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Abstract

:

Simple Summary


The present study comprehensively addressed a taxonomic problem in the Oligonychus punicae species complex. Based on the morphological and molecular data, two spider mite species, namely Oligonychus mangiferus (Rahman and Sapra) and O. vitis (Zaher and Shehata) are synonymized with O. punicae (Hirst). Moreover, DNA-based analysis showed that there are GenBank COI and ITS2 sequences of Oligonychus that need to be revisited to confirm the identity of their voucher specimens. The importance of an integrative taxonomic approach is discussed for the accurate identification of closely related Oligonychus species.




Abstract


To elucidate the taxonomic problems in species delineation within the Oligonychus punicae complex (O. punicae, O. mangiferus, and O. vitis) (Acari: Prostigmata: Tetranychidae), we performed morphological and molecular investigations on mite samples, collected from different hosts/countries. Thirty-nine samples of punicae complex, collected from Egypt, Pakistan, and Saudi Arabia (SA), did not show any considerable morphological differences in females and males. All 39 samples of the punicae complex resembled the original description of O. punicae, while the claimed Mexican O. punicae was distinctively different based on male aedeagus. Molecularly, the low nucleotide diversity ranged from 0% to 2.1% (ITS2-rDNA) and 0% to 1% (COI-mtDNA), and was observed among various DNA sequences of the punicae complex from Egypt, India, Israel, Pakistan, and SA, confirming their identity as one species. The high genetic divergence ranged from 17.2% to 18.8% (ITS2) and 9.2% to 10.2% (COI), observed between the claimed Mexican O. punicae and all other sequences of the punicae complex, indicating that the Mexican sample do not belong to O. punicae. Basing our findings on both morphological and molecular data, we can conclude that O. mangiferus and O. vitis are synonymized with O. punicae. Additionally, this study reveals that the claimed Mexican O. punicae needs to be re-identified.
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1. Introduction


Oligonychus Berlese is the largest genus of spider mites in the family Tetranychidae Donnadieu (Acari: Prostigmata), with 212 species that have been reported so far [1,2]. Differentiation of Oligonychus species is difficult and usually depends on the morphology of the male aedeagus [3,4]. However, both adult sexes are compulsory for the identification of the Oligonychus species. Indeed, exact species identification is usually challenging because of the minute differences in male aedeagus and the limited potential diagnostic characteristics available in females of several Oligonychus species [3,4,5,6,7]. Moreover, the key differential character of the male aedeagus becomes unreliable with improperly mounted specimens (not in a lateral position) or brief morphological descriptions without illustrations of the aedeagus [8,9]. Recently, a comprehensive taxonomic assessment of Oligonychus revealed the presence of various doubtful species [1].



In the genus Oligonychus, the coffeae species subgroup (=ununguis and bicolor subgroups, sensu Pritchard and Baker) was characterized by Mushtaq et al. and assigned 44 species [1]. This subgroup comprises many related Oligonychus species with similar morphological characteristics [4,10]. Therefore, separation among species of this subgroup is usually based on slight differences in aedeagus shape, the size of the female palp spinneret, and is occasionally limited to the inhabited host plant [3,4,10]. Among the members of the coffeae subgroup, three pestiferous Oligonychus species, the avocado brown mite O. punicae (Hirst), the mango red spider mite O. mangiferus (Rahman and Sapra), and the table grape red mite O. vitis (Zaher and Shehata) are mainly distinguished based on minute differences in aedeagal morphology [3,4,7,11,12,13,14,15,16,17]. However, Khanjani et al. considered these aedeagal differences to be “subtle variations” and highlighted the fact that these species are part of the “greatest taxonomic problem” [10] in the coffeae subgroup.



All three closely related Oligonychus species of O. punicae, O. mangiferus, and O. vitis were reported on the common type of host plant, Vitis vinifera L. (Vitaceae) [9,18,19]. Compared to O. vitis, the species O. punicae and O. mangiferus have been recorded on numerous similar hosts in different common localities [20]. However, both of these Oligonychus species were originally reported in neighbouring type localities: O. punicae was reported in Coimbatore, India [18], and O. mangiferus was reported in Faisalabad, Pakistan [9].



Morphotaxonomic studies have highlighted the existence of sibling and cryptic species within Oligonychus, and referred to species complexes, e.g., coffeae complex, punicae complex, pratensis complex, pritchardi complex, perseae complex, subnudus complex, sacchari complex, and ununguis complex [1,3,4,5,6,7,10,21,22,23,24,25]. Such species complexes are difficult to resolve using morphology alone [4]. Therefore, an integrated taxonomic approach using morphological and molecular/biological data is essential to differentiate among/between the closely related Oligonychus species [10,26,27,28].



DNA-based markers, e.g. the internal transcribed spacer region ITS2 of the nuclear ribosomal DNA and the mitochondrial cytochrome c oxidase subunit I (COI) gene have been applied accurately together with morphological data for the identification and confirmation of morphologically related tetranychid species [26,28,29,30,31,32]. The application of integrative taxonomy for species delineation has resolved many problems of synonymy and the misidentification of closely related species in the family Tetranychidae [33,34,35]. Therefore, the main objective of the present study was to apply an integrative taxonomical approach to investigating the species status of the three closely related Oligonychus species belonging to the punicae species complex, O. punicae, O. mangiferus, and O. vitis.




2. Materials and Methods


2.1. Spider Mite Samples Collection, Preservation, and Processing


Forty spider mite samples from the punicae complex were collected from seven host plants in different seasons from various localities within four countries (Figure 1; Table S1). Most of the samples were collected during the period from 2017 to 2022, except for a sample (voucher no.: 105; Table S1) that had been previously collected in 2012 and was identified as O. punicae [36] from Saudi Arabia (SA). A total of 26 samples (voucher no.: 1, 5, 6, 13, 14, 21, 26, 27, 37, 43, 44, 56, 59, 62, 63, 64, 70, 76, 77, 78, 80,104, 105, 134, 137 and 147; Table S1) were collected from various localities within eight SA provinces of Asir, Jouf, Jizan, Makkah, Madinah, Qassim, Riyadh, and Tabuk (Figure 2). Moreover, eight samples (voucher no.: 48, 71, 72, 73, 74, 75, 184, and 185; Table S1) were collected from four different localities and three hosts in Pakistan. Additionally, five samples of O. mangiferus (voucher no.: 42, 178, 180, 181, and 183) and an Oligonychus sp. (voucher no.: 52, previously claimed as O. punicae) [37] were brought from Egypt and Mexico, respectively (Table S1). Some of the collected samples (voucher no.: 6, 27, 70, 72, 74, 75, 78, 104, 134, 137, 147, 184, and 185; Tables S1 and S2) only contained female specimens. The collection details (i.e., collection date, locality, host plant, GPS coordinates, and collector name) of each sample are provided in Table S1. All collected specimens were deposited at the King Saud University Museum of Arthropods (Acarology section), Department of Plant Protection, College of Food and Agriculture Sciences, King Saud University (KSU), Riyadh, Saudi Arabia.



