On the identity of Isoperla curtata (Plecoptera: Perlodidae): behavioural and molecular approaches show the existence of two separate species
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Abstract
The identity of Isoperla curtata Navas, 1924, an Iberian endemics, has been questioned in the past since its description. In fact, there is a marked variability in pigmentation, wing length and in the penial armature within the species. Differences in the ecology of populations were also noted in previous studies: more orophilic in the Central-Northern part of the distribution area, and termhophilic in Sierra Morena (Southern Spain). In these studies it was underlined that it is difficult to arrange this polymorphism and divide I. curtata in subspecies or separate species. To clarify the real taxonomic status of I. curtata we combined a behavioural and a molecular approach on material collected in different streams from two different mountain systems of its distribution area, one in the Central-North and the other in the South Spain. We recorded and analyzed the mating call and we used a molecular marker, sequencing a fragment of the mithocondrial gene COI. Results of both approaches are in agreement and show a clear distinction of this taxon in two separate entities that deserve a specific status. The Central-Northern species corresponds to the nominal taxon, I. curtata, while the Sierra Morena populations (Southern Spain) belong to a new species, Isoperla morenica sp. n., hereafter described.
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Introduction

Isoperla curtata Navás, 1924 is an endemic species from the Iberian Peninsula, collected at a wide altitudinal range (from 50 to 1800 m) (Tierno de Figueroa et al. 2003). It was described from its external features, mainly colour, wing veins and size (Navás 1924). The type locality was Cercedilla close to Fuenfría (Madrid, Spain) and the individuals the description was based on showed reduced wings. In 1952, Aubert published a redescription of this species with many more details and better illustrations, including data and figures of the male penial armature and its scales (Aubert 1952). This author studied specimens from Cercedilla (Madrid, Spain) and Navarredonda (Ávila, Spain) and considered this species as an endemics of Central Spain mountains (Aubert 1952). According to him, this taxon could not be included in any of the previously described Isoperla species-groups. Four years later, Aubert (1956), studying material from a wider geographical area including Sierra de Guadarrama (Central Spain) and Cantabric Mountains (North of Spain), observed for the first time that there is a marked variability in pigmentation and wing length (with macropterous, brachypterous and micropterous individuals) in relation to the altitude, and in size of the penial armature and its scales. In this paper, Aubert (1956) wrote that it is difficult to concrete the polymorphism of I. curtata in a division in subspecies or species and that would be interesting to re-study this species on the base of more abundant material. Later, Aubert (1963a) underlined that this species has a particular ecological repartition, with populations from the Douro basin (North-West Spain) belonging to the orophilic association and populations from Sierra Morena (South Spain) belonging to the thermophilic association, inhabiting temporary streams. Specimens of the latter populations are always macropterous with general colour of the body light yellow, while specimens from Douro are variable as those described in 1956 from Central Spain populations. In 2008, the nymph of Isoperla curtata was described  from individuals from Sierra Morena (López-Rodríguez et al. 2008).
Biological data of this species were scarce until both adult biology (mating, oviposition and, particularly, drumming calls) and nymphal biology (life cycle, feeding habits and secondary production) studies were carried out on a population from Sierra Morena (Tierno de Figueroa et al. 2000; López-Rodríguez et al. 2009).
The aim of this study is to clarify if we are facing a polymorphic species or if Central-Northern and Southern populations are two separate entities. To this regards, we use a behavioural approach, describing and comparing the male mating calls, that in stoneflies are species-specific and can act as reproductive isolation mechanism (Stewart et al. 1983; Tierno de Figueroa & Sánchez-Ortega 1999), coupled with a molecular study, sequencing a fragment of the widely used mithocondrial gene COI.
Material and methods
Behavioural approach

Adults of Isoperla curtata were collected by the authors from vegetation with an entomological net or directly from the stones with tweezers in the following localities and dates:
Central-Northern populations:

1) Garganta de Iruelas, Alberche basin (included in Tajo basin), Ávila, Sistema Central, 786 m, UTM: 30T, X: 366967, Y: 4473806. May, 27th 2009. 1 male.
2) Garganta de la Olla, Tiétar basin, (included in Tajo basin), Cáceres, Sistema Central, 645 m, UTM: 30T, X: 263366, Y: 4444681. May, 14th 2009. 3 males.
Southern populations:

