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Availability of polytene chromosomes and development of polytene chromosome maps have greatly facilitated genetic analysis in Diptera and understanding of chromosomal organization. In tephritids, following the first polytene chromosome maps constructed for the Mediterranean fruit fly, Ceratitis capitata, additional maps have been developed for only few species belonging to the main genera of agricultural importance that are Anastrepha, Bactrocera, Ceratitis, Dacus, Rhagoletis, and Zeugodacus. Comparison of the polytene chromosomes of these species has pointed to the presence of chromosomal rearrangements that can, at least partially, shed light to the chromosomal evolution in this family. Up to now, polytene chromosome maps are available only for one Zeugodacus species, that is Zeugodacus cucurbitae. Here we report the cytogenetic analysis of the mitotic and polytene chromosomes of the pumpkin fly, Zeugodacus tau, along with a comparative analysis with polytene chromosomes of Zeugodacus cucurbitae as well as other tephritids. In situ hybridization experiments resulting to chromosomal localization of selected genes in both species are also presented. The genes used as markers are hsp70, hsp83, scarlet and white pupae. The established homologies presented in this study verify that the two Zeugodacus species are genetically close and support the current taxonomic placement of the Zeugodacus genus. The differences in polytene chromosome level, in combination with results of in situ hybridization experiments, reveal the presence of chromosomal rearrangements, mainly inversions, to both closely and distantly related species, which could potentially be a useful diagnostic tool.
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INTRODUCTION

Tephritidae is a Diptera family consisting of more than 4,600 species (White and Elson-Harris, 1992; Bickel et al., 2009). The commonly known fruit flies include 40% of these species and have been characterized as serious agricultural pests, represented mainly by the Anastrepha, Bactrocera, Ceratitis, Dacus, Rhagoletis, and Zeugodacus genera. The Zeugodacus genus is one of the smallest genera within the Tephritidae and its species are considered more harmful compared to Bactrocera species (Jaleel et al., 2018).

Phylogeny in Diptera has been well studied by traditional classification methods, reflecting morphological adaptions and evolutionary relationships (Amorim, 2000; Bertone et al., 2008). To reveal an accurate understanding in their evolutionary ecology, phylogenetic and morphological analysis have been in progress (Yeates and Wiegmann, 2017). Within Diptera and starting from drosophilids, Muller Elements A-F have been a standard genetic model of how chromosomes are organized and a roadmap to understand gene and chromosomal evolution (Schaeffer, 2018). When the chromosome homologies were established within Drosophilid species, many comparative studies were undertaken in other Diptera. A combination of genetic and molecular studies supported that the chromosome elements retain their essential identity among the closely and distantly related Diptera (Bertone et al., 2008). Cytogenetic analyses have shown that chromosomal rearrangements (CRs) and especially inversions play a key role in Diptera evolution (Ayala and Fitch, 1997; Stevison et al., 2011). There are many models trying to explain how the CRs affect speciation and gene flow (Ayala and Fitch, 1997; Noor et al., 2001; Zacharopoulou et al., 2017). The availability of polytene chromosomes in Diptera provide an exceptional tool for CRs resolution (Zacharopoulou et al., 2017), through both identification of similarities and differences in the banding pattern and in situ hybridization of selected genes, that have pointed to the extended gene order conservation (synteny). Especially in situ hybridization comprises an excellent tool used to detect differences in the gene order and identify minor CRs undetectable with microscopic observation of the polytene chromosomes. Therefore, in situ hybridization verifies proposed chromosomal homologies, supports identification of small CRs, and contributes to the physical mapping of genes of importance, thus correlating the cytological with the physical map, providing also anchor points for improvement of genome sequence assemblies (Ayala and Fitch, 1997; Schaeffer et al., 2008).