Both adult females and males were mounted on glass slides in Hoyer’s medium under a SZX10 stereomicroscope (Olympus, Tokyo, Japan). Samples were dried in an oven at 30–40 °C for five days. Male aedeagi from the punicae complex samples were imaged using an auto-montage software system (Syncroscopy, Cambridge, UK) attached to a DM2500 phase contrast microscope (Leica, Wetzlar, Germany) and then drawn using Adobe Illustrator software (Adobe Systems Inc., San Jose, CA, USA).




2.2. Morphological Study


Morphological investigations were performed using a BX51 fluorescence microscope (Olympus, Tokyo, Japan) in the Acarology Laboratory, KSU, for all 40 spider mite samples either collected from Egypt, Mexico, Pakistan, or SA (Table S1). In fact, the samples from Egypt (O. mangiferus), Mexico (O. punicae), and Pakistan (O. mangiferus) were initially identified/labelled and sent to us by local Acarologists [37,38] and our colleagues at our request.



Slides with mounted female and male (both dorsal and lateral position) specimens were comprehensively investigated. Diagnostic keys were used to identify the genus [39], subgenus, species group, and subgroup [1]. For the species-level identification, various regionally prepared diagnostic keys were consulted [3,4,11,12,13,16,17,40,41,42,43], as well as a diagnostic key that was prepared recently for the identification of world Oligonychus species [44]. However, due to observed inconsistency and ambiguity in aedeagal characters that were used in previously published keys/descriptions, differentiation among members of the punicae complex (O. punicae, O. mangiferus, and O. vitis) was found to be unreliable. Therefore, to investigate the actual taxonomic status of the punicae complex, a formula was devised by measuring the aedeagal parameters/characters, e.g., length of the shaft dorsal margin (L, measured from the base of the shaft dorsal margin to the level at which the shaft axis line crosses the shaft dorsal margin, the point at which the shaft dorsal margin starts bending downward), the width of the shaft (W, maximum width of the shaft measured near the base of the shaft dorsal margin), the height of the bent aedeagal part (H, measured from the level of the shaft ventral margin to the tip of the bent part), and angle (α) formed between the shaft axis and axis of the bent part (Figure 3).



Moreover, we comprehensively reviewed the taxonomic literature and compared all collected samples with the original descriptions of O. punicae [18], O. mangiferus [9] and O. vitis [19], and their subsequent re-descriptions that were made from different geographical localities [3,4,5,7,10,11,12,13,14,17,25,41,45]. In addition, each sample was compared with the re-description (diagnosis) of O. punicae that was based on the type specimens (syntypes), which were observed by Dr. Jennifer J. Beard [46]. In addition, we tried to obtain and observe the type specimens of O. mangiferus and O. vitis with the help of acarologists in Pakistan and Egypt, respectively.



The types of O. mangiferus and O. vitis could not be observed in the present study, because either the information about the deposition of type specimens was missing in the original description of O. mangiferus [9], or types were lost as we were informed for O. vitis. However, eight samples (voucher no. 48, 71, 72, 73, 74, 75, 184, and 185; Table S1) from Pakistan including the specimens from the exact locality whence the original type of O. mangiferus was previously collected and described for the first time [9], and five samples from Egypt that were sent as O. mangiferus (voucher no. 42, 178, 180, 181, and 183; Table S1) were successfully analyzed. We also requested samples from Indian and Iranian acarologists, but did not receive the specimens of O. punicae from India (its type locality) and Iran.




2.3. Molecular Study


2.3.1. DNA Extraction and Amplification of ITS2 and COI Regions


DNA was extracted from single adult females from 34 mite samples (Table S1) of the punicae complex using a DNeasy mini kit (Qiagen, Hilden, Germany), following the manufacturer’s guidelines. Six samples (voucher no. 75, 105, 178, 180, 181, and 183; Table S1) were not included in the molecular analysis due to the unavailability of sufficient specimens (Table S1). The concentration of the total genomic DNA solutions was assessed by a NanoDropTM One spectrophotometer (Thermofisher Scientific, Waltham, MA, USA). DNA samples were stored at −20 °C after the sample was labelled with the appropriate field information.



The ITS2-rDNA region was amplified from the 34 mite samples using PCR-primers, ITS2-forward (5′-GTCACATCTGTCTGAGAGTTGAGA-3′) and ITS2-reverse (5′-GTARCCTCACCTRMTCTGAGATC-3′) [29]. In addition, COI-forward primer (5′-TGATTTTTTGGTCACCCAGAAG-3′) and COI-reverse primer (5′-TACAGCTC CTATAGATA AAAC-3′) [32] were also used to amplify the COI-mtDNA fragments from 17 of the mite samples (Table S1). The PCR reaction was performed in a 30 μL reaction volume containing 15 μL 2× master mix (Molequle-On, Auckland, New Zealand), 0.4 μL of each 10 µM primer, 2 μL template DNA, and 12.2 μL Nuclease free water from Promega. The PCR conditions were as follows: a denaturation step at 94 °C for 5 min, followed by 35 cycles of a denaturation step at 94 °C for 60 s, an annealing step at 52 °C (for ITS2), and 53 °C (for COI) for 90 s and an extension step at 72 °C for 60 s, and a final extension step at 72 °C for 10 min. The PCR products were assessed in 1.2% agarose gel stained with acridine orange dye in 1× TAE buffer. Gels were observed and picturized using a gel documentation system (Uvitec, Cambridge, UK). For DNA sequencing, the PCR products were then purified using a Molequle-On PCR product purification kit (Molequle-On, Auckland, New Zealand).




2.3.2. DNA Sequencing and Analysis


The purified products of the ITS2 and COI regions were directly sequenced using the same primers at the Macrogen sequencing facility (Macrogen Inc., Seoul, Republic of Korea). A total of 34 ITS2 and 17 COI sequences were obtained from spider mite samples of the punicae complex, representing different locations across four countries (Table S1). The sequences were cleaned and edited using Bioedit software [47]. The cleaned sequences were searched against the NCBI GenBank database using BLASTn. Based on the BLASTn results, homologous and closely related ITS2/COI sequences were retrieved from GenBank and aligned with their counterpart sequences obtained during the present study, using the CLUSTALW multiple alignment tool in Bioedit. The retrieved ITS2/COI sequences from GenBank represented O. punicae, O. mangiferus, and O. vitis, as well as some other closely related Oligonychus species including O. amiensis Ehara and Gotoh, O. clavatus Ehara, O. castaneae Ehara and Gotoh, O. coffeae (Nietner), O. camelliae Ehara and Gotoh, O. gotohi Ehara, O. hondoensis Ehara, O. ilicis (McGregor), O. karamatus Ehara, O. neocastaneae Arabuli and Gotoh, O. pustulosus Ehara, O. perditus Pritchard and Baker, O. tsudomei Ehara, and O. ununguis (Jacobi). All ITS2/COI sequences of the punicae complex samples obtained during the present study were deposited in the NCBI-GenBank database (Table S1).




