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Abstract
We describe for the first time the sexual behavior and the courtship song of males of the African fly Zaprionus indianus (Gupta), a recent invader of South America. The male courtship song is formed by monocyclic pulses and the courtship behavior is simple when compared to that of species of Drosophila. Two interpulse interval (IPI) distributions were observed: pre-mounting and mounting. No significant difference was observed between the pre-mounting IPIs of males that descended from three geographical populations from South America. We also observed the songs produced by females and the homosexual behavior exhibited by males. A sequence of bursts is produced by females as a refusal signal against males, while males emit a characteristic song that identifies sex genus, which differs from the courtship song. The short courtship and mating latencies recorded reveal vigorous males and receptive females, respectively.
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Introduction
The semi-cosmopolitan species Zaprionus indianus Gupta (Gupta 1970), a fly native to tropical Africa, provides a well-documented example of biological invasion (Vilela 1999) and of fast expansion in the South American continent (Tidon et al 2003, Leão & Tidon 2004). This drosophilid later invaded Centra and North America (van der Linde et al 2006, Castrezana 2007). The successful colonization of a wide geographic area in the Americas, in a short time span following the first record of Z. indianus in Brazil in late 1998, raises questions as to the environmental factors and biological characteristics that favored the process. 


So far, behavioral traits of Z. indianus regarding courtship have not been addressed in the literature, and may become a prolific field of study on the species’ invasion strategies. It has been demonstrated that courtship behavior is an important fitness component in Drosophila, and that it is correlated with different fitness components such as fecundity, fertility and longevity (Hegde & Krishna 1999). 


Sexual courtship in drosophilids is complex and entails a variety of behaviors, like touching, circling around, wing vibration, licking, among others, which are common to the majority of the species of the genus (Greenspan & Ferveur 2000). Behaviors that are particular to a species are also seen, as in Drosophila quadrilineata (Meijere), whose males flex the abdomen to court females (Tomaru et al 2006). During this elaborate ritual both partners exchange visual, acoustic and chemical signals (Greenspan & Ferverur 2000) to avoid interspecific mating (Patterson 1980, 1985). The courtship song emitted by male wing vibration is one of the most important signals in sexual isolation in the Drosophila melanogaster (Meigen) complex (Kyriacou & Hall 1982). In species of this complex, males vibrate their  wings and produce two types of songs, one sinusoidal hum called sine song (von Schilcher 1976), and one burst of pulses, the pulse song (Ewing & Bennet-Clark 1968). The pulse song has raised greater attention, because some of its characters, especially the interpulse interval (IPI) are species-specific (reviewed by Tauber & Eberl 2003). Tayln & Dowse (2004) pointed that female’s of D. melanogaster use pulse song for both species identification and intraspecific mate choice. However, the role of the IPI (Bennet-Clark & Ewing 1969) or IPI cycles (Ritchie et al 1999) in reproductive isolation is a matter of debate.
 
Courtship behavior in the genus Zaprionus has been described for six species, Z. tuberculatus (Malloch), Z. mascariensis (Tsacas & David),  Z. sepsoides (Duda),  Z. ornatus (Séguy),  Z. koroleu (Burla) and Z. ghesquierei (Collart), characterizing the species-specificity of the courtship sound and the intra-specific differences between males and females (Bennet-Clark et al 1980). Likewise, several behaviors that are similar across all species have also been described, like grappling, stationary and circling displays, which are different from the courtship patterns detected in Drosophila (Bennet-Clark et al 1980). Lee (1983) studied the courtship behavior of the cryptic species Z. tuberculatus and Z. sepsoides and discovered that females of both species recognize differences in polycyclic pulses to indentify conspecific males. In turn, the monocyclic pulse — observed in the courtship between Z. tuberculatus males — allows for sex recognition (Lee 1996).


 As for Z. indianus, no record of sexual behavior or of courtship sound has been published, either for native or for colonizing populations. Therefore, the analysis of the intra-specific geographic variation in courtship signals rouse much interest, since such variations may be part of the initial stages of divergence between populations, affording more elements for the analysis of the respective genetic variation (Colegrave et al 2000). In this context, the invasion of the American continent by Z. indianus is an excellent opportunity in terms of this kind of study.