3) Arroyo de la Nava del Rey, Jándula basin (included in Guadalquivir basin), Ciudad Real, Sierra Morena, 600 m, UTM: 30S, X: 429753, Y: 4264965. May, 21st 2009. 5 males, 2 females.
4) Río Despeñaperros, Guadalén basin (included in Guadalquivir basin), Jaén, Sierra Morena, 560 m, UTM: 30S, X: 455625, Y: 4247470, May, 1st 1998. 6 males (data published in Tierno de Figueroa et al. 2000).
For mating call registration and analysis, we proceed as in Tierno de Figueroa et al. (2009): adults of I. curtata were placed in different crystal pots with a piece of paper at the opening. Records were taken immediately or in the following 1-2 days of the collection in a lighten room at a constant temperature of approximately 20 ºC. The calls were recorded using a microphone (100 - 16000 Hz; 44 dBV/Pascal) sited in light contact with the paper surface, and attached to a computer. Audacity® software version 1.2.6 was used for recording and analyzing the calls. In each call, the following parameters were analysed: number of beats by sequence and interval duration between beats (inter-beat duration), number of sequences per call and intervals between sequences (inter-sequence duration). 
Molecular approach
Specimens were collected by the authors in the following sites and dates and stored in alcohol 99% (some of them after drumming recording): 

Central-Northern population:

1) Garganta de Iruelas, Alberche basin (included in Tajo basin), Ávila, Sistema Central, 786 m, UTM: 30T, X: 366967, Y: 4473806. May, 27th 2009. 1 male.
2) Garganta de la Olla, Tiétar basin, (included in Tajo basin), Cáceres, Sistema Central, 645 m, UTM: 30T, X: 263366, Y: 4444681. May, 14th 2009. 1 male, 1 female.
Southern population:

3) Arroyo de la Nava del Rey, Jándula basin (included in Guadalquivir basin), Ciudad Real, Sierra Morena, 600 m, UTM: 30S, X: 429753, Y: 4264965. May, 21st 2009. 2 males, 4 females.
4) Río Despeñaperros, Guadalén basin (included in Guadalquivir basin), Jaén, Sierra Morena, 560 m, UTM: 30S, X: 455625, Y: 4247470, May, 9th 2007. 3 males, 4 females.

Males from Garganta de Iruelas and Garganta de la Olla, two males and two females from Arroyo de la Nava del Rey used for the molecular analysis were the same employed for drumming recording.

DNA extraction was carried out on single specimens using the Easy-DNA™ Kit (Protocol #3). DNA target amplification was carried out by PCR. LCO1490 e HCO2198 primers were used (Folmer et al. 1994) obtaining a 709 bp COI fragment. Primer’s characteristics are as follows:

	Primer
	Sequence
	bp
	Tm
	G/C

	LCO1490
	5'-GGTCAACAAATCATAAAGATATTGG-3'
	25
	50.5°C
	32%

	HCO2198
	5'-TAAACTTCAGGGTGACCAAAAAATCA-3'
	26
	55.3°C
	34.6%

	G/C, Guanine/Citosine content; Tm, Melting temperature


Primers (Macrogen Inc. - Seoul, Korea-) were used in PCR with 1 DNA μg, using GoTaq®Green Master Mix (Promega) in a Eppendorf MiniCycler™ PTC-150-16 model (MJ Research, USA).

PCR products were separated by gel agarose electrophoresis 1% (w/v), containing 5 ng/μl GelRedTM Biotium and then purified and sequenced by Macrogen Inc. (Seoul, Korea). Obtained chromatograms were manually adjusted with Chromas Lite 2.01 (Copyright© 1998-2005, Technelysium Pty Ltd). Obtained sequences were analysed in BLAST (Altschul et al. 1997). Sequence alignment was carried out with ClustalW2 (Thompson et al. 1994) and manually adjusted using MEGA 4.0 (Tamura et al. 2007).

A Perla sp. sequence from GenBank database (HM880064) was used as outgroup. All positions containing gaps and missing data were eliminated from the dataset.
MEGA 4.0 (Tamura et al. 2007) was employed to build phylogenetic trees using Neighbour Joining (NJ, Saitou & Nei 1987) and Maximum Parsimony (MP, Eck & Dayhoff 1966) approaches.