2.3.3. Phylogenetic and Genetic Distances Analysis


Phylogenetic analyses were conducted to assess the genetic variations within and among different samples of O. punicae, O. mangiferus, O. vitis (the punicae complex), and their closely related Oligonychus species using MEGA-X [48]. Phylogenetic trees were constructed using the neighbour-joining (NJ) and the maximum likelihood (ML) methods of the Tamura–Nei model [49]. The robustness of the tree branches was tested with 1000 replications in a bootstrap analysis [50]. The ambiguous positions in the nucleotides were removed for each sequence pair using the pairwise deletion method. Furthermore, the pairwise p-distances (intraspecific and interspecific genetic divergence) were also calculated using MEGA-X [47].






3. Results


3.1. Morphological Analysis


The morphological investigations did not reveal any distinct differences in males and/or females from the 39 mite samples within the punicae complex (Tables S1 and S2), regardless of the collection localities across three countries (Egypt, Pakistan and SA) and six host plants (C. erectus, P. granatum, M. indica, Rosa sp., unknown host and V. vinifera). All aedeagal morphological parameters (e.g., L, H, W and α; Figure 3) were quite similar, regardless of whether they were collected from Egypt (Table S2; Figure 4D), Pakistan (Table S2; Figure 4E,F), or SA (Table S2; Figure 4A–C,G–H). Moreover, the male aedeagus of the specimens of O. mangiferus (voucher no. 71, Tables S1 and S2; Figure 4E) collected from the exact locality whence the original type was previously collected and described for the first time [9] almost resembled the original description/illustration of O. punicae [18], and did not show any differences.



Exceptionally, only the male aedeagus of the claimed Mexican O. punicae (voucher no. 52, Tables S1 and S2; Figure 5A–D) was consistently different from the other 39 samples (Tables S1 and S2; Figure 4); e.g., the bent aedeagal part (H), was sub-equal, equal or longer than the length (L) of the shaft dorsal margin (vs. one-quarter to less than three-quarters the length of the shaft dorsal margin; Table S2; Figure 4), and the bent aedeagal part was approximately 1.8 to 2.5 times longer (H) than the shaft width (W) (vs. 0.7 to 1.6 times longer than the shaft width, in all other 39 samples; Table S2; Figure 4).




3.2. Molecular Analysis


The estimated pairwise nucleotide p-distances for the ITS2 sequences within the punicae complex ranged from 0.000 and 0.021 (0% to 2.1%) (Table S3). However, the nucleotide p-distances of the ITS2 between the punicae complex and their counterparts in the claimed Mexican O. punicae ranged between 0.172 and 0.188 (17.2% to 18.8%), indicating that the Mexican specimens are not closely related to the punicae complex (Table S3).



According to the ITS2-based NJ and ML phylogenetic trees (Figure 6), 37 sequences (samples) from the punicae complex from five countries (Egypt, India, Israel, Pakistan and SA) clustered together as a separate monophyletic clade with 87% and 94% bootstrap values, respectively (Figure 6). The sequences of the punicae complex were further separated into four haplotypes, namely H1 (Egypt, Israel, Pakistan and SA), H2 (Israel), H3 (India), and H4 (India) (Figure 6; Table S3). Interestingly, the two sequences of claimed Mexican O. punicae were distantly located at the tree bases (Figure 6).



The genetic distances using the COI also showed low divergence (from 0.000 to 0.010; 0% to 1%) among members of the punicae complex from Egypt, India, Pakistan, and SA (Table S4). In addition, there was a low genetic divergence between O. vitis (Accession no. MW517748; India) and the other two members (O. punicae, O. mangiferus) within the punicae complex (Table S4). However, the nucleotide p-distances of the COI between the punicae complex and their counterparts in the claimed Mexican O. punicae ranged between 0.092 and 0.102 (9.2% to 10.2%), indicating that the Mexican specimens are not closely related to the punicae complex (Table S4).



The COI-based NJ and ML trees showed that the clade containing the punicae complex members (along with O. vitis) received a 99% bootstrap value, indicating the monophyletic nature of the three punicae complex members (Figure 7). Additionally, the punicae complex clade of both trees divided into six haplotypes, H1 (SA), H2 (Egypt, Pakistan and SA), H3 (SA), H4 (India), H5 (India), and H6 (India) (Figure 7; Table S4).





4. Discussion


Our results showed no reliable differentiation in the aedeagal parameters among all the various samples of the punicae complex collected from Egypt, Pakistan, and SA (Figure 4; Table S2). However, the relative height of the bent aedeagal part (i.e., H vs. L and W) was consistently different in the claimed Mexican O. punicae (Table S2; Figure 5). The three members (O. punicae, O. mangiferus and O. vitis) of the punicae complex have only been distinguished by slight differences in the aedeagal characters, which can be contradictory and variable among different previous descriptions and/or illustrations of O. punicae (Figure 8; Table S5a), O. mangiferus (Figure 9; Table S5b) and O. vitis (Figure 10; Table S5c) from various geographical locations [3,4,5,7,9,10,12,13,14,17,18,19,25,40,42,45,51,52,53] and considered variations in the present study.



Therefore, we suggest synonymizing O. mangiferus with O. punicae, based on the observed O. mangiferus specimens (voucher no.: 71, 72; Figure 4E; Table S2) collected from the exact locality whence the original type was previously collected and described for the first time [9]. The identity of O. mangiferus has remained ambiguous since its discovery due to the limited original description/illustration, with the key character of the male aedeagus being described briefly (Figure 9A) [9]. The original aedeagal illustration (Figure 9A) of O. mangiferus is vague [9], especially when compared to the male aedeagus of the specimens (Figure 4E) collected from the exact locality whence the original type was previously collected and described for the first time [9]. Moreover, O. mangiferus was described as new to science [9], without any comparison to closely related species being provided, e.g., O. punicae [18]. More recently, several authors have reported O. punicae and O. mangiferus as valid species either alone or together in the same publication [3,4,5,7,10,11,12,13,14,17,25,40,42,43,45,51,52,53]. However, O. mangiferus has not been re-described from its type locality and the original description was overlooked. In the present study, the male aedeagus of O. mangiferus is illustrated (Figure 4E) using the specimens collected from the exact locality whence the original type was previously collected and described for the first time [9] and it is quite similar to the original illustration (Figure 8A) of O. punicae [18].



The molecular data obtained from the ITS2 and COI sequences support the synonymy of O. mangiferus with O. punicae. The obtained intraspecific range (0% to 2.1%;) of the nucleotide diversity using the ITS2 sequences of the punicae complex from Egypt, Israel, India, Pakistan, and SA, aligns well with previous findings on different tetranychid species [29,31,34,35,54]. Previously, the ITS2-intraspecific sequence divergence ranged between 0% and 2% (≤2%) in various tetranychid species, including the three Oligonychus species of O. afrasiaticus (McGregor), O. mangiferus, and O. perseae (Tuttle, Baker and Abbatiello). Moreover, a 0% to 0.4% [54] and 0.2% to 2.5% [31] intraspecific ITS2-sequence divergence was detected among various populations of Mononychellys progresivus (Dorest) and Eutetranychus orientalis (Klein), respectively.



