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    Chapter 2   
 Identifi cation Tools for African Frugivorous 
Fruit Flies (Diptera: Tephritidae)                     

     Massimiliano     Virgilio      

    Abstract     The current classifi cation of African tephritids is the interim result of a 
continuous process of minor and major changes that, in the last 20 years, has resulted 
in the description of more than 60 new species from the seven tephritid genera of 
main economic relevance in Africa ( Bactrocera ,  Capparimyia ,  Ceratitis ,  Dacus , 
 Neoceratitis ,  Trirhithrum  and  Zeugodacus ). In this context of dynamic change, rapid 
and accurate fruit fl y identifi cation is critical, particularly with respect to the early 
detection of pest invasions. Valuable resources for fruit fl y identifi cation include: the 
tephritid reference collections and repositories distributed within and outside the 
African continent; publicly available online databases; and the single- and multi-
entry keys for the morphological identifi cation of African tephritids. Identifi cation 
through DNA barcoding represents a cost effective tool for the molecular diagnosis 
of African fruit fl ies and it has proved particularly useful for the identifi cation of 
immature stages, of damaged specimens and of incomplete specimens. The molecu-
lar diagnosis of tephritids also represents a partial solution to the gradual loss of taxo-
nomical expertise on this and other insect groups. In this chapter the advantages and 
limitations of the available identifi cation tools and resources are discussed.  

  Keywords     Morphological identifi cation   •   Natural history collections   •   Online 
databases   •   Identifi cation keys   •   Molecular diagnosis   •   DNA barcoding  

1       Introduction 

 Tephritid fruit fl ies, or ‘true’ fruit fl ies (Diptera: Tephritidae), include approximately 
500 genera and 4800 valid species, the vast majority (95 %) of which are phytopha-
gous (Aluja and Norrbom  1999 ). Of all tephritid species 25-30 % are frugivorous. In 
Africa there are approximately 400 species of frugivorous tephritids of which more 
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than 50 are economically important (list provided in Virgilio et al.  2014 ). The cur-
rent classifi cation of African tephritids is the interim result of a continuous process 
of minor and major updating; in just the last 20 years this has included:

•    a monograph on the genera  Dacus  and  Bactrocera  from Africa and the Middle 
East (White  2006 ) with the genus (Hancock and Drew  2006 )  

•   a revision of the  Ceratitis  subgenera  Acropteromma  and Hoplolophomyia (De Meyer 
and Copeland  2001 ),  Ceratalaspis  (De Meyer  1998 ),  Ceratitis s.s.  (De Meyer  2000 ), 
 Pardalaspis  (De Meyer  1996 ) and  Pterandrus  (De Meyer and Freidberg  2006 )  

•   a revision of the genera  Capparimyia  (De Meyer and Freidberg  2005 ), 
 Carpophthoromyia  (De Meyer  2006 ),  Neoceratitis  (De Meyer and Freidberg 
 2012 ),  Perilampsis  (De Meyer  2009 ) and  Trirhithrum  (White et al.  2003 )  

•   the description of a new pest species:  Bactrocera invadens  Drew et al. ( 2005 )  
•   a monograph on the genera  Dacus  and  Bactrocera  from Africa and the Middle 

East (White  2006 )  
•   a revised classifi cation of subgenera and species groups within the genus  Dacus  

(Hancock and Drew  2006 )  
•   the description of 17 new  Dacus  species (White and Goodger  2009 )  
•   an analysis of the biodiversity of the western African fauna including the descrip-

tion of a new  Dacus  species (De Meyer et al.  2013 )  
•   the synonimisation of the key pests  Bactrocera invadens  and  Bactrocera. dorsa-

lis  (Hendel) (Schutze et al.  2015 )  
•   a novel generic combination for  Zeugodacus cucurbitae  (Coquillett) (Virgilio 

et al.  2015 )    

 In this context of dynamic change, rapid and accurate fruit fl y identifi cation is 
critical, particularly with respect to the early detection of pest invasions. For exam-
ple, in 1995 the incorrect identifi cation of  Bactrocera zonata  (Saunders) as 
 Bactrocera pallidus  (Perkins and May) in Egypt lead to a three-year delay in the 
implementation of phytosanitary measures and resulted in serious damage to the 
agricultural productivity of the whole Alexandria region (Abuel-Ela et al.  1998 ).  