Following the publication of the first Tephritidae complete polytene chromosome maps derived from the salivary glands of the Mediterranean fruit fly, Ceratitis capitata (medfly) (Bedo, 1987; Zacharopoulou, 1987, 1990), polytene chromosome maps for more than ten tephritid species have been developed, representing the main genera and species of agricultural importance (Mavragani-Tsipidou et al., 1992; Zambetaki et al., 1995; Zhao et al., 1998; Kounatidis et al., 2008; Garcia-Martinez et al., 2009; Drosopoulou et al., 2010, 2011, 2017; Zacharopoulou et al., 2011a,b; Gariou-Papalexiou et al., 2016). This has made possible to conduct comparative analyses among them, and specific CRs (both small inversions and pericentric inversions) have been recognized in the genus, subgenus, and species level (Zhao et al., 1998; Drosopoulou et al., 2011, 2017; Zacharopoulou et al., 2011a,b, 2017; Augustinos et al., 2015). The most prominent ones have been identified mainly in chromosomes 3, 5, and 6 (Augustinos et al., 2014; Zacharopoulou et al., 2017). For example, a pericentric inversion on polytene chromosome 5 differentiates Ceratitis from Bactrocera, Zeugodacus and Dacus species (Zacharopoulou et al., 2017) while one on chromosome 6 differentiates the Bactrocera from Ceratitis, Zeugodacus and Dacus species analysed so far (Zacharopoulou et al., 2017). Within the Bactrocera genus comparative studies showed that differences are restricted mainly to the 3L (Left) and 2R (Right) chromosome arms (Augustinos et al., 2015).

Recently, the subgenus Zeugodacus was separated from the other Bactroceras and was elevated to genus level (“Zeugodacus”) (Virgilio et al., 2015). Following this classification, Z. cucurbitae was the only species up to now that had available polytene chromosome maps following the numbering of medfly (Zacharopoulou et al., 2011b; Zacharopoulou and Franz, 2013).

Zeugodacus tau is commonly found in Asia (Meyer et al., 2015; Vargas et al., 2015; Freidberg et al., 2017). It is a highly polyphagous fruit pest and mainly infests fruits of Cucurbitaceae, Moraceae, Myrtaceae, Sapotaceae, and Solanaceae (Kitthawee and Dujardin, 2010; Yong et al., 2017). Morphological and genetic data from previous studies revealed a complex of species inside Z. tau (Baimai et al., 2000). The mitotic karyotype of Z. tau is 2n = 12 (Baimai et al., 2000) (one pair of sex chromosomes and five pairs of autosomes), like the majority of analyzed tephritids (Zacharopoulou et al., 2017). Previous studies in Z. tau complex revealed seven different chromosomal forms (A,B,C,D,E,F, and G) (Baimai et al., 2000). Based on the different amount and distribution of constitutive heterochromatin in metaphysis chromosomes, these seven forms were combined in three groups with groups 1 and 2 representing very closely related species within the complex (Baimai et al., 2000).

The fact that Z. tau has a wide distribution and high invasive ability, has put it in the spectrum of the sterile insect technique (SIT) which is considered as a major component of Area-wide Integrated Pest Management (AW-IPM). Cytogenetic analyses, and specifically the development of polytene chromosome maps for many tephritid species as well as the analysis of CRs, and particularly translocations, are considered a major contribution to the development and characterization of genetic sexing strains (GSS) which are essential for the development and implementation of an efficient and cost-effective SIT (Zacharopoulou et al., 2017; Franz et al., 2021). GSS have been developed for three important tephritid pest species, C. capitata, B. dorsalis and Z. cucurbitae, with all three strains sharing the same selectable marker which determines the color of the puparium, the white pupae (wp) gene (McCombs and Saul, 1995; McInnis et al., 2004). Recent studies resulted to the identification of the white pupae gene (wp) and its localization, by in situ hybridization, on the 5R chromosome arm in all three species (Ward et al., 2021). Besides characterization of GSS, cytogenetic studies have great importance in species delimitation, incorporated in integrative taxonomy approaches, thus facilitating both SIT applications (a species-specific control method) and decision-making in quarantine policies (Augustinos et al., 2014; Schutze et al., 2015; Zacharopoulou et al., 2017).

Wolbachia is an Alphaproteobacterium, considered mainly as a ‘reproductive parasite’, and involved in the manipulation of its host reproductive behavior through phenotypes including (not exclusively) male killing, feminization, parthenogenesis, and cytoplasmic incompatibility (Saridaki and Bourtzis, 2010). Its presence and possible phenotypes in tephritids has been recently reviewed in Mateos et al. (2020). Due to the integration of Wolbachia genes and perhaps whole genomes onto insect chromosomes, the involvement of this symbiont in chromosomal asynaptic phenomena in Diptera has been proposed (Hotopp et al., 2007; Drosopoulou et al., 2011). A direct correlation between the presence of Wolbachia and occurrence of asynapsis has not been established yet.