In our research, the intraspecific COI-sequence divergence among the punicae complex samples from Egypt, India, Pakistan, and SA is in agreement with previous tetranychid mite studies [28,30,33,54]. For example, the COI-based intraspecific sequence divergence ranged from 0% to 2.9% for 17 different Oligonychus species [28]. Furthermore, a 0% to 0.2% [54] and 0% to 5% [30] intraspecific COI sequence divergence was observed among various populations of M. progresivus and in different Tetranychus species, respectively.



In the present study, the COI-based molecular data revealed that O. vitis could be another junior synonym of O. punicae. The retrieved COI sequence of O. vitis (GenBank accession no.: MW517748, India) showed very low genetic divergence (0.3% to 0.6%) when compared with the other 19 COI sequences of O. punicae/O. mangiferus from Egypt, India, Pakistan, and SA. This limited variation falls within the range of intraspecific genetic divergence, as previously observed in various tetranychid species [28,30,33,35]. This sequence/sample of O. vitis was collected from the same location in India [55] as the type locality of O. punicae [18].



In the original description of O. vitis [19], the authors compared it with a re-description of O. mangiferus from African samples [51]. Although the male of O. vitis was described, the remarks were mostly based on the female holotype [19]. Additionally, it is questionable whether the original aedeagus illustration (Figure 10A) of O. vitis was drawn in the proper lateral position [19], causing the diagram to show greater dissimilarity from the later re-descriptions/illustrations (Figure 10B–E), either reported from Africa [3,7] or India [13,17]. Meyer [3] differentiated O. vitis from O. mangiferus/O. punicae based on two aedeagal parameters, namely the angle (α) formed between the bent part and shaft, and the relative height of the bent part (H) to the length (L) of the shaft dorsal margin. Our observations showed that these two aedeagal parameters are variable within the punicae complex, and provide insufficient detail to separate O. mangiferus/O. punicae from O. vitis. This conclusion is supported by the various samples of the punicae complex (Figure 4; Table S2) when compared with the previously described aedeagus for O. punicae (Figure 10; Table S5a), O. mangiferus (Figure 9; Table S5b), and O. vitis (Figure 10; Table S5c).



The morphological data also exposed a cryptic Oligonychus species that is claimed as O. punicae in Mexico [37]. Based on the aedeagus morphology, this Mexican cryptic Oligonychus sp. is different (Figure 5) from all the other examined samples of the punicae complex from Egypt, Pakistan, and SA (Figure 4; Table S2). This finding is supported by all previous illustrations of O. punicae, O. mangiferus, and O. vitis (Figure 8, Figure 9 and Figure 10; Table S5) [3,4,7,9,10,12,13,14,17,18,19,25,40,42,45,51,52,53]. However, based uniquely on the relative length of the bent aedeagal part to the shaft dorsal margin, the aedeagus shape (Figure 8F) illustrated for the O. punicae population from California [5] shows a reasonable similarity to the aedeagus of the Mexican cryptic Oligonychus sp. in our study (Figure 5).



In addition, the molecular data of ITS2-rDNA and COI-mtDNA confirmed that the Mexican cryptic Oligonychus sp. does not belong to the punicae complex (Figure 6 and Figure 7; Tables S3 and S4). The obtained interspecific range of genetic divergence of ITS2 and COI (17.2% to 18.8%, and 9.2% to 10.2%, respectively) that was detected between O. punicae/O. mangiferus/O. vitis (from Egypt, Israel, India, Pakistan, and SA) and the Mexican cryptic Oligonychus sp., is in accordance with separate species in previous molecular studies on tetranychid mites [28,29]. The ITS2-based interspecific nucleotide divergence ranged from 4.4% to 54.8% and has been observed previously in various tetranychid species including the three Oligonychus species of O. afrasiaticus, O. perseae, and O. mangiferus [29], whereas the COI-based interspecific sequence divergence among the 17 different Oligonychus species ranged from 7.3% to 18.3% [28]. In the present study, the interspecific nucleotide divergence ranged from 12.2% to 13.8% (ITS2, Table S3) and 6.1% to 11.8% (COI, Table S4) between/among different closely related Oligonychus species, excluding the members of the punicae complex.



Additionally, based on our molecular analyses of DNA sequences of ITS2 and COI available in GenBank, O. punicae, O. coffeae, and O. ununguis sequences seem doubtful. For example, the COI sequence (Accession no.: KY474209; Figure 7) of the claimed O. punicae from the USA is highly divergent (8.3%, Table S4) from the claimed Mexican O. punicae (voucher no. 52, Table S1; Figure 7), which we propose as a cryptic Oligonychus sp. Similarly, the ununguis complex (ITS2, Table S3; Figure 6) and the coffeae complex (COI, Table S4; Figure 7) need further work to be resolved. The ITS2 sequence (Accession no.: HQ709242) of O. ununguis from China is highly divergent (11.5%; Table S3) from the ITS2 sequence (Accession no.: JF774179) of O. ununguis from Korea. In addition, the COI sequence (Accession no.: AB683671) of O. coffeae from Japan is highly divergent (8.9%; Table S4) from the COI sequence (Accession no.: KR870322) of O. coffeae from India.




5. Conclusions


In conclusion, the morphological and molecular data of the present study resolved the taxonomic problem of the punicae species complex by suggesting O. mangiferus and O. vitis as junior synonyms of O. punicae. Moreover, the obtained morphological and molecular data propose the claimed Mexican O. punicae [37] as a cryptic Oligonychus sp. that needs to be re-identified. The Mexican cryptic Oligonychus sp. should undergo a taxonomic revision as it is morphologically and genetically distinct from members of the punicae complex (O. punicae, O. mangiferus, and O. vitis). We also propose a revision of the Californian populations of the claimed O. punicae to confirm their taxonomic identity. Furthermore, we emphasize that the aedeagal parameters of the height of the bent part (H), the length of the shaft dorsal margin (L), and shaft width (W) are important aedeagal characteristics for delineating the closely related Oligonychus species. Finally, the present study highlighted the importance of the integrated taxonomic approaches in solving the problems related to species complexes. More studies should be conducted to resolve other species complexes of the genus Oligonychus, e.g., O. coffeae and O. ununguis.
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Author Contributions


Conceptualization, F.J.A., M.K. and H.M.S.M.; methodology, H.M.S.M., M.K. and A.A.S.; software, H.M.S.M. and A.A.S.; validation, F.J.A., M.K. and A.A.S.; formal analysis, H.M.S.M., M.K. and A.A.S.; investigation, F.J.A., M.K. and H.M.S.M.; data curation, H.M.S.M., M.K. and A.A.S.; writing—original draft preparation, H.M.S.M.; writing—review and editing, F.J.A., M.K. and A.A.S.; supervision, F.J.A.; project administration, F.J.A.; funding acquisition, F.J.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia through the project no. (IFKSURG-2-1105).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All necessary data is provided in this paper.