Results

Behavioural approach

A total of 82 male calls from individuals from Central-Northern and Southern populations were recorded and analysed. 21 female answers from the Southern populations were also studied. All male calls and females answers were produced by percussion or drumming. 
1) Males from Central-Northern population:

We obtained 34 male calls from the Garganta de la Hoya population (from 3 males) and 3 calls from the Garganta de Iruelas population (from 1 male). All the calls show a similar pattern. The drumming call consists on a repetition of sequences (Fig. 1).  The sequence can be repeated from 6 to 20 times (mean= 13.270; SD= 3.701; N= 37), with intervals between them from 0.019 to 0.235 s (mean= 0.152 s; SD= 0.038, N= 128). Each sequence consists on 1 initial beat that can be followed by a group of 1-4 beats (interval between the initial beat and the following ones range from 0.037 to 0.090 s, mean= 0.053 s; SD= 0.011; N= 108; intervals between the beats forming the group are more constant and range from 0.007 to 0.033 s; mean= 0.015 s; SD= 0.003; N= 171). 
2) Males from Southern populations:

A total of 45 calls of 5 males from Arroyo de la Nava del Rey were recorded. The male call consists in a repetition from 1 to 7 diphasic sequences (mean= 2.400; SD= 1.176; N= 45), the first phase with decreasing interbeat intervals and the second phase with short and approximately constant interbeat intervals (Fig. 2, Fig. 3). The interval between sequences is so variable (mean= 1.196 s, SD= 0.673; minimum= 0.073 s; maximum= 3.403 s; N= 63) that almost each sequence can be considered as an independent call that can be repeated a variable number of times. 
Each diphasic sequence consists on a mean of 21.196 beats (minimum= 1, maximum= 39; SD= 4.113; N= 107). As said above, the intervals between beats decrease substantially from the first beat (phase I: mean number of beats= 8.630; minimum= 1; maximum= 14; SD= 2.936, N= 54; interbeat interval mean= 0.063 s; minimum= 0.009 s maximum= 0.485 s; SD= 0.045, N= 466), then are relatively even for the remaining beats (phase II: mean number of beats= 12.352; minimum= 5; maximum= 33, SD= 4.274,  N= 54; interbeat interval mean= 0.016 s; minimum= 0.008 s; maximum= 0.142 s; SD= 0.009; N= 658). 
Drumming calls of males from Despeñaperros had been shown in a previous paper (Tierno de Figueroa et al. 2000) and they are identical to those above described for the Arroyo de la Nava del Rey population. 
3) Females from Southern populations:

Twenty one answers of 2 females from Arroyo de la Nava del Rey were recorder and analysed. The drumming signal consists in a monophasic sequence composed by a variable number of beats (mean= 11.286, SD= 2.492; minimum= 6; maximum= 17; N= 21) with mean interbeat interval of 0.031 s (minimum= 0.028 s; maximum= 0.080 s; SD= 0.005; N= 216) (Fig. 4).
Molecular approach
The phylogenetic tree obtained using the NJ approach (sum of branch length = 1.92701902) on the 505 positions in the final dataset is shown in Fig. 5. The tree obtained with the MP approach has got an almost identical topology and is not shown. Also, trees obtained using translated aminoacids instead of base-pairs have an overlapping topology. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates; Felsenstein 1985) are shown next to the branches.
Southern populations clustered together and are clearly separated from Central-Northern ones. This result is well supported by the bootstrap values.

In terms of nucleotide differences the maximum distance is displayed between Olla and Despeñaperros populations (22.1%), while the minimum distance is that between Iruela and Olla ones (2.8%).