Here, we present (a) the salivary gland polytene chromosomes of Z. tau, (b) the in situ localization of four gene markers, previously localized on the polytene chromosomes of other tephritids, on the polytene chromosomes of Z. tau and Z. cucurbitae, and (c) a comparison between the polytene chromosomes of the two Zeugodacus species. Our main interest was to identify chromosomal similarities and differences between the species in the Zeugodacus genus and, through comparison with other tephritids where polytene chromosome and in situ data are available, to specify how closely related Z. tau and Z. cucurbitae are. We did so by comparing polytene chromosome banding pattern homologies and in situ localization of previously used gene markers.



MATERIALS AND METHODS


Insect Strains

The Z. tau and Z. cucurbitae fly strains (originated from China) used in the present study were maintained at 25 ± 1°C, 48% RH and 14/10 h light/dark cycle at the Insect Pest Control Laboratory of the Joint FAO/IAEA Center of Nuclear Techniques in Food and Agriculture, Seibersdorf, Austria (IPCL). Adults were provided ad libitum water and a mixture of sugar and yeast hydrolysate (3:1 ratio), while larvae were reared with standard carrot-based diet as described previously (Ward et al., 2021).



Mitotic Chromosome Preparations

Chromosome spreads were prepared from brain ganglia of late third instar larvae as described in Bedo (1987), Zacharopoulou (1990), Mavragani-Tsipidou et al. (2014). Briefly, brain tissue was dissected in saline solution 0.7% NaCl and transferred to hypotonic solution 1% sodium citrate on a depression slide for at least 15 min and then fixed for 3 min in freshly prepared fixative solution (3:1 methanol: acetic acid), with several changes to ensure the complete removal of water. At the end of the fixation, the fixative was removed and a small amount of 60% acetic acid was added. Tissue was dispersed using a micropipette and the cell suspension was dried by laying it on a clean slide placed on a hotplate (40-45°C). Chromosomes were stained with 5% Giemsa in a 10 mM phosphate buffer, pH6.8. Chromosome slides were analyzed at 600 X or 1,000 X combined magnification using a phase contrast microscope (Leica DMR), and photographs were taken using a CCD camera (ProgRes CCD Research camera CFcool: JENOPTIK Optical Systems GmbH, Germany).



Polytene Chromosome Preparations

Polytene chromosome preparations were made from salivary glands of third-instar larvae as described previously (Zacharopoulou, 1987; Mavragani-Tsipidou et al., 2014). Larvae were dissected quickly in 45% acetic acid, and salivary glands were transferred to HCl (3 N) for 1 min, fixed in fixation solution (3 parts acetic acid: 2 parts water: 1 part lactic acid) for approximately 5 min until the tissue is transparent, and stained in lacto-acetic orcein for 5-7 min. Before squashing, any excess stain was removed by washing the glands in fixation solution. Chromosome slides were analyzed at a combined magnification of 1,000× using a phase contrast microscope (Leica DMR.), and photographs were taken using a CCD camera (ProgRes CCD Research camera CFcool: JENOPTIK Optical Systems GmbH, Germany).



In situ Hybridization

Polytene chromosome preparation for in situ hybridization were made from salivary glands of third-instar larvae as described previously (Zacharopoulou, 1990; Mavragani-Tsipidou et al., 1992, 2014). The glands were dissected in 45% acetic acid and placed on a coverslip in a drop of fixation solution (3 parts glacial acetic acid: 2 parts water: 1 part lactic acid) until been transparent (approximately 5 min). The coverslip was picked up with a clean slide. After squashing, the quality of the preparation was checked by a phase contrast microscope. Satisfactory preparations (well spread, not- broken, more than 10 nuclei) were let to flatten overnight at −20°C and dipped into liquid nitrogen until the babbling stopped. The coverslip was immediately removed with a razor blade and the slides were dehydrated in absolute ethanol, air dried, and kept at room temperature.

