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Abstract

DNA barcodes have great potential to assist in species identification, especially when high taxonomical expertise is

required. We investigated the utility of the 5′ mitochondrial cytochrome c oxidase I (COI) region to discriminate

between 13 European cicada species. These included all nine species currently recognized under the genus

Tettigettalna, from which seven are endemic to the southern Iberian Peninsula. These cicadas have species-specific

male calling songs but are morphologically very similar. Mean COI divergence between congeners ranged from 0.4%

to 10.6%, but this gene was proven insufficient to determine species limits within genus Tettigettalna because a

barcoding gap was absent for several of its species, that is, the highest intraspecific distance exceeded the lowest

interspecific distance. The genetic data conflicted with current taxonomic classification for T. argentata and

T. mariae. Neighbour-joining and Bayesian analyses revealed that T. argentata is geographically structured (clades

North and South) and might constitute a species complex together with T. aneabi and T. mariae. The latter diverges

very little from the southern clade of T. argentata and shares with it its most common haplotype. T. mariae is often

in sympatry with T. argentata but it remains unclear whether introgression or incomplete lineage sorting may be

responsible for the sharing of haplotypes. T. helianthemi and T. defauti also show high intraspecific variation that

might signal hidden cryptic diversity. These taxonomic conflicts must be re-evaluated with further studies using

additional genes and extensive morphological and acoustic analyses.
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Introduction

The DNA barcoding initiative was proposed as a fast

and cost-effective system to identify the species of any

specimen with the information provided by a short and

standardized DNA fragment, avoiding the need for a

high level of taxonomical expertise (Hebert et al. 2003a).

DNA barcoding has thus a great potential for biodiver-

sity assessment and ecological applications, such as the

association of different life stages, the study of trophic

relationships through molecular identification of gut con-

tent or the detection and control of disease vectors, inva-

sive species and illegal trade of protected species

(Valentini et al. 2008; Jinbo et al. 2011). In order to be

effective, species-level assignments require a database

with reference sequences representative of all known

species (Virgilio et al. 2010). The mitochondrial gene

cytochrome c oxidase I (COI) showed a high success rate

in early barcode tests of diagnosing animal species

(Hebert et al. 2003b, 2004a,b; Ward et al. 2005), and since

then, the accumulation of reference sequences from ani-

mals has grown exponentially. However, the limited

power of DNA barcoding to discriminate between closely

related species when intra- and interspecific distances

overlap has been criticized by several authors (Moritz &

Cicero 2004; Meyer & Paulay 2005; Meier et al. 2006; Elias

et al. 2007; Wiemers & Fiedler 2007). Moreover, the ongo-

ing effort to complete the barcode reference database is

still far behind in some animal groups, especially in those

that are more diverse and less studied, such as most

insect orders (Virgilio et al. 2010; Jinbo et al. 2011).

Here, we explore the utility of COI to barcode a group

of closely related and morphologically similar cicadas

from southern Europe that can be discriminated on the
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basis of their species-specific male calling songs (Fig. 1).

Cicadas have long larval stages spent underground

(3–17 years) and a short winged adult stage that lasts

only a few weeks (Boulard & Mondon 1995; Williams &

Simon 1995). Adult males produce species-specific acous-

tic signals for sexual recognition by means of a tymbal

mechanism, and variation in these signals proved to be

an important taxonomic character in cicadas (Claridge

1985; Boulard 2006; Sueur 2006). The diversity of cicadas

in the Iberian Peninsula was largely underestimated until

the recent description and taxonomic revision of nine

small-sized species under the genus Tettigettalna (Bou-

lard 1982; Quartau & Boulard 1995; Puissant & Sueur

2010). The distribution of seven of these species is

restricted so far to southern Iberian Peninsula (Sueur

et al. 2004; Puissant & Sueur 2010): T. josei (Boulard

1982), T. mariae (Quartau & Boulard 1995), T. aneabi

(Boulard, 2000), T. helianthemi (Rambur, 1840), T. defauti

Puissant, 2010, T. armandi Puissant, 2010 and T. boulardi

Puissant, 2010. The species T. estrellae (Boulard 1982) is

restricted to the northwest of the Iberian Peninsula, and

T. argentata (Olivier, 1790) has the broadest known distri-

bution range of the genus, occurring nearly all over the

Iberian Peninsula, south of France, Italy, the southern

border of Switzerland and in the carstic region of Slove-

nia, close to the border with Italy (Nast 1972; Gogala &

Gogala 1999; Sueur et al. 2004; Hertach 2008; Puissant &

Sueur 2010). The accurate distribution limits of each

cicada are not well known yet, but several of these

species have partially overlapping distributions and are

usually found in close parapatry or in sympatry (e.g.