2     Online Databases 

 The tephritid reference collections and repositories are a valuable resource for fruit 
fl y identifi cation as well as for the training of specialist and non-specialist taxono-
mists. African researchers can confi dently rely on what is a relatively limited num-
ber of comprehensive reference collections in the continent which include: the 
South African National Collection of Insects, Pretoria, South Africa; the collections 
of the National Museums of Kenya, Nairobi, Kenya; the collection of the Natural 
History Museum of Zimbabwe, Bulawayo, Zimbabwe; and the collection of the 
International Institute of Tropical Agriculture (IITA), Cotonou, Benin. 

 Outside of Africa, one of the largest collections of African frugivorous fl ies is 
held at the Royal Museum for Central Africa (RMCA), Tervuren, Belgium; this 
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 collection currently includes some 5000 African specimens from approximately 
200 species from ten tephritid genera. Detailed information about vouchers avail-
able in the RMCA frugivorous tephritid collection can be directly accessed through 
the ‘True fruit fl ies of the Afrotropical Region’ database (  http://projects.bebif.be/
fruitfl y/index.html    ). This database is part of the Global Biodiversity Information 
Facility (GBIF,   http://www.gbif.org    ), a platform that aims to provide open access to 
biodiversity data and is hosted within the Belgian GBIF node (BeBIF,   http://www.
bebif.be    ). This database also has information on reference material from African 
fruit fl y species in the genera  Ceratitis, Dacus, Bactrocera, Capparimyia, 
Trirhithrum, Carpophthoromyia  and  Perilampsis , that is available from other 
European, North American and African museums and research institutions. The 
BeBIF fruit fl y database has 150,000 specimens, in excess of 16,000 block records 
(ie sets of specimens with identical data), material from 60 institutions and private 
collections, historical collections (eg type collections and collections from USDA 
expeditions to Africa) and associated data; the associated data include details of 
approximately 3000 georeferenced localities, 700 host plant records and more than 
1500 digital images and maps of sampling locations. Taxon information in BeBIF 
includes: (a) the current valid taxonomic name of each species and a list of syn-
onyms where applicable; (b) a short taxonomic description of the species based on 
available taxonomic revisions; (c) a set of images (photographs or drawings) depict-
ing the main morphological characteristics of the species that are taken in a uniform 
and standardized way in order to facilitate comparison; and (d) a geographical dis-
tribution map for each species that is directly linked to specimen information. All 
relevant data that are linked to individual vouchers or block records are provided 
and include: place where and the date when the specimen was collected, the name 
of the collector, the collection where the specimen is deposited and the status of the 
specimen (type or non-type). Other additional information that can also prove use-
ful for identifi cation are the response to lures and attractants, (which are generally 
specifi c at the genus or subgenus level), and the range of host plants attacked by the 
species.  

3     Keys for Morphological Identifi cation 

 Morphological identifi cation of African fruit fl ies can be achieved using a range of 
methods that differ in their technical complexity and reliability. Dichotomous iden-
tifi cation keys are generally only accessible by users with existing background 
knowledge of tephritid morphology and the often-complicated technical terminol-
ogy used, and who also have access to specialised equipment such as dissection 
tools and microscopes. Alternative identifi cation tools of more general use include 
simplifi ed keys for a number of the economically relevant African pests (Ekesi and 
Billah  2007 ), identifi cation sheets and online material for the identifi cation of inva-
sive fruit fl ies in Africa (eg   www.africamuseum.be/fruitfl y/AfroAsia.htm    ). These 
tools, under certain circumstances, can be useful to the large number of untrained 
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users, such as farmers, who are keen to detect pests on their crops. Of course, 
although these general tools are rapid, they can also be inaccurate when dealing 
with the less common species. 