Three heterologous and one homologous DNA probes were tested (Table 1). These were the cloned genomic sequences of the hsp70 and hsp83 genes of C. capitata (Papadimitriou et al., 1998; Theodoraki and Mintzas, 2006), the scarlet gene of Bactrocera tryoni (Zhao et al., 1998) as well as a PCR amplified fragment of the white pupae gene of Z. tau. For the white pupae gene, we designed specific primers based on the Z. tau genome sequence (Zt_wp_F: 5′-CGCCAGCCGAGATTGAA-3′, Zt_wp_R: 5′-CTATATACTCGGCGAATTGGGTCA-3′). Amplification was performed with the Platinum II Hot Start PCR Master mix following the manufacturer’s suggestions. The PCR product was electrophorized and cleaned up with the kit Zymo research (United States). All DNAs were labeled with digoxigenin (DIG) using the “DIG-DNA Labeling and Detection” kit (Roche, Germany) following the manufacturer’s suggestions. More specifically, the DNA (120 ng in 15 μl final volume) was boiled for 10 min, ice-chilled and mixed with 2 μl Hexanucleotide Mix 10x, 2 μl dNTP Labeling Mix and 1 μl Klenow enzyme labeling grade. After an overnight incubation at 37°C, the reaction was stopped by adding 2 μl 0.2 M EDTA (pH 8.0), 5 μl distilled water, 25 μl 20x SSC, 50 μl formamide and stored at −20°C.


TABLE 1. Localization of gene markers on the polytene chromosomes of Bactrocera dorsalis, Ceratitis capitata, Zeugodacus cucurbitae, and Zeugodacus tau.
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In situ hybridization was performed essentially as described previously (Mavragani-Tsipidou et al., 2014). Before hybridization, stored chromosome preparations were hydrated for 2 min in each solution of 70, 50, 30% ethanol and then placed in 2xSSC at room temperature for 2 min. The chromosomes were stabilized in 2xSSC at 65°C for 30 min, denatured in 0.07 M NaOH for 2 min, washed in 2×SSC for 30 s, dehydrated in 30, 50, 70, and 95% ethanol for 2 min, and air dried. Hybridization was performed on the same day by adding 15 μl of denatured probe (boiled for 10 min and ice-chilled). Slides were covered with a siliconized coverslip, sealed with rubber cement, and incubated at 45°C overnight in a humid box.

At the end of incubation, the coverslips were floated off in 2×SSC and the slides were washed in 2×SSC for 3 × 20 min at 53°C. Detection was performed using reagents from the “DIG-DNA Labeling and Detection” kit (Roche, Germany). Slides were submerged subsequently in washing buffer (100 mM tris-HCl pH7.5/150 mM NaCl) for 5 min, blocking solution (blocking reagent 0.5% in washing buffer) for 30 min and again washing buffer for 1 min. The antibody mix (1:500 Anti-Digoxygenin-AP Fab fragments in blocking solution) was added on each slide, incubated in a humid box for 45 min at room temperature and washed in washing buffer for 2 × 15 min. Slides were submerged in detection buffer (100 mM Tris-HCl pH 9.5/100 mM NaCl) for 2 min and 1 ml of color substrate solution (1:50 NBT/BCIP solution in detection buffer) was placed on the hybridization area of each slide and incubated for 40 min in the dark at room temperature. After removal of the color substrate solution and rinsing in water, the slides were stained for 1 min in 5% Giemsa solution. Two to three preparations and at least seven to ten well spread nuclei per preparation were analyzed for the identification of the hybridization signals for each probe. Hybridization sites were photographed at a combined magnification of 1,000x using a phase contrast microscope (Leica DMR.) and a CCD camera (ProgRes CCD Research camera CFcool: JENOPTIK Optical Systems GmbH, Germany, and identified with reference to the salivary gland chromosome maps of Z. cucurbitae (Zacharopoulou et al., 2011b) and Z. tau (present study).