T. argentata and T. mariae in Algarve, Portugal, Table 1).

Specimens collected in such areas can be easily misiden-

tified if acoustic information is lacking or if the speci-

mens are females, which are unable to produce sound.

The correct diagnosis thus requires high taxonomical

expertise if based on morphological characters only. An

efficient DNA barcoding tool for these cicadas would be

extremely useful to assess regional diversity and facili-

tate ecological studies, because the diagnosis of larval

forms, females and males with no song records would be

achieved more readily.

An earlier study obtained a few mitochondrial

sequences from four Tettigettalna species (Fonseca et al.

2008), but here, we present the first comprehensive

molecular data set for all European species within this

genus, which is an important contribution for the bar-

code reference database, in which European cicadas are

severely underrepresented. The 5′ region of COI has not

been used in previous phylogenetic and phylogeographi-

cal studies on cicadas (e.g. Sueur et al. 2007; Marshall

et al. 2008), and the first study reporting the use of the

barcoding region of COI in cicadas (Marshall et al. 2012)

did not test explicitly for its efficiency as a species assign-

ment tool. The present study is the first to test the utility

of COI for DNA barcoding in cicadas and it provides

also the first overview on the genetic relatedness among

Tettigettalna species.
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Fig. 1 European cicada species used to test DNA barcoding: 1- Tettigettalna argentata (Olivier, 1790); 2- T. mariae (Quartau & Boulard

1995); 3- T. aneabi (Boulard, 2000); 4- T. estrellae (Boulard 1982); 5- T. helianthemi galantei Puissant, 2010; 6- T. helianthemi helianthemi

(Rambur, 1840); 7- T. defauti Puissant, 2010; 8- T. armandi Puissant, 2010; 9- T. boulardi Puissant, 2010; 10- T. josei (Boulard 1982);

11- Tympanistalna gastrica (St�al, 1854); 12- Tettigettacula baenai (Boulard, 2000).
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Materials and methods

Sampling

A total of 82 Tettigettalna spp. specimens were collected

mostly in the Iberian Peninsula, but because of the wide

distribution range of T. argentata, a few samples of this

species were collected in the south of France and in the

north of Italy as well, to cover its geographical variation

(Fig 2). Table S1 (Supporting information) provides

detailed information about the location of each collected

specimen. All currently accepted European Tettigettalna

species or subspecies were sampled (2–13 specimens

from each taxon, Table 2). Whenever possible, more than

one location was sampled for each species to survey

intraspecific variation (Table 2). Two additional small-

sized cicadas from Iberian Peninsula usually found in

sympatry with Tettigettalna species were included in this

study (Table 1, Table 2): three specimens from Tettigetta-

cula baenai (Boulard, 2000) and three specimens from

Tympanistalna gastrica (St�al, 1854). Two additional males

from the genus Cicada were collected to be used as out-

group: one C. orni Linnaeus, 1758 and another C. barbara

St�al, 1866. All collected specimens used in this study

were males, and species identification was made in the

field based on their species-specific calling songs. We

made recordings of the calling song of some collected

males for further confirmation of species assignment.

Recordings were made in the collecting site using a

Marantz PMD 661 Portable SD recorder (20 Hz–24 kHz)

connected to a Telinga Pro 7 Dat-mic (60 Hz–18 kHz)

microphone (Twin Science). Examples of the calling song

of each species are available at the Songs of European

Cicadas website designed by M. Gogala (www.cicada-

song.eu) with song records provided by most authors

that have been working with these species, such as

J. Sueur, S. Puissant, M. Boulard or J.A. Quartau. The

geographical location of collected specimens was also

taken in consideration to confirm species identity

following the information provided by Sueur et al. (2004)

and Puissant and Sueur (2010) about each species’ distri-

bution range. Locations of sympatry were avoided

to minimize misidentifications. All specimens were

captured by hand or by means of a sweeping net. They

were then pinned and stored dry at the Department of

Animal Biology in the University of Lisbon. A front leg

from each specimen was preserved in 100% ethanol for

DNA isolation.