Acknowledgments


The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project no. (IFKSURG-2-1105). Special thanks are due to Teresa Santillan-Galicia (Colegio de Postgraduados, Mexico), Muhammad Afzal (University of Sargodha, Sargodha, Pakistan), Muhammad Hamid Bashir (University of Agriculture, Faisalabad, Pakistan), Fatma A. Marei & SA Abdelgayed (Assiut University, Egypt), Jawwad Hassan Mirza, Jamal Saeed Basahih, Eid Muhammad Khan and Iftekhar Rasool (King Saud University, Riyadh, Saudi Arabia) who all collected specimens from different countries. Without them this study would not have been completed. We are also thankful to Mahmoud Saleh Abdel-Dayem (King Saud University) for his help in creating geographical distribution maps.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mushtaq, H.M.S.; Alatawi, F.J.; Kamran, M.; Flechtmann, C.H.W. The genus Oligonychus Berlese (Acari, Prostigmata, Tetranychidae): Taxonomic assessment and a key to subgenera, species groups, and subgroups. ZooKeys 2021, 1079, 89–127. [Google Scholar] [CrossRef] [PubMed]

	



Mushtaq, H.M.S.; Kamran, M.; Alatawi, F.J. New species, new records, and re-descriptions of two species of the genus Oligonychus Berlese (Acari: Prostigmata: Tetranychidae) from Saudi Arabia. Syst. Appl. Acarol. 2022, 27, 2568–2582. [Google Scholar]

	



Meyer, M.K.P.S. African Tetranychidae (Acari: Prostigmata)—With Reference to the World Genera, Entomology Memoir; Department of Agriculture and Water Supply: Pretoria, South Africa, 1987; pp. 1–175. [Google Scholar]

	



Pritchard, A.E.; Baker, E.W. A Revision of the Spider Mite Family Tetranychidae; Pacific Coast Entomological Society: San Francisco, CA, USA, 1955; pp. 1–472. [Google Scholar] [CrossRef]

	



Jeppson, L.R.; Keifer, H.H.; Baker, E.W. Mites Injurious to Economic Plants. University of California Press: Berkeley, CA, USA; pp. 1–614.

	



Li, J.; Yi, T.C.; Guo, J.J.; Jin, D.C. Ontogenetic development and redescription of Oligonychus pratensis (Banks, 1912) (Acari: Tetranychidae). Zootaxa 2018, 4486, 349–375. [Google Scholar] [CrossRef]

	



Meyer, M.K.P.S. A Revision of the Tetranychidae of Africa (Acari) with a Key to the Genera of the World, Entomology Memoir; Department of Agricultural Technical Services: Pretoria, South Africa, 1974; pp. 1–291. [Google Scholar]

	



Mitrofanov, V.I.; Zapletina, A. A new species of the genus Oligonychus from Azerbaijan. Dokl. Akad. Nauk SSSR 1973, 29, 50–52. [Google Scholar]

	



Rahman, K.A.; Sapra, A.N. Mites of the family Tetranychidae from Lyallpur with descriptions of four new species. P. Indian Acad. Sci. 1940, 11, 17–196. [Google Scholar] [CrossRef]

	



Khanjani, M.; Khanjani, M.; Seeman, O. The spider mites of the genus Oligonychus Berlese (Acari: Tetranychidae) from Iran. Syst. Appl. Acarol. 2018, 23, 223–287. [Google Scholar] [CrossRef]

	



Gupta, S.K. Contribution to our knowledge of tetranychid mites (Acarina) with descriptions of three new species from India. Orient. Insects 1976, 10, 327–351. [Google Scholar]

	



Gupta, S.K. Plant Mites of India, Handbook; Zoological Survey of India: Calcutta, India, 1985; pp. 1–520. [Google Scholar]

	



Gupta, S.K.; Gupta, Y.N. A Taxonomic Review of Indian Tetranychidae (Acari: Prostigmata) with Description of New Species, Redescriptions of Known Species and Keys to Genera and Species; Zoological Survey of India: Calcutta, India, 1994; pp. 1–196. [Google Scholar]

	



McGregor, E.A. Mites of the family Tetranychidae. Am. Midl. Nat. 1950, 44, 257–420. [Google Scholar] [CrossRef]

	



Nassar, O.; Ghai, S. Taxonomic studies on tetranychoid mites infesting vegetable and fruit crops in Delhi and surrounding areas. Orient. Insects 1981, 15, 333–396. [Google Scholar] [CrossRef]

	



Zaher, M.A.; Gomaa, E.A.; El-Enany, M.A. Spider mites of Egypt (Acari: Tetranychidae). Int. J. Acarol. 1982, 8, 91–114. [Google Scholar] [CrossRef]

	



Zeity, M. Tetranychid Mite Fauna of Major Agroecosystems in Karnatka and Some Aspects of Molecular Characterization of Selected Genera of Spider Mites. Ph.D. Thesis, University of Agricultural Sciences, Bangalore, India, 2015. [Google Scholar]

	



Hirst, S. Descriptions of new mites including four new species of “red spider”. Proc. Zool. Soc. Lond. 1926, 96, 825–841. [Google Scholar] [CrossRef]

	



Zaher, M.A.; Shehata, K.K. Oligonychus vitis n. sp. (Acarina: Tetranychidae). Bull. Inst. Egypte 1965, 49, 67–69. [Google Scholar]

	



Spider Mites Web. Available online: http://www1.montpellier.inra.fr/CBGP/spmweb (accessed on 20 October 2022).

	



Cromroy, H.L. A preliminary survey of the plant mites of Puerto Rico. J. Agric. Univ. P. R. 1958, 42, 39–144. [Google Scholar]

	



Ehara, S.; Gotoh, T. Two new species of Oligonychus closely related to Oligonychus gotohi Ehara (Acari: Tetranychidae). Int. J. Acarol. 2007, 33, 15–20. [Google Scholar] [CrossRef]

	



Lara, J.R.; Rugman-Jones, P.F.; Stouthamer, R.; Hoddle, M.S. Population genetics of Oligonychus perseae (Acari: Tetranychidae) collected from avocados in Mexico and California. Fla. Entomol. 2017, 100, 616–626. [Google Scholar] [CrossRef]

	



Li, J.; Yi, T.-C.; Guo, J.-J.; Jin, D.-C. Redescription of three species of Oligonychus (Acari, Tetranychidae) from China. Syst. Appl. Acarol. 2019, 24, 1071–1106. [Google Scholar] [CrossRef]

	



Lo, P.K.C.; Ho, C.C. The spider mite family Tetranychidae in Taiwan I. The genus Oligonychus. J. Taiwan Mus. 1989, 42, 59–76. [Google Scholar]

	



Arabuli, T.; Gotoh, T. A new species of spider mite, Oligonychus neocastaneae sp. nov. (Acari: Tetranychidae), from Japan. Zootaxa 2018, 4378, 563–572. [Google Scholar] [CrossRef] [PubMed]

	



Gotoh, T.; Abe, S.; Kitashima, Y.; Ehara, S. Divergence in host range and reproductive compatibility in three strains of Oligonychus gotohi Ehara (Acari: Tetranychidae). Int. J. Acarol. 2007, 33, 7–13. [Google Scholar] [CrossRef]

	



