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The hoverfly Eristalinus arvorum (Fabricius, 1787) (Diptera: Syrphidae), which belongs to the tribe Eristalini, is well known as a pollinating agent for crops and flowering plants in agricultural and natural ecosystems. Large quantity, wide distribution and their ecological function of the hoverfly E. arvorum make them an appropriate candidate for use as pollinators and environmental indicator species. However, little information has been known on the morphology and the biological cycle of the hoverfly. In this study, feeding experiments under artificial climate chamber and morphological qualitative and quantitative observations were carried out to study the morphology and the biological cycle of the hoverfly E. arvorum. The morphology of eggs, larvae, pupae, and adults of E. arvorum were described in detail for the first time. A complete generation of E. arvorum lasts about 30.12 ± 0.14 days, and there is no significant difference in body length between males (10.27 ± 0.29 mm) and females (11.16 ± 0.45 mm). The most noteworthy morphological features of E. arvorum are the stripes on the compound eyes, the mesonotum, and the abdomen of adults, the chorionic structure consisting of fusiform units on the egg's surface, and the anterior spiracles and pupal spiracles of the pupae. Thus, the detailed description based on morphology and life history will provide the basis for the identification, biodiversity conservation and artificial breeding of the hoverfly E. arvorum.
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Introduction

Hoverflies belong to the family Syrphidae (Insecta: Diptera) and are one of the most diverse groups in Diptera. At present, there are more than 9,600 known species of hoverflies in the world (Montoya et al., 2012; Zhou et al., 2021), with China being home to 800 of those species from 200 different genera, accounting for one-tenth of the world's species. The life habits of hoverfly larvae are complex and can be divided into predatory, phytophagous, and saprophagous hoverflies based on their feeding habits (Heiss, 1938; Reemer, 2013). The larvae of predatory hoverflies are important natural enemies and can prey on aphids, scale insects, and plant hoppers (Sarthou et al., 2005; Rijn et al., 2013). The larvae of saprophagous hoverflies are the decomposers of ecosystems, feeding on decaying animals and plants, animal feces, and other organic material (Hodson, 1932; Ricarte et al., 2011; Mielczarek et al., 2016; Campoy et al., 2020a). Some of the larvae of phytophagous hoverflies are pests and feed on the roots, stems, and leaves of plants (Creager and Spruijt, 1935; Ricarte et al., 2008, 2017; Nunes-Silva et al., 2010; Dumbardon-Martial, 2016).

Most adult hoverflies visit flowers, feeding on pollen and nectar to supplement nutrition and complete sexual development (Grković et al., 2015; Djellab et al., 2019), they are well-known pollinators of crops, ornamentals, and wild angiosperms (Klecka et al., 2018). Hoverflies are second only to bees as pollinators and even better than bees for some plants (Gladis, 1996). Sánchez et al. (2022) found that pollination by hoverflies could improve the yield and fruit quality of mango under protected cultivation (Sánchez et al., 2022). Ollerton et al. (2012) found that hoverflies play a greater role in pollination than western honeybees. For some plants, hoverflies are the only pollinators; for example, only two species of hoverflies have been found to pollinate the Paphiopedidae (Bänziger, 2002).

Not only do the adults of saprophagous hoverflies visit a variety of flowers, but their larvae can also serve as pollution indicators (Burgio and Sommaggio, 2007). The larvae appear in places with a lot of bacteria in the water and can remove decaying organic material that pollutes the environment (Sommaggio and Burgio, 2014; Moquet et al., 2018; Dunn et al., 2020). Saprophagous hoverflies prey on ~45% of all known aphids in China. Eristalinus arvorum belongs to Eristalinus Rondani 1945, the subfamily Eristalinae, and is one of the dominant species of hoverflies in southern China. The adults of this species visit a wide range of flowers (Layek et al., 2022) and are commonly found on flowers of vegetable and cash crops such as Brassicaceae, Asteraceae, Labiatae, Rosaceae, Umbelliferae, Leguminosae, and Liliaceae (Van de Weyer and Dils, 1999; Dousti and Hayat, 2006; Almohamad et al., 2009). However, limited research has been conducted on E. arvorum. The main objective of this research was to study the morphological characteristics and the biological cycle of E. arvorum to improve the artificial rearing and crop pollination applications of this species.