DNA isolation and COI amplification

Whole-genome DNA was isolated with the E.Z.N.A.�

Tissue DNA Isolation kit (Omega Bio-Tek). Primers LepF

(5′-ATTCAACCAATCATAAAGATATTGG-3′) and LepR
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(5′-TAAACTTCTGGATGTCCAAAAAATCA-3′) designed

for butterflies and moths by Hajibabaei et al. (2006) to

amplify 658 bp of the 5′ region of the cytochrome c

oxidase I (COI) gene were used in this study. PCRs

were performed in 15 ll of total volume with 0.8 lL
(circa 10–20 ng) of DNA template, 1 x PCR buffer

(Promega), 0.6 U GoTaq� Flexi DNA polymerase

(Promega), 1.0 mM MgCl2, 0.10 mM dNTPs and 0.4 lM of

each primer. The cycling conditions used were 94 °C for

3 min, 35 x (94 °C for 30 s, 45 °C for 45 s and 72 °C for

45 s) and 72 °C for 10 min. PCR products were purified

with SureClean (Bioline) and sequenced in both

directions with standard protocols using the BigDye�

Terminator 3.1 cycle sequencing kit (Applied Biosys-

tems) on an automated sequencer ABI PRISM 310

(Applied Biosystems).

Sequence analysis

Forward and reverse sequence strands were assembled

and edited in Sequencher 4.0.5 (Gene Codes Co.), to

correct noisy and ambiguous base calling. Consensus

sequences were then aligned with Clustal W (Thompson

et al. 1994) as implemented in BioEdit 7.0.9.0 (Hall 1999)

and trimmed to the same length. Sequences were trans-

lated with the mitochondrial invertebrate genetic code in

DnaSP 5.10 (Librado & Rozas 2009) to check for stop

codons. The complete mitochondrial genome sequence

Fig. 2 Map of southern Europe with

sampled locations for each cicada species

(numbers as in Fig. 1): 1- Tettigettalna

argentata (1A=[North] and 1B=[South]);
2- T. mariae; 3- T. aneabi; 4- T. estrellae;

5- T. helianthemi galantei; 6- T. helianthemi

helianthemi; 7- T. defauti; 8- T. armandi;

9- T. boulardi; 10- T. josei; 11- Tympanistalna

gastrica; 12- Tettigettacula baenai. Country

codes: CHE, Switzerland; SVN, Slovenia;

HRV, Croatia; SVK, Slovakia; HUN, Hun-

gary; and BIH, Bosnia and Herzegowina.

Table 2 Sequence diversity measures from cytochrome c oxidase I (COI) are presented for each cicada species/subspecies: number of

haplotypes and variable sites, mean GC content and haplotype (H) and nucleotide (p) diversity

Species/

subspecies

Sampled

locations

No. of

specimens

No. of

haplotypes

Variable

sites

Mean GC content (%) (Standard deviation)