Matsuda, T.; Hinomoto, N.; Singh, R.N.; Gotoh, T. Molecular-based identification and phylogeny of Oligonychus species (Acari: Tetranychidae). J. Econ. Entomol. 2012, 105, 1043–1050. [Google Scholar] [CrossRef]

	



Ben-David, T.; Melamed, S.; Gerson, U.; Morin, S. ITS2 sequences as barcodes for identifying and analyzing spider mites (Acari: Tetranychidae). Exp. Appl. Acarol. 2007, 41, 169–181. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, T.; Fukumoto, C.; Hinomoto, N.; Gotoh, T. DNA-Based Identification of Spider Mites: Molecular Evidence for Cryptic Species of the genus Tetranychus (Acari: Tetranychidae). J. Econ. Entomol. 2013, 106, 463–472. [Google Scholar] [CrossRef] [PubMed]

	



Mirza, J.H.; Kamran, M.; Saleh, A.A.; Alatawi, F.J. Molecular and phenotypic variations in Eutetranychus orientalis (Klein) populations from Saudi Arabia. PLoS ONE 2020, 15, e0233389. [Google Scholar] [CrossRef] [PubMed]

	



Navajas, M.; Gutierrez, J.; Lagnel, J.; Boursot, P. Mitochondrial cytochrome oxidase I in tetranychid mites: A comparison between molecular phylogeny and changes of morphological and life history traits. Bull. Entomol. Res. 1996, 86, 407–417. [Google Scholar] [CrossRef]

	



Gotoh, T.; Araki, R.; Boubou, A.; Migeon, A.; Ferragut, F.; Navajas, M. Evidence of co-specificity between Tetranychus evansi and Tetranychus takafujii (Acari: Prostigmata, Tetranychidae): Comments on taxonomic and agricultural aspects. Int. J. Acarol. 2009, 35, 485–501. [Google Scholar] [CrossRef]

	



Navajas, M.; Gutierrez, J.; Williams, M.; Gotoh, T. Synonymy between two spider mite species, Tetranychus kanzawai and T. hydrangeae (Acari: Tetranychidae), shown by ribosomal ITS2 sequences and cross-breeding experiments. Bull. Entomol. Res. 2001, 91, 117–123. [Google Scholar] [CrossRef]

	



Zeity, M.; Srinivas, N.; Gowda, C.C. Are Tetranychus macfarlanei Baker & Pritchard and Tetranychus malaysiensis Ehara (Acari: Tetranychidae) one species? Morphological and molecular evidences for synonymy between these two spider mite species and a note on invasiveness of T. macfarlanei on okra and eggplant in India. Syst. Appl. Acarol. 2017, 22, 467. [Google Scholar] [CrossRef]

	



Alatawi, F.J.; Kamran, M. Spider mites (Acari: Tetranychidae) of Saudi Arabia: Two new species, new records and a key to all known species. J. Nat. Hist. 2018, 52, 429–455. [Google Scholar] [CrossRef]

	



Guzman-Valencia, S.; Santillán-Galicia, M.; Guzmán-Franco, A.; González-Hernández, H.; Carrillo-Benítez, M.; Suárez-Espinoza, J. Contrasting effects of geographical separation on the genetic population structure of sympatric species of mites in avocado orchards. Bull. Entomol. Res. 2014, 104, 610–621. [Google Scholar] [CrossRef]

	



Marei, F.A.; Negm, M.W.; Nasser, M.A.; Eraky, S.A. Population dynamics of Oligonychus mangiferus and Aceria mangiferae (Acari: Tetranychidae, Eriophyidae) on two mango cultivars in Assiut governorate, with an annotated checklist of mango mites in Egypt. Int. J. Entomol. Nematol. 2020, 6, 149–155. [Google Scholar]

	



Bolland, H.R.; Gutierrez, J.; Flechtmann, C.H.W. World Catalogue of the Spider Mite Family (Acari: Tetranychidae); Brill Academic Publishers: Leiden, The Netherlands, 1998; pp. 1–392. [Google Scholar]

	



Baker, E.W.; Tuttle, D.M. A Guide to the Spider Mites (Tetranychidae) of the United States; Indira Publishing House: West Bloomfield, MI, USA, 1994; pp. 1–347. [Google Scholar]

	



Ben-David, T.; Ueckermann, E.; Gerson, U. An annotated list of the spider mites (Acari: Prostigmata: Tetranychidae) of Israel. Isr. J. Entomol. 2013, 43, 125–148. [Google Scholar]

	



Tseng, Y.H. A Monograph of the Mite Family Tetranychidae (Acarina: Trombidiformes) from Taiwan; Taiwan Museum Special Publication Series: Taiwan, China, 1990; pp. 1–226. [Google Scholar]

	



Tuttle, D.M.; Baker, E.W.; Abbatiello, M. Spider mites of Mexico (Acarina: Tetranychidae). Int. J. Acarol. 1976, 2, 1–102. [Google Scholar] [CrossRef]

	



Mushtaq, H.M.S.; Kamran, M.; Alatawi, F.J. Keys to World Species of the Genus Oligonychus Berlese (Acari, Prostigmata, Tetranychidae): Taxonomic Notes and New Oligonychus Species; King Saud University: Riyadh, Saudi Arabia, 2022; manuscript in preparation. [Google Scholar]

	



Baker, E.W.; Pritchard, A.E. Arañas rojas de América Central (Acarina: Tetranychidae). Rev. Soc. Mex. Hist. Nat. 1962, 23, 309–340. [Google Scholar]

	



Spider Mites of Australia (Including Key Exotic Southeast Asian Pest Species). Available online: https://keys.lucidcentral.org/keys/v3/spider_mites_australia/key/spider_mites_of_australia/Media/Html/entities/Oligonychus_punicae_Hirst_1926.htm (accessed on 10 July 2022).

	



Hall, T.A. BIOEDIT: A user-friendly biological sequence alignment editor and analysis program for WINDOWS 95/98/NT. Nucl. Acid. S. 1999, 41, 95–98. [Google Scholar]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans and chimpanzees. Mol Biol Evol. 1993, 10, 512–526. [Google Scholar] [CrossRef]

	



Felsen-stein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [Google Scholar]

	



Baker, E.W.; Pritchard, A.E. The tetranychoid mites of Africa. Hilgardia 1960, 29, 455–574. [Google Scholar] [CrossRef]

	



Ben-David, T. Molecular Characterization of Israel’s Spider Mites (Acari: Tetranychidae). Ph.D. Thesis, The Hebrew University of Jerusalem, Jerusalem, Israel, 2008. [Google Scholar]

	



Estebanes-Gonzalez, M.L.; Baker, E.W. Arañas rojas de Mexico (Acarina: Tetranychidae). An. Esc. Nac. Cien. Biol. 1968, 15, 61–133. [Google Scholar]

	



Navajas, M.; Gutierrez, J.; Bonato, O.; Bolland, H.R.; Mapangou-Divassa, S. Intraspecific diversity of the cassava green mite Mononychellus progresivus (Acari: Tetranychidae) using comparisons of mitochondrial and nuclear ribosomal DNA sequences and cross-breeding. Exp. Appl. Acarol. 1994, 18, 351–360. [Google Scholar] [CrossRef]