This article presents the first description of the courtship behavior of Z. indianus and analyzes the song produced by males — with emphasis on IPI — and by females in three geographic populations of Z. indianus from South America. Male-male and females- wingless males interactions were also observed.
Material and Methods
Samples
Different isofemales were established based on samples collected from three geographical populations: Posadas, in the province of Missiones, Argentina (27º23’00.31” S; 55º53’04.95” W) collected in 2007, Itamaracá, state of Pernambuco (7º44’55.09” S; 34º49’29.33” W), collected in 2000, and Valinhos, state of São Paulo (22º58’14.21” S; 46º52’24” W), collected in 2008. The individuals from each isofemale analyzed were collected as late as 4 h after adult emergence. Flies were then anesthetized with ether and sorted by sex. All flies were kept in culture medium supplemented with bread yeast under controlled conditions (25±2 ºC; 12 h photophase) for at least 3 and at most 11 days prior to the experiment.

Experimental procedures
In order to observe behaviors and record courtship sounds, flies were placed in a concave mating chamber (15 mm in diameter and 7 mm in depth) built on the bottom of a 3x3x1 cm (WxDxH) acrylic block (Sene & Manfrin 1998). The opening of the chamber was covered with nylon mesh to allow for sound recording as well as to prevent flies from escaping. The block was placed over a lavalier electret microphone (Leson), with a 40 – 16,000 Hz frequency response. A USB digital microscope (200 x zoom, 640 x 480 resolution, Digivision), equipped with 8 white light leds was placed over the mating chamber. An acrylic box lined with foam was used to enclose the apparatus and lessen environment noise.


One virgin couple was randomly placed in the mating chamber at a time using a vacuum pump connected to a plastic tube, without the need for anesthesia. The sound captured was pre-amplified 70 x and monitored using earphones and computer-generated oscillograms. Recordings were made at the sampling frequency of 44,100 Hz at 16 bits as a WAV computer file. Behaviors were visualized as AVI video files recorded with the digital camera. Temperature at the moment of courtship song emissions by each male was recorded using a digital thermometer (± 1ºC, resolution 0.1ºC) whose sensor was placed outside the mating chamber.

Sections of the oscillogram containing the courtship male songs were amplified using the Sigview software (www.sigview.com) and the IPI values were measured manually. The intrapulse fundamental frequency was obtained using the fast Fourier transform (FFT), derived from one single pulse using the MATLAB software (Math Works, Inc., 1993). The fundamental frequency was identified based on the highest amplitude frequency and the presence of its respective harmonics in the spectrum. The courtship behavior was described qualitatively based on video observations and categorized as compulsory and facultative. Photographs of courtship sequences were obtained using a second digital camera (Sony Cyber-Shot DSC-W55) coupled to a Zeiss stereo-magnifier, model Stemi 2000 – C. Courtship and mating latencies, which represent the time elapsed between the placing of the couple in the mating chamber and the beginning of courtship and mating processes, respectively, were calculated based on the times recorded.

Experiments with male couples and interactions of females with males who have had their wings amputated were conducted as described above. 
Statistical analysis
The statistical analyses were conducted using the softwares NCSS, SYSTAT 13, SPSS 10.1. Data normality was tested based on the four assumptions listed in the NCSS software. In the cases when data normality was assumed to exist, means were compared using ANOVA at 0.05 of significance. In cases where normal distribution was rejected, data were natural log-transformed. If the normality hypothesis was rejected at least in two of the four assumptions, medians were compared using the non-parametric Kruskall-Wallis test with multiple comparisons, complemented with the Bonferroni correction. Shorey (1962) demonstrated a temperature-dependent variation in IPI. Since temperature during recordings varied, all IPI measurements were adjusted based on the covariance of variables (IPI and recording temperature) and were used in the comparisons between populations.