H p
Codon

pos. 1

Codon

pos. 2

Codon

pos. 3 Total

T. argentata 11 20 13 27 44.0 (0.354) 43.0 (0.264) 14.6 (0.493) 33.9 (0.232) 0.942 0.018

T. mariae 2 10 4 6 44.3 (0.163) 42.8 (0.000) 14.9 (0.224) 34.0 (0.089) 0.644 0.002

T. aneabi 2 5 1 0 44.3 (0.000) 42.8 (0.000) 14.0 (0.000) 33.7 (0.000) 0 0

T. estrellae 3 8 5 7 43.7 (0.223) 43.7 (0.223) 11.6 (0.361) 33.0 (0.110) 0.857 0.004

T. helianthemi

galantei

3 13 9 31 42.3 (0.186) 43.3 (0.137) 8.8 (0.760) 31.5 (0.285) 0.936 0.019

T. helianthemi

helianthemi

2 7 3 10 42.8 (0.000) 42.8 (0.000) 8.9 (1.123) 31.5 (0.403) 0.667 0.009

T. defauti 3 7 4 23 43.2 (0.361) 42.8 (0.000) 9.6 (0.913) 31.9 (0.441) 0.810 0.019

T. armandi 1 2 1 0 43.8 (0.000) 42.8 (0.000) 9.3 (0.000) 32.0 (0.000) 0 0

T. boulardi 1 2 2 3 44.3 (0.729) 42.8 (0.000) 11.7 (0.366) 33.0 (0.365) 1 0.005

T. josei 4 8 5 5 41.3 (0.170) 42.3 (0.000) 9.1 (0.259) 30.9 (0.089) 0.786 0.002

Tympanistalna

gastrica

1 3 2 2 42.9 (0.128) 43.3 (0.000) 12.6 (1.213) 33.2 (0.209) 0.667 0.002

Tettigettacula

baenai

1 3 1 0 44.3 (0.000) 43.3 (0.000) 7.8 (0.000) 31.8 (0.000) 0 0

© 2013 John Wiley & Sons Ltd
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from Philaenus spumarius (GenBank: AY630340) was used

as a reference to position the reading frame in cicada

sequences. The number of haplotypes and variable sites,

haplotype diversity (H) and nucleotide diversity (p) were

determined for each species and subspecies with DnaSP,

following the currently accepted taxonomic classification

from Puissant and Sueur (2010). Intra- and interspecific

genetic distances were calculated with the Kimura 2-

parameter (K2P) model, the standard model used in

DNA barcoding studies. Genetic distances, nucleotide

composition and CG content were computed in Mega 5

(Tamura et al. 2011). A neighbour-joining (NJ) tree was

constructed in Mega 5 using the K2P model, and node

support was assessed with 1000 bootstrap replicates. The

NJ tree was compared with a Bayesian phylogenetic tree

generated by MrBayes 3.2.1 (Ronquist et al. 2012). The

best model of sequence evolution (HKY + I + G) for the

Bayesian analysis was selected under the Akaike infor-

mation criterion (AIC), as implemented in MrModeltest

2.3 (Nylander 2004). The Metropolis-coupled Markov

chain Monte Carlo analysis was carried out with four

chains and two independent runs. The posterior proba-

bilities for each node were generated from 1 x 107 gener-

ations, sampling at every 1000th iteration. The burn-in

was set to the first 1000 trees, and the remaining trees

were used to generate a consensus tree by the 50% major-

ity rule. Conversion of the input file from fasta to nexus

was performed with Concatenator 1.1.0 (Pina-Martins &

Paulo 2008). Cicada orni and Cicada barbara were included

in NJ and Bayesian inference analyses as outgroup taxa.

We followed the tree-based identification criteria

proposed by Meier et al. (2006): specimens were consid-

ered successfully identified when clustering with all con-

specifics or forming a polytomy with conspecifics only;

specimens were considered misidentified when conspe-

cifics sequences occurred in multiple clusters or clus-

tered with allospecifics, whereas the identification of

specimens forming a sister group with conspecifics was

considered as ambiguous.

SpeciesIdentifier 1.7.7 (Meier et al. 2006) was used to

assess the proportion of correctly identified specimens

based on K2P genetic distances according to Best Match

(BM), Best Close Match (BCM) and All Species Barcodes

(ASB) criteria. BM assigns the query to the species with

the smallest distance sequence, whereas BCM only iden-

tifies the query when the closest sequence is within a dis-

tance threshold. The analysis was conducted with a

distance threshold of 1.0%. The identification error asso-

ciated with the 1.0% threshold was 0.02, which is < 0.05

as recommended by Virgilio et al. (2012). The same

threshold was applied to ASB, which is the most strin-

gent identification criterion, assuming a query as

correctly identified only when all conspecific sequences

are topping the list of best matches (Meier et al. 2006).

Results

Cytochrome c oxidase I (COI) was successfully

sequenced in all individuals used in this study using the

same PCR conditions, except for Tympanistalna gastrica.

Most sequences from this species recurrently showed

noisy and ambiguous base calling at 1.7% of the nucleo-

tides. A range of alternative annealing temperatures was

tested (48–55 °C) with little or no improvements in the

quality of sequence chromatograms. Therefore, primers

LepF and LepR produce suboptimal results for T. gastrica

specimens, and the coamplification of nuclear copies of

COI (pseudogenes) or even the occurrence of hetero-

plasmy in this species cannot be entirely excluded.