Discussion

The call patterns of Central-Northern and Southern populations recorded in this study are very different. The call of the Central-Northern populations is notably different from those of other Isoperla species studied in Spain see Tierno de Figueroa et al. 2002; Luzón-Ortega et al. 2010). This call is very similar to the one of the European Isoperla oxylepis (Despax, 1936) (Rupprecht 1969), that is absent in Spain and morphologically clearly distinguishable. The Southern population call is completely different from that of other Palaearctic Isoperla species. According to the basic types of Plecoptera calls (in relation to their complexity) listed by Stewart & Sandberg (2006), the Central-Northern population’s drumming signal could be included in type 2, while the Southern population’s one could be included in type 3.
The role of drumming signals as reproductive isolation mechanisms in Plecoptera has been stressed many times and, therefore, they have been used for resolving systematic questions (Maketon & Stewart 1984; Stewart & Zeigler 1984). Thus, for example, Tierno de Figueroa & Sánchez-Ortega (1999) supported the distinction between Isoperla nevada Aubert, 1952 and Isoperla grammatica (Poda, 1761) on the base of their different drumming calls, as well as Berthélemy (1979), on the same basis, noted that different species had been confounded under the name I. grammatica in the Pyrenees. 
In the present study the two mating calls display differences of an order of magnitude that make us exclude the possibility they are dialects. So, according to the above data and observations regarding drumming behaviour, we can conclude we are facing two well distinguished and isolated species. 

As far as genetic distances are concerned, in a similar study on COI mithocondrial DNA regarding stoneflies (Fochetti et al. 2009) the absolute maximum distance found was almost 10% (147 out of ~ 1400 bp) for two well distinct species [Tyrrhenoleuctra zavattarii Consiglio, 1956 (Sardinia) vs. T. tangerina (Navás, 1922) (Spain)]. The values found in the present study regarding the comparison between the Central-Northern and the Southern populations are much more higher (~ 20%) indicating that two different species are involved.
Both approaches, drumming behaviour and molecular distances, are in agreement in discriminating two separated species that have been confused under the name I. curtata. Since I. curtata was described from material from Central Spain, we can argue that Central-Northern populations correspond to the nominal taxon, I. curtata, while the Southern populations belong to a new species hereafter described.
Isoperla morenica sp. n. Tierno de Figueroa & Luzón-Ortega
Fig. 6
Type material: Spain: Jaén, Sierra Morena, Despeñaperros River, UTM 30S X: 455625, Y: 4247470, altitude 560 m, 4-VI-2007, 1 ♂, M.J. López-Rodríguez & J.M. Tierno de Figueroa leg. (male holotype); Same locality, collection date and collectors, 4 ♂, 5 ♀ (paratypes).
The holotype, 2 males and 2 females paratypes are deposited in the Collection of the Museo Nacional de Ciencias Naturales (Madrid, Spain) with the identification codes: Nº Cat. TIPOS MNCN XXX. The remaining paratypes (2 males and 3 females) are deposited in J. Manuel Tierno de Figueroa’s collection in the Departamento de Biología Animal, Universidad de Granada (Granada, Spain).


Other material referred: Spain, Badajoz: Puerto de las Marismas, 750 m, 21-IV-1960, 5N (Aubert 1963a, b). Spain, Sevilla: Río Guadiamar, 300 m, 1979-80 (Puig & Gallardo 1985); Arroyo Aciago, 300 m, 17-IV-1979, 1N (Gallardo Mayenco 1990). Spain, Jaén: Sierra Morena, Arroyo del Rey, Órganos de Despeñaperros, 650 m, 26-V-1959, l ♂, 25 ♀; id., 16-V-1960, 3 ♂, 3 ♀; Sierra Morena, Río Guarrizas, 450 m, 26-V-1959, 2 ♀; id., 16-V-1960, 2 ♀; Sierra Morena, Confluence of Río Despeñaperros and Arroyo del Rey, 1-V-1998, 19 ♂, 30 ♀ (Tierno de Figueroa et al. 2000); Despeñaperros River, 560 m, from I-2007 to VI-2007, many nymphs and adults (López-Rodríguez et al. 2008, 2009; Sanz et al. 2010). Spain, Andalucía: Sierra Morena, Río Panados, Venta del Aire, 700 m, 27-V-5-1959, ♂ (Aubert 1963a, b). Spain, Ciudad Real: Sierra Morena, Arroyo de la Nava del Rey, Jándula basin, 600 m, UTM: 30S, X: 429753, Y: 4264965, 21-V-2009,  13 ♂, 12 ♀, J.M. Luzón-Ortega leg.
The citations of I. curtata in the Betic System (Cádiz and Jaén; Southern Spain) referred below are reported with doubt and must be checked, also because the identification of the species was made in some cases from immatures before the nymph was described. 