Construction and Numbering of Polytene Chromosome Maps

We constructed the polytene chromosome maps of five arms (2R, 3L, 3R, 5R, 6R) by combining many photos of nuclei and processing them with the Photoshop CS6 software. The numbering system was based on that previously used for the construction of polytene chromosome maps in Drosophila and other insect species (Lefevre, 1976; Gariou-Papalexiou et al., 2002). The insect genome was separated to 1 - 100 regions starting always from the telomeric region of 2L arm until the telomeric region of the 6R arm. The tips of the left arms are on the left side and their centromeres on the right. For the right arms, the tips are on the right side and the centromeres in the left side, respectively. The numeration is ascending from left to the right.



Wolbachia Screening

Total DNA was extracted from 20 individuals (10 males and 10 females) per laboratory population of Z. tau (China), Z. cucurbitae (Thailand), and Z. cucurbitae (Mauritius), using the CTAB protocol (Doyle and Doyle, 1990). Screening for Wolbachia was performed by PCR with the Wspec F/R primer pair (Werren and Windsor, 2000).




RESULTS


The Mitotic Karyotype of Zeugodacus tau

The mitotic karyotype of the IPCL wild-type strain of Z. tau consists of six chromosome pairs (five autosome pairs and an XX/XY sex chromosome pair) (Figure 1). Although the sex of the third instar larvae cannot be morphologically determined, the male is the heterogametic (XY) sex in all tephritids analyzed so far (Zacharopoulou, 1987; Drosopoulou et al., 2017; Zacharopoulou et al., 2017). Two of the autosome pairs are metacentric, while the rest of the autosomes are submetacentric, although it is difficult to distinguish them. The sex chromosomes are the smallest and the most heavily stained (Figure 1). The X chromosome is metacentric with one euchromatic and one heterochromatic arm (Figures 1A,B). The Y chromosome (Figures 1C,D) is totally heterochromatic and appears as a dot.


[image: image]

FIGURE 1. Zeugodacus tau mitotic karyotype. Giemsa staining of mitotic metaphases from female (A,B) and male (C,D) larvae. X and Y chromosomes are indicated.




The Polytene Complement of Zeugodacus tau

The polytene chromosomes of Z. tau are not an easy material to work with, mainly due to frequent chromosome fragmentation, the numerous weak points, and the coiling of chromosomes. Ectopic pairing is also frequently observed. The polytene nucleus of Z. tau is shown in Figure 2 and Supplementary Figures 1-3. It contains five long banded chromosomes that correspond to the five autosomes of the mitotic karyotype. Sex chromosomes are not polytenized, due to their heterochromatic nature and are apparent as a heterochromatic network (Figure 2). The two arms of each individual chromosome are loosely connected and can often be found separated from each other. Chromosome tips and centromeric regions of each chromosome arm provide landmarks for identification. Several puffs were observed in each chromosome. For each polytene chromosome, the longer arm is designated as left (L) and the shorter one as right (R). The polytene chromosomes were numbered 2-6 to indicate homology to C. capitata polytene chromosomes (Zacharopoulou, 1990). Using tips, centromeres, diagnostic chromosomal regions serving as landmarks, in situ hybridization data, and the extended chromosomal synteny among Z. tau and Z. cucurbitae, chromosomes were divided in 100 numbered divisions.


[image: image]

FIGURE 2. Zeugodacus tau salivary glands cells polytene nucleus. The tips of chromosome arms 2R, 3L, 3R, 4L, 5L, 5R, 6L, and 6R are indicated. Numbered divisions are shown, separated by lines. hn: heterochromatic network. 2RC, 5RC, 6LC, 6RC: centromeric regions of 2R, 5R, 6L, 6R arms, respectively.


Chromosome 2: The tips in both arms as well as the proximal 2L and 2R pericentromeric regions could be readily identified (Figure 2 and Supplementary Figures 1-3). The 2L arm had poor banding morphology and appeared quite diffused (Supplementary Figures 1, 3). The 2R arm had a distinctive banding pattern that facilitated its identification (Figure 2 and Supplementary Figures 1, 2). The regions 1-2, 11-12, 16-19, and 20 were the most important landmarks of the second chromosome as it is shown in Figure 2 and Supplementary Figures 2, 3. The map of the 2R polytene chromosome arm is presented in Figure 3.


[image: image]

FIGURE 3. Reference maps of Zeugodacus tau polytene chromosome arms 2R, 3L,3R 5R, 6R. Numbered divisions are shown, separated by lines. C: centromere.