Ambiguous bases in these chromatograms were consid-

ered as missing data (N) for downstream analyses. The

final aligned data set contained 90 sequences of 581 base

pairs without gaps or stop codons, corresponding to

nucleotide positions 88–668 of the complete COI gene

from Philaenus spumarius. Sequences were deposited

in the GenBank (Accession nos KC807229-KC807318,

Table S1, Supporting information).

Sequence variation

Sequences of COI from specimens belonging to genera

Tettigettalna, Tettigettacula and Tympanystalna (N = 88)

were AT rich (T = 41.6%, C = 14.7%, A = 25.7%,

G = 18.0%). The proportion of GC content was the

lowest at the third codon position (11.6%), whereas it

was similar at the first (43.4%) and second (43.0%)

positions. The overall proportion of GC varied among

species (Table 2). The highest proportion was observed

in T. mariae (34.0%), followed closely by T. argentata

(33.9%) and T. aneabi (33.7%), while T. josei showed the

lowest value (30.9%). The data set with all investigated

species (excluding the two outgroup sequences from

Cicada genus) contained 49 haplotypes and 159 variable

sites, from which 145 were parsimony informative and

19 were nonsynonymous substitutions. The number of

haplotypes observed in each species ranged from one

to 13, and the highest haplotype or nucleotide diver-

sity values were registered in Tettigettalna argentata

(H = 0.942, p = 0.018), T. helianthemi galantei (H = 0.936,

p = 0.019), T. estrellae (H = 0.857, p = 0.004) and T. defa-

uti (H = 0.810, p = 0.019, Table 2).

Genetic distance and DNA barcoding

Mean genetic distance (K2P) between Tettigettalna and

Tettigettacula (11%), Tympanistalna (13%) or Cicada (22%)

was higher than distances between congeneric species.

These ranged from 5% to 10% with the following excep-

tions (Table 3): T. argentata/T. mariae/T. aneabi (≤ 3%),

© 2013 John Wiley & Sons Ltd
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T. h. helianthemi/T. h. galantei (2.9%) and T. defauti/T. ar-

mandi (3.9%). Tree-based DNA barcoding identification

could be achieved with success for eight of the 12 tested

taxa, but specimens of T. argentata, T. mariae, T. h. galan-

tei and T. armandi presented clustering patterns that lead

to ambiguous or incorrect identifications.

According to the neighbour-joining (NJ) tree (Fig. 3),

T. argentata, T. mariae and T. aneabi seem to compose a

complex of species, in which specimens of T. argentata

do not form a monophyletic group. Specimens of T. ar-

gentata collected in the south of the Iberian Peninsula

(S. B. Messines, Ayamonte, Portel and Espiel, Fig. 2 and

Table S1, Supporting information) clustered together

with all sampled T. mariae specimens, but T. argentata

individuals from northern locations (Italy, France and

two localities from the Iberian Peninsula, Braga and

Sesimbra, Fig. 2 and Table S1, Supporting information)

are clustered in a distinct clade. The species T. aneabi

represents the sister taxon of T. mariae + T. argentata

(clade South) according to the NJ analysis. The overall

maximum distance observed between T. argentata speci-

mens was 3.7%, but this value was largely inflated by

the distance between specimens allocated to clades

North or South, which reached a mean value of 3.0%

(Table 3). As for T. mariae, its most common haplotype

is shared by one T. argentata specimen (Fig. 3, sample

Tar365), which makes it impossible to unambiguously

discriminate T. mariae specimens from T. argentata

(clade South) on the basis of COI sequences only. The

maximum intraspecific distance observed in both

T. argentata (clade South) and T. mariae (0.9%) exceeds

the minimum distance between them (0.0%, Table 3).

As a result, the barcoding gap between intra- and inter-

specific distance is lacking in this sibling species pair

(Fig. 4).