 Classical single-entry (dichotomous) keys are available for most African Dacini. 
White ( 2006 ) produced a dichotomous key with a revised classifi cation for the 
African and Middle Eastern species of  Bactrocera  (15 species) and  Dacus  (177 spe-
cies), a database of digital images for 190 species and a database with notes on the 
identifi cation of pest species. The revised classifi cation of White ( 2006 ) was partly 
based on a cladistic analysis that explored the subgeneric relationships of a subset 
of representative species; this facilitated a number of advances including the descrip-
tion of 25 new  Dacus and Bactrocera  species, the synonymisation of 26 species and 
the removal from synonymy of two species. Since the work of White ( 2006 ) more 
new species and changes in synonymy have occurred which are not in the original 
dichotomous key. For example 17 new species of  Dacus  have been described and 
two synonymised by White and Goodger ( 2009 ). Similarly, Hancock and Drew 
( 2006 ) produced a revised classifi cation and a dichotomous key that could be useful 
for the identifi cation of  Dacus  subgenera and species groups. 

 Dichotomous identifi cation keys are also available for the genus  Ceratitis ; there 
are four stand-alone subgeneric keys and revisions including: (a) a key to the subge-
nus  Ceratitis  ( Pardalaspis ) Bezzi (De Meyer  1996 ) with ten Afrotropical species 
and information about species distribution and host plants, (b) a key to the subgenus 
 Ceratitis  ( Ceratalaspis ) Hancock (De Meyer  1998 ) with 36 species and illustrations 
of mesonotal and wing patterns, shape of the aculeus tip, distribution and known 
host plant data, and tentative species groups within the subgenus, (c) a key to eight 
species of the subgenus  Ceratitis  Macleay  s.s  with illustrations of cephalic bristles, 
mesonotal and wing patterns and aculeus shape (De Meyer  2000 ) and (d) a key to 
36 species, of the subgenus  Ceratitis  ( Pterandrus ) Bezzi with information about 
species distribution and host plant data, tentative species groups within the subge-
nus and illustrations of male and female terminalia, wing and mesonotal patterns 
and male leg ornamentation (De Meyer and Freidberg  2006 ). 

 The dichotomous key to the genus  Trirhithrum  Bezzi (White et al.  2003 ) allows 
identifi cation of 40  Trirhithrum  species and a further seven taxa of uncertain status. 
The revision published with the key provides host data, largely from a survey in 
Kenya. The small genus  Capparimyia  Bezzi was revised by De Meyer and Freidberg 
( 2005 ) who recognized eight species and provided a dichotomous key with illustra-
tions of mesonotal and wing patterns and male and female terminalia. The 17 species 
of the genus  Carpophthoromyia  Austen can also be identifi ed using the dichotomous 
key of De Meyer ( 2006 ) that also provides illustrations of wing patterns and both 
male and female terminalia. The dichotomous key to the genus  Perilampsis  Bezzi 
(De Meyer  2009 ) includes 17 species and provides illustrations of wing patterns, 
female terminalia and information about host specifi city. The genus  Neoceratitis  
Hendel can be identifi ed using the dichotomous key of De Meyer and Freidberg 
( 2012 ) and includes six species with illustrations and host information. 

 One of the main limitations of dichotomous single-entry keys is that species 
identifi cation is not possible when the user is unable to distinguish between one of 
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the dichotomous options provided by in the key. This can occur if the specimen is 
damaged so that the morphological character is not present or easily recognisable, 
if the user has inadequate taxonomic expertise, or if there is a lack of clarity in the 
key. The terminology used in some published keys can represent a serious obstacle 
for non-specialists who are not well acquainted with insect morphology and taxon-
omy. In fact, many terms used to describe morphological variation, such as small/ 
large, dark/ pale, thick/ thin etc. could be considered subjective and unclear to non- 
specialist users (while specialist taxonomists generally fi nd these defi nitions 
straightforward because they have the necessary and essential experience that comes 
from examining large numbers of specimens). In this respect, multi-entry identifi ca-
tion keys might overcome some of the technical diffi culties associated with dichoto-
mous keys. As the name suggests, multi-entry identifi cation keys allow identifi cation 
via multiple paths such that the user has the ability to ‘skip’ problematic questions 
and score alternative characters. 

 Additionally, there is no comprehensive key to all genera of African fruit fl ies so 
that non-specialised users might even fi nd it problematic to assign specimens to the 
genera for which dichotomous keys are available (but see Hancock and White  1997  
for a key to distinguish the genus  Trirhithrum  from others in the  Ceratitis  group of 
genera). This issue is even more relevant for the genus  Ceratitis , where additional 
subgenus identifi cation is also necessary before it is possible to use one of the six 
dichotomous keys available. 