Chromosome 3: Even though this chromosome had a lot of weak points which made its characterization very difficult, we constructed the polytene chromosome maps of both arms (Figure 3). The tips of the chromosome were easily recognized from their distinct banding patterns. The main landmarks of this chromosome were the regions 21, 23, 25-26, 33, and 40 (Figure 2 and Supplementary Figures 1-3).

Chromosome 4: This chromosome could be easily identified using as landmarks the tips (regions 41 and 60) and the centromere region as well as its characteristic consecutive puffs (region 58-59; Supplementary Figures 2, 4). Other prominent identification landmarks are the regions 43, 44, 46, 48, as well as 54, 56 and 57-59 which are presented in Figure 2 and Supplementary Figures 2, 4.

Chromosome 5: The right arm of this chromosome has a distinctive banding pattern that facilitates its identification. The left arm, which is significantly longer than the right arm, is characterized by its poor banding morphology and the presence of many weak points resulting to frequent fragmentation. However, it could be easily identified using as landmark its tip (region 61). Regions 61-62,65-66,76, 79, 80 were used as the main landmarks for the identification of chromosome 5 (Figure 2 and Supplementary Figures 1-3). The photographic map of the right arm of chromosome 5 is presented in Figure 3.

Chromosome 6: This chromosome is also characterized by its poor banding morphology and the presence of many weak points resulting to frequent fragmentation. However, it could be easily identified using as landmarks its tips (regions 81 and 100). Regions 81-83, 85, 88, 96, 97, 98 and 99-100 were used as the main landmarks for the identification of chromosome 6 (Figure 2 and Supplementary Figure 1). Region 98 usually appears asynaptic. The photographic map of the right arm of chromosome 6 is presented in Figure 3.



Comparison of Zeugodacus tau and Zeugodacus cucurbitae Polytene Chromosomes

The polytene chromosomes of the Z. tau were compared to the polytene chromosome maps of Z. cucurbitae (Zacharopoulou et al., 2011b) revealing extensive banding pattern similarities, but also specific differences.

In detail, the most important landmarks of Z. cucurbitae polytene chromosome 2, regions 1-2, 10-11 and 20, were also identified in Z. tau. The tips in the left and right arms as well as the pericentromeric regions were similar between the two species. The right arm of chromosome 2 was very similar between Z. tau and Z. cucurbitae except for the region 17-19 which was found inverted between the two species (Figure 4).
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FIGURE 4. Banding pattern comparison between 2R reference maps of Zeugodacus tau (Zt) with Ceratitis capitata (Cc), Bactrocera dorsalis (Bd), and Zeugodacus cucurbitae (Zc). Characteristic sections and their relative orientation are indicated. 2R of Cc and Zc modified from Figure 6 of: Zacharopoulou et al. (2011b), and 2R of Bd modified from Figure 5 of: Augustinos et al. (2014).


Regarding the third chromosome, the comparative analysis revealed similarities but also characteristic rearrangements in the 3L polytene arm at the regions 23-26: (a) region 23 of Z. cucurbitae seemed to be inverted and transposed compared to the corresponding region 26 of Z. tau; (b) the region 25 of Z. cucurbitae was inverted and transposed closer to the tip compared to the corresponding region 23 of Z. tau, and (c) the region 26 of Z. cucurbitae was also inverted and transposed compared to the corresponding region 24 of Z. tau (Figure 5). During this comparative analysis, an improved polytene map of chromosome arm 3R of Z. cucurbitae was constructed (Supplementary Figure 5). The 3R arm of Z. cucurbitae appears co-linear to the chromosome arm 3R of Z. tau (Figure 3 and Supplementary Figure 2).
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FIGURE 5. Banding pattern comparison between 3L reference maps of Zeugodacus tau (Zt) with Ceratitis capitata (Cc), Bactrocera dorsalis (Bd), and Zeugodacus cucurbitae (Zc). Characteristic sections, their relative orientation and hybridization site of hsp70 gene are indicated. 3L of Cc and Zc modified from Figure 7 of: Zacharopoulou et al. (2011b), and 3L of Bd modified from Figure 6 of: Zacharopoulou et al. (2017).