The barcoding gap is also absent in T. h. galantei and

T. defauti due to high levels of intraspecific distance

(4.3% and 3.7%, respectively), which overlaps or exceeds

the minimum distance to their closest congener (Fig. 4,

Table 3). The high intraspecific distance in T. h. galantei

is caused by three divergent specimens that do not clus-

ter with their conspecifics in the NJ tree and are placed

as a sister taxa of T. boulardi instead (Fig. 3). High intra-

specific distances within T. defauti are caused by geo-

graphical structure. Specimens collected in Sierra

Nevada (Fig. 3, samples Tde215 and Tde218) were nearly

as divergent from their conspecifics collected in western

locations as they were to their closest congener, T. arman-

di (3.7%, Table 3). The remaining Tettigettalna specimens

clustered with their conspecifics as expected in the NJ

tree (Fig. 3) and were associated with a clear barcoding

gap that assures their correct identification with COI

sequence data (Fig. 4). The Bayesian inference analysis

(Fig. 5) corroborates the results from NJ method with

slight differences in tree topology: T. defauti and T. ar-

mandi form an unresolved polytomy and T. aneabi is the

sister taxon of the clade North from T. argentata and not

clade South as in the NJ tree. The clade North is placed in

the Bayesian tree as the most recently derived haplogroup

within the T. argentata/T. aneabi/T. mariae complex, while

T. josei is the most divergent species within the genus

Tettigettalna.

Similar problems in DNA barcoding identification

based on K2P genetic distances were detected using BM,

BCM and ASB criteria (Table S2, Supporting informa-

tion). With either BM or BCM, 79 sequences (89.8%) were

correctly identified, while two (2.3%) were incorrect and

eight were ambiguous (9.1%). All 88 sequences tested

had a match closer than 1.0% and 59 of those had a match

at 0.0% distance. However, seven of these sequences had

Table 3 Mean (lower diagonal) and minimum (upper diagonal) interspecific pairwise K2P distances (%)

1a 1b 2 3 4 5 6 7 8 9 10 11 12

1a. T. argentata [North] 1.2 2.3 2.3 2.1 7.5 6.5 6.4 7.6 6.4 7.7 10.0 13.9 11.4

1b. T. argentata [South] 3.0 0.9 0.0 0.9 7.1 5.0 5.4 6.4 6.4 7.1 9.6 13.1 10.8

2. T. mariae 3.0 0.4 0.9 1.0 7.5 5.6 6.0 6.6 6.4 7.3 9.2 13.1 11.4

3. T. aneabi 2.7 1.1 1.1 0.0 8.1 6.3 6.2 7.4 6.4 7.7 9.2 13.7 11.2

4. T. estrellae 9.0 8.0 8.1 8.6 1.0 4.7 5.0 4.5 5.2 5.4 9.7 12.4 11.2

5. T. h. galantei 7.5 6.1 6.3 6.8 5.5 4.3 1.7 3.4 5.0 3.0 8.6 10.9 8.6

6. T. h. helianthemi 7.4 6.2 6.4 6.3 6.1 2.9 1.6 4.3 4.9 5.4 7.8 11.2 9.4

7. T. defauti 8.6 7.3 7.5 7.8 5.3 5.0 5.8 3.7 3.7 4.5 8.6 10.4 9.4

8. T. armandi 7.0 6.6 6.5 6.4 6.0 5.2 5.5 3.9 0.0 5.6 8.3 12.2 9.6

9. T. boulardi 8.5 7.5 7.6 7.8 5.7 5.1 5.9 5.0 5.7 0.5 9.5 12.5 10.0

10. T. josei 10.6 9.9 10.0 9.4 10.0 9.1 8.5 9.3 8.4 10.0 0.7 11.0 11.6

11. Tympanistalna gastrica 15.0 13.9 14.1 14.2 13.1 11.8 12.0 10.2 12.8 13.3 11.7 0.4 9.8

12. Tettigettacula baenai 11.8 11.3 11.5 11.2 11.3 9.2 9.7 9.7 9.6 10.3 11.9 11.7 0.0

Values in the diagonal represent the maximum observed value of intraspecific pairwise distance. Grey shade highlights interspecific

distance values that overlap with intraspecific distance.
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Fig. 3 A Kimura 2-parameter neighbour-joining tree constructed from 581-bp sequences from mitochondrial cytochrome c oxidase I

(COI) gene. The tree includes 90 sequences from 13 European cicadas. Bootstrap values above 70% are indicated on tree branches. Grey

shaded labelled specimens were assigned to Tettigettalna mariae according to acoustic data.
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a match at 0.0% with an allospecific instead, thus pre-

venting their correct identification. All incorrect or

ambiguous identifications under BM or BCM criteria cor-

respond to T. mariae or T. argentata (clade South) speci-

mens (Table S2, Supporting information). When using

the ASB criterion, the number of correct identifications

dropped to 59 (58.0%), and the identification of the

remaining 37 sequences (42.0%) was considered as

ambiguous. These consisted in all T. argentata and T. ma-

riae specimens, T. armandi, T. boulardi and the three

T. h. galantei specimens that do not cluster with their

conspecifics in neither NJ nor Bayesian trees (Table S2,

Supporting information).