 The development of a user-friendly set of multi-entry identifi cation keys for 
African tephritids began in 1999 with a pilot project supported by the U.S. Agency 
for International Development (USAID, PCE-G-00-98-0048-00) and by the 
U.S. Department of Agriculture (USDA) / National Institute of Food and Agriculture 
(CSREES) / Initiative for Future Agricultural and Food Systems (IFAFS) grants to 
the Texas A&M University (00- 52,103–9651). This resulted in an initial set of two 
keys for the identifi cation of  Ceratitis  and  Trirhithrum  species, through the 
CABIKEY platform. Later on, a project co-funded by the Belgian Directorate- 
General for Development Cooperation (through a framework agreement with the 
Royal Museum for Central Africa) and the International Atomic Energy Agency 
(IAEA – Vienna, project ‘Development of a Web Based Multi Entry Key for Fruit 
Infesting Tephritidae’, contract number 16,859) allowed development of a set of 
multi-entry identifi cation keys for African frugivorous fl ies (Virgilio et al.  2014 ). 
These keys included a ‘pre-key’ for genus designation (built  ex novo  using a set of 
23 characters that were deemed to be informative for separation of genera) as well 
as seven multi-entry keys for species identifi cation within a genus or a group of 
genera ( Bactrocera  +  Dacus  +  Zeugodacus ,  Capparimyia ,  Carpophthoromyia , 
 Ceratitis ,  Neoceratitis ,  Perilampsis ,  Trirhithrum ) and including a total of approxi-
mately 390 taxa. In this set of keys species lists and morphological characters were 
revised and optimised to include only species with (a) valid names under the 
International Code of Zoological Nomenclature and (b) characters including at least 
two states in congeneric species (Virgilio et al.  2014 ). The keys were based on eight 
matrices containing scores for a total of 368 characters and were compiled from 
data sets that were used within the framework of the taxonomic revisions described 
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above (De Meyer  1996 ,  1998 ,  2000 ,  2006 ,  2009 ; White et al.  2003 ; De Meyer and 
Freidberg  2005 ,  2006 ,  2012 ; White  2006 ; White and Goodger  2009 ). The keys are 
regularly updated in order to keep pace with changes in the taxonomic status of spe-
cies and take into account, for example, the recent synonimisation of  B. invadens  
and  B. dorsalis  (Schutze et al.  2015 ), and the novel generic status of  Z. cucurbitae  
(Virgilio et al.  2015 ). To facilitate identifi cation, morphological characters were 
grouped as sets from the head, thorax, wings, legs and abdomen respectively. 
Unfolding characters were also included, i.e. those characters that are initially hid-
den but appear when only a pre-defi ned subset of species remain to be identifi ed 
(unfolding keys). Dependencies between characters were also generated; positive 
dependencies were defi ned whenever a character was only meaningful in relation to 
a previously defi ned character state (eg in the  Ceratitis  key, the morphological char-
acter ‘number of frontal setae’ is positively dependent on the character state -’fron-
tal setae: yes). Conversely, negative dependencies were generated to discard 
characters that were not meaningful after a previous character state was selected (eg 
in the  Ceratitis  key, the character ‘females: aculeus tip with small notch’ is nega-
tively dependent on the character state ‘sex: male’). Embedded within the keys are 
images that illustrate, name and position each character on the insect body. There 
are also images showing how the same character appears in different species. The 
initial set of 2300 images and drawings recovered from the databases of the Royal 
Museum for Central Africa (RMCA) and from the London Natural History Museum 
(NHM) were rearranged according to species name and body part (head, thorax 
dorsal, thorax lateral, abdomen, wings, legs), divided into groups and assigned to 
each combination of character state and species name. This generated a database of 
approximately 20,000 images that illustrate the phenotypic variability of the same 
character across species and provides a ‘virtual collection’ of images that are rapidly 
accessible. Furthermore, the largest keys ( Bactrocera / Dacus/Zeugodacus ,  Ceratitis , 
 Trirhithrum ) allow the user to distinguish between different subsets of morphologi-
cal characters including (1) characters that are the most straightforward to identify; 
(2) all characters except those that are the most diffi cult to identify; and (3) all char-
acters, including the ‘easy’, ‘average’ and ‘diffi cult’ ones. The user has the opportu-
nity to fi rst consider only characters that are straightforward to use, and then follow 
this up by using characters that are increasingly more diffi cult to interpret. This 
process facilitates identifi cation and reduces the risk of misidentifi cation, particu-
larly for species that can be identifi ed using straightforward characters only. The 
keys also allow identifi cation to be restricted to species of economic importance 
only. The use of this option should speed up identifi cation of the more commonly 
trapped / intercepted taxa. However, when using this option, identifi cation should be 
further verifi ed (eg through an in-depth analysis of the species description – see 
below) as less common species not included in this option could be erroneously 
identifi ed as species of economic importance (false positives). The keys also pro-
vide (a) species descriptions as provided by the published scientifi c literature, (b) 
images from the RMCA and NHM tephritid collections and (c) hyperlinks to the 
Encyclopedia of Life (EOL), the Belgian Biodiversity Platform (BeBIF) and, when 
available, to the Barcoding of Life Database (BOLD).  
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4     Molecular identifi cation through DNA barcoding 