	



Sivakumar, K.; Kunchithpatham, R. Phytophagous mite diversity of Tetranychus spp. and Oligonychus spp. (Acari: Tetranychidae) found on different host plants in Coimbatore district and surrounding regions. BioSci. Trends 2014, 7, 4113–4117. [Google Scholar]








[image: Insects 14 00003 g001 550] 





Figure 1. Geographical distribution of the (A) 39 spider mite samples of the punicae complex along with the (B) sample of claimed Mexican Oligonychus punicae [37], collected from Egypt, Mexico, Pakistan and Saudi Arabia and seven host plants (Alnus jorulensis, Conocorpus erectus, Mangifera indica, Punica granatum, Rosa sp., Unknown and Vitis vinifera) in the present study (ARCGIS 10.5., esri.com computer software, EsriTM, Redlands, CA, USA). 
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Figure 2. Geographical distribution of Oligonychus punicae in Saudi Arabia, reported on six host plants (Conocorpus erectus, Mangifera indica, Punica granatum, Rosa sp., Unknown & Vitis vinifera) and collected from 26 localities of eight provinces (Asir, Jouf, Jizan, Makkah, Madinah, Qassim, Riyadh, & Tabuk) (ARCGIS 10.5., esri.com computer software, EsriTM, Redlands, CA, USA). 
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Figure 3. Morphological parameters (H: the height of the bent aedegal part; L: the length of the shaft dorsal margin; W: the width of the shaft, and α: the angle formed between the shaft axis and the axis of the bent part) that was measured for comparison of the key differential character of the male aedeagus, among different collected spider mite samples, representing the (A) claimed Mexican Oligonychus punicae (bent part tip bends posteriorly), and (B) O. punicae (bent part tip straight). 
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Figure 4. Illustrations/images of male aedeagi of different spider mite samples of the punicae complex; collected from Egypt {(D), voucher no. 42, Mangifera indica}, Pakistan {(E), voucher no. 71, M. indica—collected from the exact locality whence the original type of Oligonychus mangiferus was previously collected and described for the first time [9]; (F), voucher no. 73, Punica granatum}, and SA {(A), voucher no. 1, M. indica; (B), voucher no. 5 and (H), voucher no. 105, both Conocorpus erectus; (C), voucher no. 21, P. granatum; and (G), voucher no. 80, Vitis vinifera}. 
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Figure 5. Illustrations/images of male aedeagi (A–D) drawn from four specimens of the claimed Oligonychus punicae population [37] collected from Alnus jorulensis in Mexico (voucher no. 52; Table S1), which needs to be re-identified. 
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Figure 6. NJ (A) and ML (B) phylogenetic trees based on ITS2 sequences of 43 spider mite samples, representing different populations of four closely related Oligonychus species. A total of 25 ITS2 sequences were obtained/analyzed from different hosts and regions in Saudi Arabia, one from Egypt, and seven from Pakistan (** including two samples of Oligonychus mangiferus collected from the exact locality whence the original type was previously collected and described for the first time) [9]. Whereas 10 closely related ITS2 sequences were analyzed of O. coffeae, O. mangiferus, O. ununguis, and a cryptic Oligonychus species (*** previously claimed as O. punicae in Mexico) [37] that needs to be re-identified; in addition, O. indicus (* an Oligonychus species from the other subgenus Reckiella Tuttle and baker, used as an out-group taxon). Numbers on tree branches are bootstrap values obtained from 1000 replicates. 
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Figure 7. NJ (A) and ML (B) phylogenetic trees based on COI sequences of 39 spider mite samples, representing different populations of 18 closely related Oligonychus species. A total of 11 sequences were obtained from different hosts and regions in Saudi Arabia, one from Egypt, one from Mexico (***** claimed as O. punicae in Mexico), and four from Pakistan (** including two samples of O. mangiferus collected from the exact locality whence the original type was previously collected and described for the first time) [9]. Whereas 21 COI sequences of various closely related Oligonychus species were analyzed (including *** three sequences of O. mangiferus and one sequence of O. vitis from India; **** one sequence of the claimed Californian O. punicae), and one sequence of O. indicus (* an Oligonychus species from the other subgenus Reckiella Tuttle and baker, was used as an outgroup taxon). Numbers on tree branches are bootstrap values obtained from 1000 replicates. 
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Figure 8. Different aedeagus shapes of Oligonychus punicae; (A), redrawn from original description [18], and redrawn from various redescriptions; (B) [14], (C) [4], (D) [45], (E) [53], (F) [5], (G) [43], (H) [3], (I) [40], (J) [17], and (K) [10]. 
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Figure 9. Different aedeagus shapes of Oligonychus mangiferus; (A) redrawn from original description [9], and redrawn from various redescriptions; (B) [14], (C) [4], (D) [5], (E) [7], (F) [5], (G) [3], (H) [25]30, (I) [42], (J) [41], and (K) [17]. 
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Figure 10. Different aedeagus shapes of Oligonychus vitis; (A) redrawn from original description [19], and redrawn from various redescriptions; (B) [7], (C) [3], (D) [13] and (E) [17]. 






Figure 10. Different aedeagus shapes of Oligonychus vitis; (A) redrawn from original description [19], and redrawn from various redescriptions; (B) [7], (C) [3], (D) [13] and (E) [17].



[image: Insects 14 00003 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Makkah !
K.. m\/ *
E gf. Asir -

Host_Plant
B Conocorpus erectus
X Mangifera indica

| | Punica granatum

# Rosa sp.

* Unknown

® Vitis vinifera

Riyadh

i
}

/
|

|

|
i
|
|

4

iy ]
St ." Najran
- /\\
i - ‘\f‘_\__b_

/

\
e
RN

Eastern Province

1q00 km






media/file18.png





media/file3.jpg
Host_Plant

= Conocorpus erectus
X Mangifera indica

| | Punica granatum

# Rosa sp.

* Unknown

® Vitis vinifera





media/file19.jpg





media/file7.jpg
e e
(T





media/file10.png





media/file14.png
— 21 O. punicae (Saudi Arabia)
42 O. mangiferus (Egypt)

37 O. punicae (Saudi Arabia)
48 O. mangiferus (Pakistan)

1 71 O. mangiferus (Pakistan)**
72 O. mangiferus (Pakistan)**
74 O. mangiferus (Pakistan)
78 O. punicae (Saudi Arabia)

~ ' 147 O. punicae (Saudi Arabia)
1 O. punicae (Saudi Arabia)

59 O. punicae (Saudi Arabia)
62 O. punicae (Saudi Arabia)
651463 O. punicae (Saudi Arabia)
104 O. punicae (Saudi Arabia)
134 O. punicae (Saudi Arabia)
85! | 1137 O. punicae (Saudi Arabia)
% 'l_ MT479179 O. mangiferus (India)***

MW517748 O. vitis (India)***
KX013767 O. mangiferus (India)***
KX669024 O. mangiferus (India)***

ABB83669 O. gotohi (Japan)