Discussion

Sequence variation

This study generated 90 sequences belonging to 13 Euro-

pean cicada species and reports for the first time the

genetic relatedness among all nine cicada species

described to date within genus Tettigettalna. Primers

LepF and LepR (Hajibabaei et al. 2006) were efficient to

obtain COI fragment sequences for DNA barcoding in all

tested cicada species, except for Tympanistalna gastrica.

The coamplification of nuclear copies of mitochondrial

genes has been commonly reported and might be

favoured when universal primers are used (Song et al.

2008; Moulton et al. 2010). Therefore, the redesign of

more efficient primers is probably necessary to attain the

reliable amplification of mitochondrial COI copies in

T. gastrica.

The total GC content in COI sequences varied among

Tettigettalna species (30.9–34.0%). These values are simi-

lar or slightly larger than the ones observed in other

Hemiptera (Philaenus spumarius, GC = 29.7%, Seabra

et al. 2010; Ceroplastes spp., GC = 20.4%, Deng et al. 2012)

but are within the range reported for several other insect

orders (27.7–39.5%, Hebert et al. 2003a). Although the

sampling size is modest for most species here investi-

gated, some showed high levels of haplotype diversity

(T. argentata and T. h. galantei), while others show very

little sequence variation (T. aneabi).

Genetic distance and DNA barcoding

The genetic distance based on COI sequence variation

between cicada genera investigated here (Tettigettalna,

Tettigettacula, Tympanistalna and Cicada) is clear (> 9.0%)

and enables the use of this marker as an efficient DNA

barcoding tool for genus-level assignment. However, the

power of COI to clearly diagnose closely related species

within the genus Tettigettalna is compromised by some

overlap of intraspecific and congeneric genetic distances.

Initial DNA barcoding tests with COI in animal groups

suggested that correct species diagnosis would be

assured when a clear gap exists between mean intra- and

interspecific divergence and the later should exceed the

former by at least an order of magnitude (Hebert et al.

2004a). This premise indeed holds true for most animal

groups and lineages, but recent studies showed that

within- and among-species divergence may overlap

more often that initially expected. The absence of such a

DNA barcoding gap is usually attributed to recent diver-

gence, incomplete lineage sorting, introgression, genetic

geographical structure and insufficient sampling of geo-

graphical variation (Meyer & Paulay 2005; Wiemers &

Fiedler 2007; Linares et al. 2009; Bergsten et al. 2012).

According to the present study, most Tettigettalna

species appear well differentiated but show limited genetic

divergence, and their origin probably results from rela-

tively recent speciation events. Similarly, some studies

with other cicada genera suggested episodes of species

radiation to explain diversification patterns (Buckley &

Simon 2007; Sueur et al. 2007; Marshall et al. 2008). For

this study, the barcoding gap was considered as the dif-

ference between maximum intraspecific distance and the

smallest distance to the closest congener, because the use

of mean interspecific distances can produce artificially

inflated barcoding gaps (Meier et al. 2008). T. josei and

T. estrellae are the only species in the genus that fully

pass DNA barcoding tests: they are both monophyletic

and there is a clear gap between intraspecific variation

and genetic distance to every other Tettigettalna spp. that

enables their correct identification. The species T. bou-

lardi apparently passes most DNA barcoding tests too,
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Fig. 4 Barcoding gap observed in genus Tettigettalna between

maximum intraspecific (black crosses) and minimum interspe-

cific (white diamonds) distance (K2P) to the closest congener.

Bars denote the extent of the barcoding gap. These are absent

when intraspecific distance overlaps or exceeds minimum

congeneric distances.
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but only two specimens were analysed and intraspecific

variation might have been underestimated.

Three Tettigettalna species show geographical genetic

structure: T. argentata, T. helianthemi and T. defauti. Pop-

ulation genetic structure in T. argentata could be

expected given its wide distribution range (Fig. 2).