 DNA barcoding provides a rapid and often effective tool for the molecular diagnosis 
of species and it has proved to be particularly useful for specimens (or parts of 
specimens) where distinguishing morphological characteristics are degraded or 
missing (Hebert et al.  2003 ; Nagy et al.  2013 ). DNA barcoding is a distance-based 
identifi cation method that relies on reference libraries of DNA sequences from 
unambiguously identifi ed voucher specimens. The most widely used DNA barcode 
for animal identifi cation is a standardised 648 base-pair region of the mitochondrial 
cytochrome c oxidase subunit I (COI) while other gene fragments are used for 
plants (Ribulose-bisphosphate carboxylase [rbcl] and Maturase K [matK]) and 
fungi (the Internal Transcribed Spacer Region [ITS]). DNA barcoding identifi cation 
basically relies on (1) calculating the genetic distance between the target DNA 
sequence of an unidentifi ed specimen (a query) and sequences from the reference 
library of DNA barcodes and (2) assigning to the query the species name of the most 
genetically similar reference DNA barcode (ie having the smallest genetic distance 
from the query) (Hebert et al.  2003 ; Ratnasingham and Hebert  2007 ). A number of 
DNA barcoding bodies and resources are available and include (1) the Consortium 
for the Barcode of Life (CBOL;   http://www.barcodeofl ife.org    ) which promotes 
DNA barcoding via institutions from over 50 countries and operates out of the 
Smithsonian Institute’s National Museum of Natural History in Washington; (2) the 
International Barcode of Life (iBOL,   http://www.ibol.org    ) which involves numer-
ous countries in the global barcoding effort and; (3) BOLD (  http://www.boldsys-
tems.org    ) which is an online workbench and the main platform for DNA barcoding 
identifi cation (reviewed in Taylor and Harris  2012 ). BOLD is the main barcode 
repository and provides analytical tools; an interface for submission of sequences to 
GenBank; species identifi cation tools; and connectivity for external web developers 
and bioinformaticians (Ratnasingham and Hebert  2007 ). Each reference DNA bar-
code in BOLD is linked to specimen information including,  inter alia , the species 
name (or its interim), voucher data (catalogue number and institution storage refer-
ence), collection records (collector, collection date and location with GPS coordi-
nates) and the name of the person who identifi ed the specimen. The DNA barcoding 
data associated with animal specimens includes the COI sequence (of at least 500 
bp), the polymerase chain reaction (PCR) primers used to generate the amplicon 
and the sequence forward and reverse trace fi les (Ratnasingham and Hebert  2007 ). 
The DNA barcoding identifi cation tool in BOLD reports the genetic similarity 
between the query and a list of the best DNA barcode matches in a table of similar-
ity scores (%) and visualizes the distances between the query and its best matches 
in a neighbor-joining tree reconstruction. 