Spain, Cádiz: Río Palmones, Algeciras, 50 m; Río Grazalema, Grazalema, 700 m (Aubert 1963b). Spain, Jaén: Sierra de Cazorla, Río Guadalentín, Nava de San Pedro, 1300 m, 28-V-1959, 5N; id., 15-V-1962, 32N (Aubert 1963a, b) and "Nacimiento del Guadalquivir", 1350 m., 1975-78 (González del Tánago & García de Viedma 1983).

Diagnosis: Large-sized species in comparison to most Iberian Isoperla. Macropterous in both sexes. General colour yellow-brownish. Head with general yellow colour, with darker areas forming a characteristic pattern (Fig. 6a), more or less extended in the different individuals, similar to I. curtata Navás, 1924 [see drawings in Aubert (1952)]. Dark bands join the ocelli (particularly darker around the ocelli), leaving a central clear spot drop-shaped. Another clear spot is situated in the front. The rest of the front is light brown. Two dark areas in both lateral sides of the occipital part of the head leaving a clear area between them. Light areas around the composed eyes. Antennae brown, especially in the basal part. Pronotum rectangular, vermiculated and darker at both sides, of light brown colour in general, with a pigmented line at the anterior and posterior edges, centrally interrupted. A yellow band in the middle of the pronotum. Mesonotum very dark with a yellow area in the anterior third where a central vertical dark line and two lateral horizontal dark bands appear. Metanotum very dark. Abdominal tergites brown, clearer at the apex. In ventral view, both thorax and abdomen are yellow. Legs yellow with a dorsal brown band. Cerci yellow-brown, clearer at the base.
Male (Figs. 6b, 6c & 6d): Forewing: 9.9-11.7 mm (Holotype: 11.2 mm). Total length: 10.9-13.7 mm (Holotype: 10.9 mm). Macropterous. Lobe of the tip of the 8th sternite rectangular (length/width rate approximately 0.77) and considerably darker, much contrasted with the general yellow colour of the abdomen. Dark paraprocts. The penial armature is flat and long (length: 0.40-0.50 mm; width: 0.12-0.21 mm) slightly narrower at the apex. Scales (length: 0.38-0.43 mm, width: 0.10-0.13 mm) not mucroned. Accessory armatures absent. In general the shape of both penial armature and its scales are similar to that described by Aubert (1952, 1956) for I. curtata. Nevertheless, the armature size of I. curtata described by Aubert (1952) for individuals coming from the Central-Northern Iberian Peninsula (0.28 mm length, 0.08 mm width) is smaller than that of I. morenica n. sp.
Female (Fig. 6e): Forewing: 11.1-13.0 mm. Total length: 12.9-14.7 mm. Macropterous. General colour similar to the male. Subgenital plate curved occupying approximately 2/3 of the sternite width.

Nymph: refer to that described in López-Rodríguez et al. (2008) under the name I. curtata.

Habitat and ecology: This termophilous species occurs in temporary streams between 450 and 750 m. It emerges in late spring (V-VI). For more biological data refer to Tierno de Figueroa et al. (2000) and López-Rodríguez et al. (2009).
Distribution: Up to now, the only mountain system where the species has been collected is Sierra Morena (Southern Iberian Peninsula). The presence of this species also in the Betic System should be confirmed.
Etymology: The specific name, morenica, refers to the mountain system where the species has been collected: Sierra Morena.
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Figure legends
Fig. 1. Drumming signal of a male from a Central-Northern population.

Fig. 2. Drumming signal of a male from a Southern population.

Fig. 3. Time intervals between beats in a male drumming call from a Southern population.
Fig. 4. Drumming signal of a female from a Southern population.

Fig. 5. Neighbour Joining tree obtained from the 505 bp COI fragments on the studied populations.
Fig. 6. Isoperla morenica sp. n. Head and pronotum (a), ventral view of the male abdomen (b), penial armature (c), detail of the penial armature showing the scales (d), and ventral view of the tip of female abdomen (e).
Fig. 1. 
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Fig. 4.
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Fig. 5.
[image: image5.jpg]e Despefiaperros
3
L3 Despefaperros
61 L pespefiaperros
L Despenaperros
Nava
7l Nava
% olla
L Iruelas
97
—

01

Despefiaperros

Perla sp. HM880064

Southern populations

Central-Northern populations




Fig. 6. 
[image: image6.png]



_1329834467.bin