Although geographical variation in male calling songs

has not been documented yet in this species, northern

populations are genetically distinct from the southern

ones. For T. helianthemi and T. defauti, population genetic

structure is higher than expected from their restricted

distribution range, and in both cases, cryptic divergence

was detected in deep association with the Sierra Nevada

mountain range (Fig. 2). These mountains are part of the

Betic Cordillera in southern Spain, which is considered

as a hotspot for Mediterranean biodiversity, harbouring

many endemic species (M�edail & Qu�ezel 1999; Hewitt

2011). Changes in vegetation and climate are steep along

the altitudinal cline, contrasting with the semi-arid low-

lands. The two T. helianthemi subspecies recognized by

Puissant and Sueur (2010) are morphologically distinct,

have different calling songs and are geographically seg-

regated. While T. h. helianthemi subspecies is associated

with dry scrubland plains in the southeast of Sierra

Nevada, T. h. galantei seems to be less thermophilous

and can be found up the mountains till the top (circa

2000 m of altitude). The distinctiveness of these subspe-

cies is clearly supported here by genetic divergence, but

we also found that T. h. galantei is polyphyletic based on

COI sequences. Three specimens collected in the south-

western slope of Sierra Nevada (near Lanjar�on, Table S1,

Supporting information) are divergent and were recov-

ered as more related to T. boulardi, a species apparently

limited to the eastern provinces of Murcia and Valencia.

These results indicate that T. h. galantei from that area

must be flagged for further taxonomic scrutiny, as these

individuals might represent a cryptic species not yet

described. The relationship between T. defauti and

T. armandi also remains unclear as evidenced by the

unresolved polytomy in the Bayesian analysis, although

T. armandi is clearly undersampled and further investi-

gation is needed to clarify this relationship.

Finally, T. argentata, T. mariae and T. aneabi show little

COI differentiation and they seem to form a species com-

plex. The cluster composed by these three species corre-

sponds to the most derived haplotypes within

Tettigettalna. Because these species have distinct male

calling songs, acoustic behaviour probably plays an

important role in reproductive isolation within this com-

plex, but it remains unclear whether haplotype sharing

between T. mariae and T. argentata is due to introgression

or incomplete lineage sorting. The distribution of

T. mariae is restricted to a small coastal region in the

south of Portugal, and this species is often found in

sympatry or close parapatry with T. argentata (VLN and

RM, personal observation). Thus, acoustic behaviour isola-

tion must be critical to prevent hybridization among this

sibling species pair, and further studies involving mate

preference tests are needed to address this question.

Despite the success of COI in DNA barcoding for sev-

eral animal groups, the use of a single DNA fragment is

often not enough to diagnose closely related species, as it

happens in several examples among insects (e.g. Kaila &

St�ahls 2006; Meier et al. 2006; Wiemers & Fiedler 2007;

Langhoff et al. 2009; �Zurovcov�a et al. 2010). Some authors

advocate the use of a multigene approach for animals, as

commonly implemented in plant DNA barcoding (Elias

et al. 2007; Dupuis et al. 2012). The use of nuclear genes

could help to control for misleading COI patterns caused

by pseudogenes or species hybridization. However, find-

ing informative nuclear genes for recently diverged

species (as we might suspect for T. mariae) is challenging

because nuclear genes usually evolve much slower than

mitochondrial ones. Dasmahapatra et al. (2010) demon-

strated the utility of AFLPs to determine species limits in

butterflies, but a multilocus approach with anonymous

loci will probably defeat the purpose of DNA barcoding

as a universal, easy to implement, fast and cost-effective

tool for species diagnosis.

Conclusions

An efficient DNA barcoding tool for specific molecular

diagnosis would be of great use in the taxonomic dis-

crimination of cicadas. The analysis with COI sequences

demonstrated that they are insufficient to determine

species limits in some cicadas of genus Tettigettalna

(T. argentata and T. mariae), and in such cases, male song

patterns and geographical location data cannot be

replaced by genetic data for specimens’ assignment. On

the other hand, COI analysis was useful to highlight

hidden cryptic diversity (T. helianthemi and T. defauti).

Further studies must be carried out with additional

genes and more thorough morphological and acoustic

analyses. Because male inherited songs play such an

important role in the evolution of species-specific recog-

nition in cicadas, future research should seek informative

nuclear genes to overcome the limitations of maternally

inherited mitochondrial genes. The use of next-genera-

tion sequencing data can significantly speed up the

research effort and, at the same time, provide new geno-

mic tools to investigate the complex taxonomic relation-

ships of this group.
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