 DNA barcoding of fruit fl ies (eg Meeyen et al.  2014 ) might indeed represent a 
feasible and complementary solution to the gradual loss of taxonomical expertise on 
this and other insect groups (de Carvalho et al.  2007 ). For immature stages of most 
fruit fl y species and for damaged specimens DNA barcoding is the only available 
identifi cation tool; for this reason it has potential for routine identifi cation of fruit 
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fl y interceptions (Armstrong and Ball  2005 ; Barr et al.  2012 ; Boykin et al.  2012 ). 
Despite this potential (but see Moritz and Cicero  2004 ; Cameron et al.  2006 ; Taylor 
and Harris  2012 ; Kvist  2013 ; Pečnikar and Buzan  2014 ), DNA barcoding is still not 
widely used for tephritid identifi cation due to a number of issues associated with the 
incomplete taxon coverage of the available reference libraries (Virgilio et al.  2010 ; 
Kwong et al.  2012 ; Virgilio et al.  2012 ; Smit et al.  2013 ) as well as with diffi culties 
in resolving important species complexes of economic interest (Frey et al.  2013 ) 
such as the  Bactrocera dorsalis  (Hendel) (Jiang et al.  2014 ) or the  Ceratitis  FAR 
(Virgilio et al.  2012 ) complexes or even failure to differentiate between closely 
related species for which there are distinct morphological characters to separate the 
adults  (eg Ceratitis capitata and Ceratitis caetrata, see Barr et al.   2012 ). In 2007 
the Consortium for BOLD initiated and supported the Tephritid Barcoding Initiative 
(TBI), a two year demonstration project to populate the reference database of DNA 
barcodes for fruit fl ies and develop protocols for queries in support of pest manage-
ment, ecology and taxonomy. An analysis of the status of the BOLD libraries 
(updated 2nd of July 2015) with respect to current taxon coverage for tephritid fruit 
fl ies reveals that more than 7000 tephritid vouchers had been barcoded for a total of 
approximately 800 taxonomic entities including both valid species and interim 
identifi cations (the latter representing a relevant 22 % of the tephritid taxa in BOLD). 
Almost half of the barcoded taxonomic entities (49.4 %) belong to the subfamily 
Dacinae and include the seven tephritid genera of main economic relevance in 
Africa ( Bactrocera ,  Capparimyia ,  Ceratitis ,  Dacus ,  Neoceratitis ,  Trirhithrum  and 
 Zeugodacus ) as well as of the two related genera ( Carpophthoromyia  and 
 Perilampsis ). These genera alone include 94.9 % of all barcoded Dacinae taxonomic 
entities (corresponding to 98.9 % of all Dacinae specimens in BOLD) (Table  2.1 ).

   There are more than 2200 reference DNA barcodes for the fi ve genera of major 
economic importance in Africa viz.  Bactrocera ,  Zeugodacus ,  Dacus, Ceratitis  and 
 Trirhithrum  (see Virgilio et al.  2014  for a list of the main African pests). Economically 
important  Zeugodacus  and  Bactrocera  species viz.  Z. cucurbitae ,  B. dorsalis ,  B. 
latifrons ,  B. oleae  and  B. zonata , are all represented by multiple reference DNA 
barcodes (with more than 1300 DNA barcodes available in total with an average of 
226.8, SD = 220.3 DNA barcodes per species). There are more than 170 reference 
DNA barcodes in the BOLD libraries (average per species = 10.8, SD = 16.6) for 

   Table 2.1    Reference DNA barcodes available in the Barcoding of Life Database (  http://www.
boldsystems.org    , 02/07/2015) across tephritid subfamilies   

 Subfamilies  Specimens with barcodes 
 Number of taxonomic 
entities with barcodes 

 Dacinae  4530  395 
 Phytalmiinae  11  6 
 Tachiniscinae  1  1 
 Tephritinae  1426  249 
 Trypetinae  1443  148 
 Total  7411  799 
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fourteen of the sixteen  Dacus  species that are pests in Africa. Despite this, for four 
species ( D. annulatus ,  D. limbipennis ,  D. lounsbutyii ,  D. persicus ) only a single 
reference barcode is currently available. Similarly, 18 of the 21 African  Ceratitis  
pest species are represented in the BOLD libraries and there are multiple reference 
sequences (average per species = 31.4, SD = 66.8) for all of them except  C. pennicil-
lata . Of the eight  Trirhithrum  pest species all but  T. albomaculatum ,  T. basale  and 
 T. manganum  are represented in the BOLD libraries, all with multiple reference 
DNA barcodes (average per species = 4.3, SD = 5.2) (Table  2.2 ).