Results

Sexual behavior
Courtship behavior was characterized based on the inspection of video recordings of 24 couples (Fig 1). All courtship events were followed by copula. When a male encounters a female, the male stops or moves slowly (stationary display), and directs its head towards to the female (orientation, Fig 1A). The male may touch the body of the female with its forelegs (tapping, Figs 1A, E), and may move around covering half a circle (Figs 1B, E) or a quarter of a circle, always anticlockwise. Otherwise, the male can simply run towards to the female, spreading and closing both wings in a movement resembling fanning (Figs 1C, D), producing the courtship sound. The female may vibrates its wings, producing sounds in concert with the male’s fanning (duetting, Fig 1E). The male then grasp the female abdomen with its fore- and middle legs, mounts on the female’s abdomen,  pushing the female wings aside with the aid of the head in order to gain access to the genitalia (mounting, Fig 1F). The male fanning intermittently as it attempts to mount, frequently during mounting (Fig 1G-1H) and mating (Fig 1I).

If the female is receptive to the male, mating takes place immediately. Courtship latency of 69 couples evaluated ranged between 13 s and 6 min 51 s (mean 1 min 33 s), while mating latency ranged between 18 s and 6 min 56 s (mean 2 min 16 s). No statistical difference was observed between courtship latency values (F2.65 = 1.12, P = 0.3368) and mating latency values (F2.65 = 1.17, P = 0.3162) among the three populations investigated. 


Another behavior observed was the movements of wings under the abdomen at the beginning of the courtship, which can be carried out by both male and female. Apart from this, the male remains still initially, rubbing the first pair of its front legs in a movement that resembles the wrestling of arms, called “grappling” (not shown).


In male-male interactions, a male will court another male producing the same sounds as when courting  a female, but the courted male will respond by vibrating its wings in a pulse sequence (not shown) that is different from the sound emitted by females. Males that had their wings excised were always rejected by females, which in turn showed almost uninterrupted production of rejection sound.
Sound analyses

The sounds produced by males of 60 couples from isofemales of the three populations (Table 1) were recorded between 8 and 12 am, between August 2008 and January 2009. Table 1 also shows the number of pulses, average IPI values and standard deviations of pre-mounting and mounting pulses for each population. Temperature at recordings ranged between 15.6 and 28.9ºC (mean 24.3 ± 3.5ºC). 

The courtship song of Z. indianus (Fig 2) consists of a sequence of monocyclic pulses, without sine song and intrapulse fundamental frequency average of 230.41 Hz ± 21.61 (minimum 193.80 Hz and maximum 269.17 Hz, n = 75 pulses). Two IPI distributions were identified in the male pulse sequence and were called pre-mounting and mounting patterns. The first IPI distribution, which precedes mating (pre-mounting) is compulsory and had mean IPI of 234.3 ±79.9 ms, with larger intensity (226 – 239 ms, 95% confidence intervals). The second pattern of IPI (mounting) is facultative, usually longer, and is emitted during mating (Figs 1G, H), with mean IPI of 365.7 ± 129.9 ms and lower intensity (350 – 382 ms, 95% confidence intervals). Seventy-eight IPIs (9.2%) were above the IPI mean, ranging between 400 and 500 ms. Of these, 56 (71.8%) were pulses produced when the male had mounted on the female, while only 22 (28.2%) were pre-mounting pulses. The analysis of variance (ANOVA) of the log-transformed pre-mounting and mounting IPI values indicated that the two IPI means were statistically different (F1.514 = 154.44, P = 0.00001).
Since the IPIs were not normally distributed, even when log-transformed, the non-parametric Kruskall-Wallis test complemented with the Bonferroni correction was used. The result revealed no significant differences in the IPI values (ZBonf < 2.3940) of males among the three populations investigated. 

When reacting to the male’s courtship, females may also produce a sound by vibrating their wings (Fig 1E). Two types of sounds were recorded. One consisting of a short sequence of pulses (Fig 3) produced soon after the beginning of the male’s courtship song, always preceded by copula (duetting, Fig 1E). The other sound consisted of a long sequence of short bursts (whining) produced when the female rejected the male (Fig 4). These two types of sounds differed in their respective oscillograms, both in duration of sequences and in pulse shape, clearly polycyclic in bursts (Fig 4D).

Discussion
The series of behaviors produced by Z. indianus during courtship is similar to that described in six other species in the genus (Bennet-Clark et al 1980). In Zaprionus ornatus (Séguy), a closely-related species (Yassin et al 2008), the courtship sound is complex, with monocyclic and polycyclic pulses in irregular repeated alternation, while Z. indianus males produce only monocyclic pulses. Differences in these aspects were expected, since courtship sound is species-specific (Kyriacou & Hall 1982, Ritchie et al 1999). The change in IPI during the courtship in Z. indianus — as well as the pre-mounting and mounting IPI — seems to be directly linked to the change in male behavior, already documented for some Drosophila species (Ikeda et al 1980, Crossley et al 1986, Cobb et al 1989). As for females, rocking is more often observed in Z. indianus than in Z. ornatus (Bennet-Clark et al 1980), although in both species this behavior is silent and may occur together with whining. 
 
In Drosophila, mating depends on a complex interaction between sexes, a process during which the male displays a range of chemical, visual and acoustic stimuli before the female (Greenspan & Ferveur 2000). These stimuli may ultimately lead to mating. Mating speed — or mating latency — is a measurement of the female’s readiness as well as of the efficiency and intensity of the male’s courtship efforts (Casares et al 1992). The results obtained here show that courtship and mating latencies were similar in all the three Z. indianus populations and short in comparison to native species like Drosophila willistoni (Sturtevant), for which a mating latency of between 10 and 23 min has been recorded (Basso da Silva & Valente 2000), being similar to the means obtained for the cosmopolitan species Drosophila melanogaster (Meigen) (Pavković-Lučić & Kekić 2010). Such behavior is evidence of the low selectiveness exhibited by females and of the high vigor of males. Mating speed is one of the elements of fitness in Drosophila (Parsons 1974) and may have been an important factor in the establishment of Z. indianus in South American drosophilid assemblies. 

Regner & Valente (1993) observed a trend towards higher mating speeds and frequencies in D. willistoni correlated with the increased urbanization of the city of Porto Alegre, southern Brazil. They suggested that this behavior could be an advantage in a less predictable environment, with strong anthropic influence, such as an urban environment — which is exactly the kind of environment Z. indianus has been most successful at in colonizing (Ferreira & Tidon 2005, Machado et al 2005, Gottschalk et al 2007, Garcia et al 2008).

Inter- and intra-population variations in sexual activity have been recorded in other species of the genus Drosophila (Piñero et al 1993, Singh et al 1996, Casares et al 1992, 1993, 1998, Singh & Singh 1999). This demonstrates the plasticity in this character, which has not been observed for the Z. indianus populations studied.


The most widely accepted hypothesis about the invasion of South America by Z. indianus is that of a single introduction event, as evidenced by chromosomal inversions (Ananina et al 2007, Campos et al 2007), quantitative traces (David et al 2006) and esterase loci (Galego & Carareto 2007), is the likely result of anthropic activity combined with a large invading population, originally from Africa — which eventually led to the subsequent fast expansion of Z. indianus (Mattos Machado et al 2005, David et al 2006). Since male courtship behavior in ﬂies is innate, genetically inherited (revised by Billeter et al 2006), and female receptivity also has a genetic background (Ringo 1996), male vigor and the high receptivity of females observed in the present study are characteristics that were present in the founding population. In this scenario, these behaviors may have played an important role in the establishment of this species in this new environment.

The sound produced by males in response to the courtship song by another male observed in Z. indianus may play the role of sex recognition signal. Lee (1996) hypothesized that this function occurs as monocyclic pulses produced during the courtship between Zaprionus tuberculatus (Malloch) males. In turn, according to Paillette et al (1991), young females as well as males of D. melanogaster and D. simulans can produce a refusal sound when courted by a male, apparently in response to the courtship sound emitted. 


The experiments with wingless males showed that the courtship song is a critic signal for recognition and acceptance of cospecific male by the female of Z. indianus, since these individuals suffered outright rejection. In Drosophila montana and Drosophila ezoana, there is a reduction in the number of mating when male wings or female aristae or antennae are excised, indicating that auditory information is an important component towards the courtship success (Hoikkala 1988).

In spite of the record of geographic variations in IPI means (Cowling 1980, Kawanishi & Watanabe 1980, Ritchie et al 1994, Colegrave et al 2000, Etges et al 2005), IPIs are repeatedly considered as a measure of the species-specific signal (Tauber & Eberl 2003) and do not vary much, due to the stabilizing selection (Paterson 1985).


Therefore, the absence of any differences between populations could in fact be expected, due to the importance of this character as an element of the mating recognition system. However, alternative explanations for the absence of divergence in this component of the courtship sound should be considered for the three geographically distant populations. The possible lack of variability in this character between the individuals that established these populations or even the short time elapsed since the species was first introduced in the South American continent — which is not long enough to afford the divergence caused by directional selection (Paterson 1978) genetic drift — are also hypotheses that have to be considered.


Zaprionus indianus was the subject of several studies on biological, ecological and genetic aspects in the past ten years due to its invasion of the American continent. In this paper we enlarge the knowledge on this species, characterizing its courtship behavior. 
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Table 1 Pulses and mean interpulse interval (IPI) values analyzed for each Zaprionus indianus populations (N = Total number of males; n = Number of males that produced pulses when mounting of females; P pulses = Pre-mounting pulses; M pulses = Mounting pulses; P IPIs = Number of pre-mounting interpulse intervals; M IPIs = Number of pre-mounting interpulse intervals; IPI / ind. = Mean IPIs per individual; SD = Standard deviation; * Mean IPIs adjusted due to the different temperatures during recording).
	Population
	N
	P pulses
	P IPIs 
	IPIs/ind.
	P IPI (ms) 
	SD
	n
	M pulses
	M IPIs 
	IPIs/ind.
	M IPI (ms)
	SD

	Posadas
	20
	157
	138
	6.9
	203.9 (225.5)*
	± 62.7
	13
	102
	88
	6.8
	    402.7 (481.5)*
	± 73.1

	Itamaracá
	23
	411
	355
	15.4
	304.3 (283.0)*
	± 78.9
	2
	8
	6
	3
	    468.3 (466.2)* 
	± 91.2

	Valinhos
	17
	137
	110
	6.5
	224.3 (267.2)*
	± 73.9
	17
	173
	149
	8.8
	     304.6 (375.0)*
	± 102.9

	Total
	60
	705
	603
	-
	-
	
	32
	283
	243
	-
	-
	-


Fig 1 Courtship behavior of Zaprionus indianus. The behavioral sequence is displayed in chronological order but the time intervals between the panels may differ. (A) Male orientation in relation to the female. (A - E) The male touches the female’s body using its forelegs (tapping). (B - F) The male spreads and closes both wings resembling a fanning movement, producing the courtship song, and moves around covering half a circle. (E) The female vibrates its wings, producing sounds in concert with the male’s fanning (duetting). (F) The male grabs the female’s abdomen with its forelegs and middle legs and pushes the female’s wings to side with the head, in order to gain access to the genitalia (G) The male mounts on the female’s abdomen. (G – H) The male is fanning intermittently during the mounting. (I) Mating. 20X increase.

Fig 2 Oscillogram of the courtship song of the male of the Zaprionus indianus. (IPI P): Interpulse interval before copulation (pre-mounting); (IPI M) the male is firmly attached on the female (mounting). The tracing line separates the pulses IPI P and IPI M. Abscissa: Time (s); Ordinate: Arbitrary intensity unit.

Fig 3 (A) Oscillogram of the courtship song of the male and sound made by female (duet) of Zaprionus indianus. The pulses indicated by a dotted line and by a dashed line are shown below to clarify the respective shapes; (B) Dotted line: Male pulse amplified; (C) Dashed line: Female pulse amplified. Abscissa: time (s); Ordinate: arbitrary intensity unit.

Fig 4 Four images of the oscillogram generated by the sound produced by Zaprionus indianus females in response to the male courtship. The dashed sections are amplified in the sequence designated by letters: (A) Sequence of bursts; (B) Amplification of five bursts; (C) Amplification of one single burst pulse showing the pulses that form it; (D) Amplification of one single burst pulse showing its polycyclic shape. Abscissa: time (s); Ordinate: arbitrary intensity unit.
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