The homology of polytene chromosome 4 of Z. tau with that of Z. cucurbitae is supported by their extensive banding pattern similarity suggesting that they are co-linear (Supplementary Figure 4). Comparison of chromosomes 5 and 6 also revealed extensive similarities in respect to their banding pattern in both Zeugodacus species indicating that they may also be co-linear (Figures 2, 3; Supplementary Figures 1-3).



Chromosome Localization of Molecular Markers

Table 1 presents the localization of four gene markers (wp, scarlet, hsp70 and hsp83) by in situ hybridization on the polytene chromosomes of Z. tau and Z. cucurbitae and compares the data with those previously obtained in two other tephritid species, B. dorsalis and C. capitata. In all cases, a unique hybridization signal was detected: (a) hsp70 was detected on region 24 and region 26 on the left arm of chromosome 3 of Z. tau and Z. cucurbitae, respectively, thus confirming the presence of an inversion (Figure 6); (b) hsp83 was localized in the same position at both species, on region 96 on the right arm of chromosome 6 (Supplementary Figure 6); (c) scarlet was detected on region 83 on the left arm of chromosome 6 in both species (Supplementary Figure 7), and (d) wp gene was localized on region 76 on the right arm of chromosome 5 in Z. tau, which is the same region where this gene was recently localized in Z. cucurbitae (Supplementary Figure 8) (Ward et al., 2021).
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FIGURE 6. In situ hybridization of the hsp70 probe with the 3L polytene chromosome arm of Zeugodacus tau and Zeugodacus cucurbitae. Arrows indicate the hybridization signals. The chromosome tips are indicated. Numbered divisions are shown, separated by lines. The corresponding reference map of 3L arm of Zeugodacus tau is presented on the top, and that of Zeugodacus cucurbitae at the bottom modified from Figure 7 of: Zacharopoulou et al. (2011b).




Wolbachia Screening

None of the individuals screened was found positive for Wolbachia. However, since we are referring to laboratory populations, we are not assuming that this is representative of Z. cucurbitae and Z. tau across species range.




DISCUSSION

In this study we present the banding pattern of the polytene chromosomes of Z. tau and we compare it with that of the first cytogenetically analyzed species of Zeugodacus genus, Z. cucurbitae. This comparison revealed extensive similarities between the two species but also characteristic chromosomal rearrangements (inversions) which are mainly localized on the 2R and 3L polytene chromosome arms. This comparative cytogenetic analysis also allowed us to construct the maps for five polytene chromosome arms (2R, 3L, 3R, 5R, and 6R) of Z. tau and to revise the map of the chromosome arm 3R of Z. cucurbitae. Furthermore, we present in situ hybridization data of four genes (wp, scarlet, hsp70 and hsp83) which support the proposed banding pattern similarities as well as the evidence of specific chromosomal rearrangements on chromosome arm 3L which discriminates the two species.

Drosophila melanogaster, and drosophilids in general, have been the Diptera model organism for (cyto)genetic analysis using polytene chromosomes (Garcia and Valente, 2018). The medfly was the first species of the Tephritidae family that had polytene chromosome maps constructed from salivary glands, which have been extensively studied to establish the correlation between the Drosophila Muller elements and medfly’s chromosomes (Zacharopoulou et al., 2017). Unlike Drosophilidae, the lack of evidence clearly identifying ancestral species in this family, hindered also by extensive synteny and chromosomal element conservation (Sved et al., 2016), led to the Medfly polytene chromosome maps being the reference point for all the other polytene chromosome-based studies in this family. Polytene chromosome maps have been constructed for ten additional tephritid species (Drosopoulou et al., 2017; Zacharopoulou et al., 2017) and their study confirmed the maintenance of the Muller chromosomes and provided evidence for extensive synteny (Bedo, 1987; Zhao et al., 1998; Drosopoulou et al., 2017; Zacharopoulou et al., 2017). The present study includes in this repertoire a second Zeugodacus species, Z. tau, confirming the overall chromosomal collinearity which has been recorded in previous studies on other tephritid species but also revealing CRs, in the form of inversions, which could be used as diagnostic markers at the genus and/or species level.

Like in all previously studied tephritid species, Z. tau has ten polytene chromosome arms. By comparing one-by-one each of these chromosome arms with those of Z. cucurbitae, we identified extensive similarity (Figures 2, 4, 5 and Supplementary Figures 1–4) but also distinct chromosomal inversions in the regions 17-19 of 2R and 23-26 of 3L which can be used as landmarks allowing the identification of these two closely related species. By including in the comparative analysis other tephritid species, we detected additional differences (mainly inversions) between members of the Bactrocera and Zeugodacus genera (the latter was previously member of the Bactrocera genus) (Figures 4, 5). The region 17-19 of 2R has the same orientation in C. capitata and Z. cucurbitae but it appears inverted in B. dorsalis and Z. tau (Figure 4). At least three different chromosomal inversions seem to have also occurred during the evolution of Tephritidae in the region 23-26 which have resulted in distinct chromosomal configurations in C. capitata, B. dorsalis, Z. cucurbitae and Z. tau, as shown in Figure 5. In addition, previous studies have unraveled the presence of two pericentric inversions on polytene chromosomes 5 and 6. Bactrocera species have the pericentric inversion on chromosome 6, while Z. cucurbitae and Dacus ciliatus species do not (Zacharopoulou et al., 2017). The lack of the inversion on chromosome 6 of Z. tau, supports the separation of the genus from Bactrocera. In addition, as Wolbachia infection was not detected in the laboratory strains of Z. cucurbitae and Z. tau used in the present study, the asynaptic phenomena observed are most likely not due to this symbiont, although unnoticed horizontal gene transfer events cannot be excluded (Drosopoulou et al., 2011). The identified CRs and in situ hybridization data contribute to the understanding of how closely related species evolve in respect to synteny conservation. Using in situ hybridization, data produced during the analysis of polytene chromosomes can be verified, including the presence of inversions. The in situ localization of gene markers also provides useful landmarks for distinguishing key tephritid pest species as well as entry points which could be useful in genomic studies such as genome assembly (Stratikopoulos et al., 2008; Papanicolaou et al., 2016; Zacharopoulou et al., 2017). Taken together, the availability of polytene chromosome maps and in situ hybridization experiments can contribute to species delimitation and resolution of taxonomic conflicts within Tephritidae, to the characterization of genetic sexing strains through the identification of translocation chromosomal breakpoints and, in general, to the development and implementation of SIT against tephritid pest species since SIT is a species-specific insect pest control method (Zacharopoulou et al., 2017). The in situ hybridization data presented here are limited. We focused on probes having used in the past, aiming mainly to (a) discuss and support previously proposed chromosomal collinearity and rearrangements and (b) to demonstrate the utility of Z. tau polytene chromosomes for cytological mapping. Extensive mapping of selected DNA sequences dispersed in the different polytene chromosome elements is needed to draw more robust conclusion regarding extend of synteny and small CRs, undetected with the microscopic observation of polytene chromosome banding pattern, that have probably taken place in this species.

The lack of extensive genetic/genomic data, along with the rather limited research on polytene chromosomes, restricted in few species of five Tephritidae genera, has not facilitated shedding light to important questions regarding the evolution of tephritids. Unlike other groups, where chromosomal-level changes have occurred in a smaller evolutionary frame, chromosomes in Diptera are highly conserved, evident by the conservation of Muller elements across them. Especially within tephritids, this is documented by the conservation of both main chromosomal elements (6 pairs of chromosomes) and the main characteristics of the chromosomes (such as telomeres and extensive synteny) (Sved et al., 2016). Few studies have tried to address chromosomal evolution of true fruit flies with a recent study based on genome-wide protein coding genes suggesting that the oriental fruit fly, Bactrocera dorsalis is a rather “new” species within tephritids (Jiang et al., 2022). Recent accumulation of genomic resources and chromosomal-level sequencing assemblies in different tephritids including B. oleae (Bayega et al., 2020), B. dorsalis (Jiang et al., 2022), B. tryoni (Sved et al., 2016), C. capitata (Papanicolaou et al., 2016), Z. cucurbitae (Sim and Geib, 2017), supported by cytogenetic analysis, are expected to unravel Tephritidae evolution.
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