   The completeness of the reference libraries remains a critical issue as, obviously, 
any query without a conspecifi c reference DNA barcode in the library cannot be 
correctly identifi ed (Virgilio et al.  2010 ; Smit et al .   2013 ). A distance threshold can 
be defi ned such that a query is discarded (ie its identifi cation considered unreliable) 
whenever the distance between the query and its best DNA barcode match exceeds 

   Table 2.2    Reference DNA barcodes available in the Barcoding of Life Database (  http://www.
boldsystems.org    , 02/07/2015) across genera in the subfamily  Dacinae    

 Genera within  Dacinae  
available in BOLD 
(02/07/2015) 

 Specimens 
with 
barcodes 

 Number of 
taxonomic 
entities 
with 
barcodes 

 Number 
of 
interim 
species 
with 
barcodes 

 % 
interim 
species 

 Number of 
economically 
important 
species 

  Bactrocera   2667  197  66  33.5  5 
  Zeugodacus   284  1  0  0.0  1 
  Dacus   423  78  3  3.8  16 
  Ceratitis   937  57  10  17.5  21 
  Trirhithrum   82  18  2  11.1  8 
  Capparimyia   28  7  1  14.3  1 
  Carpophthoromyia   30  8  2  25.0  0 
  Neoceratitis   2  2  0  0.0  1 
  Perilampsis   26  7  0  0.0  0 
  Acanthiophilus   14  2  1  50 
  Acroceratitis   2  2  0  0 
  Acrotaeniostola   1  1  0  0 
  Bistrispinaria   2  1  0  0 
  Capitites   1  1  0  0 
  Celidodacus   6  4  1  25 
  Clinotaenia   4  3  1  33.3 
  Cyrtostola   1  1  0  0 
  Dectodesis   9  1  0  0 
  Euarestella   2  1  0  0 
  Gastrozona   4  1  0  0 
  Taeniostola   3  1  0  0 
  Urelliosoma   2  1  0  0 
  Xanthorrachista   0  0 
 Total  4530  395  87  22.0 
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the threshold value (according to the Best Close Match criterion, see Meier et al. 
 2006 ). This reduces the probability that queries that are not represented in the library 
by a conspecifi c will be incorrectly identifi ed with the ‘closest’ (ie most genetically 
similar) allospecifi c match. The outcomes of distance threshold based DNA barcod-
ing can be categorised as: (1) true positives (TP), ie queries that are correctly identi-
fi ed with a genetic distance to their best match that is below the threshold; (2) false 
positives (FP), ie queries that are misidentifi ed despite the distance to their best 
match remaining below the threshold; (3) true negatives (TN), misidentifi ed queries 
that are correctly discarded because the distance to their best match is above the 
threshold and; (4) false negatives (FN), correctly identifi ed queries that are dis-
carded in error as the distance to their best match is above the threshold. 
Distinguishing amongst these categories allows the user to quantify the level of 
accuracy (TP + TN/number of queries), precision (TP/ (TP + FP)), overall identifi ca-
tion error (FP + FN/number of queries) and the relative identifi cation error (FP/
TP + FP) of the DNA barcoding identifi cation method. Several criteria for setting 
the distance thresholds have been proposed (eg Meyer and Paulay  2005 ). Fixed 
distance thresholds were common in early barcoding studies (eg Hebert et al.  2003 ) 
and were initially implemented in BOLD where a 1 % sequence dissimilarity (ie the 
fraction of base mismatches between two sequences) represented the cut-off value 
for identifi cation (Ratnasingham and Hebert  2007 ). Of course, no single interspe-
cifi c distance threshold fi ts all taxonomic groups as coalescent depths amongst spe-
cies vary due to differences in population size, rate of mutation and time since 
speciation (Collins and Cruickshank  2013 ). A number of distance thresholds can be 
generated directly from the data so that cut-off values change according to the par-
ticular reference library / taxon group being considered (Meyer and Paulay  2005 ; 
Meier et al.  2006 ; Puillandre et al.  2011 ; Virgilio et al.  2012 ). Initially, a ‘ten times’ 
rule was proposed (Hebert et al.  2004 ) to determine a threshold value as calculated 
from the distribution of intraspecifi c distances (but see Hickerson et al.  2006  for 
criticism). Sonet et al. ( 2013 ) developed an R package to calculate  ad hoc  distance 
thresholds producing identifi cations with an estimated relative error probability that 
could be fi xed by the user (eg 5 %) (Virgilio et al.  2012 ). BOLD is now implement-
ing a Barcode Index Number (BIN) algorithm that uses a 2.2 % sequence dissimilar-
ity threshold with subsequent refi nement using Markov clustering (Ratnasingham 
and Hebert  2013 ). Other statistical approaches, aimed at reducing the limits of 
distance- based identifi cation have been proposed (eg Nielsen and Matz  2006 ; 
Tanabe and Toju  2013 ; Dowton et al.  2014 ; Porter et al.  2014 ). However, perform-
ing complex statistics on libraries that include millions of reference barcodes still 
remains computationally challenging. Furthermore, users willing to adopt  alternative 
approaches and criteria for DNA barcoding identifi cation generally need to build 
their own reference library, and this is not always possible as not all BOLD refer-
ence DNA barcodes are publically available. 