AB683666 O. castaneae (Japan)

LC341206 O. neocastaneae (Japan)

AB683671 O. coffeae (Japan)
ABB83653 O. clavatus (Japan)

KY474209 O. punicae (USA)****

AB683660 O. ilicis (Japan)

AB683673 O. amiensis (Japan)

X80866 O. platani (France)

AB683664 O. ununguis (Japan)

ABB83665 O. perditus (Japan)

AB683662 O. camelliae (Japan)

52 O. punicae (Mexico)*****

ABG683655 O. pustulosus (Japan)

AB683658 O. hondoensis (Japan)

KR870322 O. coffeae (India)

AB683656 O. karamatus (Japan)

AB683659 O. tsudomei (Japan)

0.020

KC009700 O. indicus (India)*

A

74 O. mangiferus (Pakistan)
78 O. punicae (Saudi Arabia)
72 O. mangiferus (Pakistan)**
71 O. mangiferus (Pakistan)**
48 O. mangiferus (Pakistan)
42 O. mangiferus (Egypt)
— 37 O. punicae (Saudi Arabia)
147 O. punicae (Saudi Arabia)
— 21 O. punicae (Saudi Arabia)
1 O. punicae (Saudi Arabia)
59 O. punicae (Saudi Arabia)
62 O. punicae (Saudi Arabia)
63 O. punicae (Saudi Arabia)
104 O. punicae (Saudi Arabia)
134 O. punicae (Saudi Arabia)
99 137 O. punicae (Saudi Arabia)
— MT479179 O. mangiferus (India)***
MW517748 O. vitis (India)***
KX013767 O. mangiferus (India)***
KX669024 O. mangiferus (India)***
AB683669 O. gotohi (Japan)
AB683666 O. castaneae (Japan)
LC341206 O. neocastaneae (Japan)
KY474209 O. punicae (USA)****
AB683660 O. ilicis (Japan)
AB683653 O. clavatus (Japan)
KR870322 O. coffeae (India)
AB683659 O. tsudomei (Japan)
AB683656 O. karamatus (Japan)
AB683673 O. amiensis (Japan)
X80866 O. platani (France)

L‘ AB683658 O. hondoensis (Japan)
L AB683655 O. pustulosus (Japan)
AB683662 O. camelliae (Japan)
L 52 O. punicae (Mexico)*"***
I I AB683664 O. ununguis (Japan)

L AB683665 O. perditus (Japan)

ABB83671 O. coffeae (Japan)

KC009700 O. indicus (India)*

0.020





media/file11.jpg





media/file6.png
sixe 1ied juag






media/file15.jpg
LU el
Ll





nav.xhtml


  insects-14-00003


  
    		
      insects-14-00003
    


  




  





media/file16.png





media/file2.png
@ Le ’ on Afghanistan /S"

Paki$¥3n

%

Egypt

Host_Plant X ¥
® Conocorpus erectus Pl
~Mangifera indica

X Punica granatum

® Rosa sp.

+ Unknown

* Vitis vinifera

3 14

United States

0 1500 km
b ’ ' '

Yemen

Mexico

Host Plant
® Alnus jorulensis

0 - 1500 km






media/file20.png





media/file5.jpg





media/file1.jpg





media/file12.png
185 O. mangiferus (Pakistan)
DQ656486 O. mangiferus (Israel)
184 O. mangiferus (Pakistan)
147 O. punicae (Saudi Arabia)
137 O. punicae (Saudi Arabia)
134 O. punicae (Saudi Arabia)
104 O. punicae (Saudi Arabia)
80 O. punicae (Saudi Arabia)
78 O. punicae (Saudi Arabia)
77 O. punicae (Saudi Arabia)
76 O. punicae (Saudi Arabia)
74 O. mangiferus (Pakistan)
73 O. mangiferus (Pakistan)
72 O. mangiferus (Pakistan)**
71 O. mangiferus (Pakistan)™*
70 O. punicae (Saudi Arabia)
55| 64 O. punicae (Saudi Arabia)
63 O. punicae (Saudi Arabia)
62 O. punicae (Saudi Arabia)
59 O. punicae (Saudi Arabia)
56 O. punicae (Saudi Arabia)
48 O. mangiferus (Pakistan)
44 0. punicae (Saudi Arabia)
43 O. punicae (Saudi Arabia)
42 O. mangiferus (Egypt)
37 O. punicae (Saudi Arabia)
27 O. punicae (Saudi Arabia)
26 O. punicae (Saudi Arabia)
21 O. punicae (Saudi Arabia)
14 O. punicae (Saudi Arabia)
g7 | 13 O. punicae (Saudi Arabia)
— | 6 O. punicae (Saudi Arabia)
1 O. punicae (Saudi Arabia)
5 O. punicae (Saudi Arabia)
- MNS69994 O. mangiferus (India)

— KC283029 O. mangiferus (India)
EF433286 O. mangiferus (Israel)
— HQ709242 O. ununguis {China)
JF774179 O. ununguis (Korea)
q_,; AY750706 O. coffeae (Taiwan)
52 O. punicae (Mexico)***
99 | KC352302 O. punicae (Mexico)***

MN190324 O. indicus (India)*

1 O. punicae (Saudi Arabia)

5 O. punicae (Saudi Arabia)

6 O. punicae (Saudi Arabia)
13 O. punicae (Saudi Arabia)
14 O. punicae (Saudi Arabia)
21 O. punicae (Saudi Arabia)
26 O. punicae (Saudi Arabia)
27 O. punicae (Saudi Arabia)
37 O. punicae (Saudi Arabia)
42 O. mangiferus (Egypt)

43 O. punicae (Saudi Arabia)
44 0. punicae (Saudi Arabia)
48 O. mangiferus (Pakistan)
56 O. punicae (Saudi Arabia)
59 O. punicae (Saudi Arabia)
62 O. punicae (Saudi Arabia)
63 O. punicae (Saudi Arabia)
64 O. punicae (Saudi Arabia)
70 O. punicae (Saudi Arabia)
71 O. mangiferus (Pakistan)**
72 O. mangiferus (Pakistan)**
73 O. mangiferus (Pakistan)
74 O. mangiferus (Pakistan)
76 O. punicae (Saudi Arabia)
77 O. punicae (Saudi Arabia)
78 O. punicae (Saudi Arabia)
[ KC283029 O. mangiferus (India)

EF433286 O. mangiferus (Israel)
MN969994 O. mangiferus (India)

80 O. punicae (Saudi Arabia)

104 O. punicae (Saudi Arabia)

134 O. punicae (Saudi Arabia)

137 O. punicae (Saudi Arabia)

] 147 O. punicae (Saudi Arabia)

184 O. mangiferus (Pakistan)

51 185 O. mangiferus (Pakistan)

| DQB656486 O. mangiferus (Israel)

— HQ709242 O. ununguis (China)

— AY750706 O. coffeae (Taiwan)
—— JF774179 O. ununguis (Korea)

52 O. punicae (Mexico)***
100 ' KC352302 O. punicae (Mexico)***

MN190324 O. indicus (India)*

0.10





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg





