which mtDNA is a poor marker of species boundaries when fe-
males are the non-dispersing sex (Petit and Excoffier 2009), as is
the case for elephants (Supplementary Text). This mtDNA pattern
does not affect the ability of unique haplotypes to provide geo-
graphically useful information (Ishida et al. 2013), indeed it is the
matrilocality of females that allows many mtDNA haplotypes to
enable assessment of geographic provenance. Discrepant mtDNA
and nuclear DNA phylogeographic patterns suggest that analyses
including both nuclear and mitochondrial genetic markers would
provide improvements in the accuracy and precision of geographic
assignment of provenance, and that mtDNA data can reduce un-
certainty of assignment for some samples examined using nuclear
DNA (Ishida et al. 2013). The LL could also be used to examine in
greater detail the evolutionary history of African elephants, which
were heavily impacted by climate and habitat changes during the
Pleistocene (Roca et al. 2015; Ishida et al. 2018). These events
likely shaped phylogeographic patterns in mtDNA, which continue
to persist because females do not disperse (Roca et al. 20135; Ishida
et al. 2018).

In principle, mtDNA would also be a useful marker for
establishing the provenance of confiscated wildlife products from
other species, notably those for which dispersal is low among fe-
males. Similar software has already been developed for various
taxa, notably to distinguish among species within several vertebrate
groups (http://www.dna-surveillance.auckland.ac.nz/) (Ross et al.
2003). It would be possible to develop similar software for other
species, although separate databases would have to be established
for the other species, which would also have to be examined for the
geographic distributions of distinct haplotypes. To facilitate the de-
velopment of such software, the entity-relationship diagram for the
LL is included as Supplementary Figure S1, along with the informa-
tion included in the database tables.

The LL can be used to estimate the place of origin of elephants
(or their ivory) using geographically restricted mtDNA haplo-
types (Ishida et al. 2013). Analysis of tusks from a seizure of ivory
in Malaysia established that mtDNA could be effectively used to
examine the provenance within Africa of confiscated ivory of un-
known origin, as results were consistent between nuclear and
mtDNA. The LL has a number of advantages; for example, DNA
extraction, amplification, sequencing, and sequence assembly are
straightforward and well established in molecular laboratories,
and mtDNA sequences can be obtained quickly, typically in less
than a few weeks. There are also a number of potential limitations,
though some of the limitations could be overcome with additional
enhancements to the LL. While many mtDNA sequences have been
reported from only a single country or even a single locality, some
of the 316 bp control region haplotypes in the LL show geograph-
ically quite widespread distributions (Figure 2) (Ishida et al. 2013).
Such haplotypes could only establish the broad region of Africa
from which an elephant’s ivory originated. One possible future im-
provement to the LL would be to use longer mtDNA sequences from
elephants across Africa. While the 316 bp control region sequences
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used by the LL are highly variable, there are many mutations out-
side of the control region that would provide greater geographic
precision through the use of longer mtDNA sequences. Currently,
the query sequence must be 316 bp long as this corresponds to the
region of the mtDNA control region that was sequenced by all of the
major previous surveys of African elephants, and allows inclusion in
the LL of shortest sequences reported by transnational studies of ele-
phant mtDNA (Johnson et al. 2007). In the future, it would be pos-
sible to provide more precise results by using longer sequences in the
LL, ultimately including the full mitogenome sequences of elephants.
Given this potential, although the 316 bp segment is currently being
used by the LL, sequencing of longer regions of the mitogenome is
encouraged for its potential future utility.

A more intensive sampling in terms of numbers of elephants
sequenced would also serve to improve the LL. As greater num-
bers of elephants are sequenced at a geographic location, it becomes
more likely that rare recent mutations limited to elephants in the
local region would be detected. The detection of these rare and lo-
cally distributed sequences in shipments of ivory would then help
to more precisely assess the locations being targeted by poachers,
thereby also permitting a faster response by law enforcement and
conservation agencies to local poaching pressures. There is also a
need for extensive sequencing of elephants from novel geographic re-
gions of Africa. The addition of more geographic regions may dem-
onstrate that some haplotypes are more widespread than is currently
established, which would serve to improve the reliability of the LL.
Importantly, more widespread geographic coverage is also likely to
identify rare haplotypes with recent mutations unique to the newly
sampled localities or countries, improving the ability of the LL soft-
ware to identify the provenance of ivory for a greater number of
locations.

One major advantage of the LL is that the results of mtDNA
sequencing can be readily compared across laboratories, al-
lowing for results to be combined across studies. Because
sequences can be accumulated from many different sources,
researchers within each African elephant range state could po-
tentially collect samples locally, then extract, amplify and se-
quence mtDNA from elephants within their country. This would
pave the way for capacity building in range countries and in
transit or destination countries where trafficked ivory is con-
fiscated. Sampling can be non-invasive and straightforward,
because sequences can be obtained from dung. Sequences can
also be obtained from museum samples, to provide information
from geographic areas where sampling may not be currently
possible or where populations are now extirpated. These fac-
tors together allow for greater numbers of laboratories to gen-
erate more intensive and extensive surveys of African elephant
mtDNA. Surveys can be independently published by range state
researchers before the sequences are incorporated into the LL.
As noted above, improvements to the LL are likely to involve
the use of longer regions of mtDNA, and eventually the use of
complete mitogenomes for the assignment of geographic prov-
enance, providing greater accuracy and precision to the LL.
Thus the widespread generation by range state laboratories of
elephant sequences much longer than the 316 bp currently used
by the LL would be strongly encouraged.

Supplementary Material

Supplementary material can be found at Journal of Heredity online.
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