 Producing fruit fl y DNA barcodes is a relatively straightforward process when 
starting from common, recently collected and adequately preserved fruit fl y speci-
mens. In these cases, DNA barcodes can generally be obtained using universal DNA 
primers (Folmer et al.  1994 ) and standard or slightly modifi ed protocols for DNA 
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extraction, amplifi cation and sequencing (Barr et al.  2012 ). However, obtaining 
DNA barcodes from the less common African fruit fl ies or for species not com-
monly found in crop production areas is relatively diffi cult as many of these species 
are not regularly trapped / reared in the context of monitoring programmes or sam-
pling campaigns (Virgilio et al.  2011 ). In this respect, Natural History collections 
are considered as a valuable source of already referenced vouchers that can be used 
for DNA barcoding. However, producing DNA barcodes from Natural History col-
lections can also be problematic if the DNA has become degraded during storage 
(Zimmermann et al.  2008 ). A screening based on approximately 400 tephritid 
vouchers from the RMCA collections (Virgilio and De Meyer, unpublished data) 
confi rms that (a) as the age of the specimen increases, standard protocols for DNA 
extraction, amplifi cation and Sanger sequencing become less and less effi cient at 
producing DNA barcodes and (b) ethanol-preserved specimens tend to be more 
resistant to DNA degradation than pinned specimens. This screening revealed that, 
using standard protocols, DNA barcodes could be produced from less than 20 % of 
voucher specimens when those specimens were more than 10 years old (Fig.  2.1 ).

   A survey of the collections of the RMCA revealed that 51 % of the 16,000 African 
tephritid vouchers were more than 15 years old (Fig.  2.2 ) suggesting that standard 
protocols for Sanger sequencing would be unlikely to produce DNA barcodes 
(Zimmermann et al.  2008 ).

   An alternative approach for recovery of DNA from pinned museum specimens is 
the use of internal DNA primers and overlapping amplicons to reconstruct the full 
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  Fig. 2.1    Percentage of DNA barcodes obtained using standard protocols on EtOH – preserved and 
pinned specimens of different ages (Virgilio and De Meyer, unpublished)       
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DNA barcode (Mitchell  2015 ). Van Houdt et al. ( 2010 ) and Smit et al. ( 2013 ) devel-
oped sets of internal primers specifi cally for tephritid fruit fl ies in the Natural 
History Collections. Van Houdt et al. ( 2010 ) used two overlapping amplicons suc-
cessfully for reconstructing the full DNA barcode of specimens that were up to 15 
years old and three overlapping amplicons for specimens that were up to 25 years 
old. However, this approach can be costly and time consuming so it is generally 
only used for rare collection material. 

 A more recent and cost-effective approach is the use of high throughput sequenc-
ing (next generation sequencing, NGS) that allows millions of DNA fragments from 
thousands of DNA templates to be sequenced in parallel. The NGS strategy for the 
mass production of DNA barcodes is promising (Meier et al.  2016 ) and allows DNA 
barcode amplicons to be individually tagged (using a set of oligonucleotides with a 
known sequence) so that multiple individuals can be processed in a single sequenc-
ing run and the individual DNA barcodes recovered through bioinformatics (Sucher 
et al.  2012 ; Shokralla et al.  2014 ; Shokralla et al.  2015 ).     
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