Materials and methods


Sample collection

Adults of E. arvorum were collected in the field and kept in a bug dorm (30 cm × 30 cm × 30 cm) with tea pollen and 20% honey water for feeding and soaked grains for laying eggs. Each egg was placed separately in a Petri dish with artificial diets for hatching. When the larvae reached their third instar, they were put into a container with a layer of sawdust for pupation. Pupae were isolated in individual Petri dishes and inspected daily until the emergence of adults. Rearing of E. arvorum was performed in a growth chamber at 25 ± 1°C, 70 ± 5% RH, and a constant photoregime of 12L:12D. A total of 120 eggs were selected and raised well into adulthood, and their life histories were observed and recorded daily.

Third-instar larvae were selected as samples for preservation. For permanent preservation, larvae were immersed in cold water to extend them and then heated slowly for about 4 min to kill them. After this, they were preserved in 70% alcohol (Pérez-Bañón et al., 2013; Campoy et al., 2020b). Descriptions were based on preserved specimens, with larval characters checked against living specimens to minimize errors due to preservation (Pérez-Bañón et al., 2013).



Morphological image

Samples of the hoverfly E. arvorum from eggs, the first-instar, second-instar, and third-instar larvae, pupae, and adults were collected during the rearing process and then killed cryogenically. The samples were fixed on the sample stage with the double-sided conductive tape of the scanning electron microscope (SEM) and then sputtered with a thin layer of gold (Pérez-Bañón et al., 2013; Campoy et al., 2020b). Once the samples were prepared for observation, they were transferred to the SEM. Secondary electron images were observed and recorded by an SEM-6380LV scanning electron microscope. Eggs, pupal spiracles, and anterior spiracles with a low water content were studied by SEM and others using a stereomicroscope with an imaging system.



Statistical analysis

Twenty samples of male and female adults were measured using the microscopic image measurement software Digimizer 3.2. SPSS 19.0 software was used for conducting the statistical analysis, and the independent samples t-test was used to analyze the difference in the bodies of male and female adults.




Results


Biological habits

The individual development of E. arvorum goes through four stages: eggs, larvae, pupae, and adults, and the larval stage goes through three instars. E. arvorum can be reared in captivity, and a complete generation lasts about 30.12 ± 0.14 days (Figure 1). The life history varies with temperature. At a temperature of 25°C, the egg stage lasts about 3.24 ± 0.05 days, and the larval stage lasts about 11.38 ± 0.33 days. It takes about 3.53 ± 0.16 days from the first-st to the second-instar larvae, about 4.12 ± 0.02 days from the second- to the third-instar larva, and about 4.28 ± 0.03 days from the third-instar larva to pupal stage. The pupal stage lasts about 7.24 ± 0.13 days. Adult development to sexual maturity takes about 9.38 ± 0.02 days. Larvae can feed on rotten grains, and pupae can pupate on sawdust. Adults feed on nectars and pollens to complete their development and reproduction, enjoy the sun, and live for about 1 to 2 months. The female adult lays 100–150 eggs at a time.


[image: Figure 1]
FIGURE 1
 Life history of Eristalinus arvorum.




Adult body data

The adult body of E. arvorum is divided into three parts: the prosoma, the mesosoma, and the abdomen. The prosoma bears a pair of antennae, which are divided into the scape, the pedicel, and the flagellum from base to end. The scape in females is significantly longer than that in males (Table 1, P < 0.01), but the overall length of the antenna is shorter in females than in males (Table 1, P < 0.05). The mesosoma bears two pairs of wings and three pairs of legs. The foreleg and hindleg are significantly longer in females than in males (Table 1, P < 0.05). The body length of females is slightly longer than that of males, although there is no significant difference (Table 1).


TABLE 1 The adult morphological data of Eristalinus arvorum.
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Description of the morphological characteristics
 
Egg

The mean lengths of eggs are 1.2 ± 0.12 mm, and the mean maximum widths are 0.35 ± 0.04 mm. Each female adult can lay dozens to hundreds of eggs at a time, depending on the nutritional conditions. Eggs are white when recently laid, become light gray before hatching, and become elongated and rounded at both extremes (Figures 2A,B). The chorionic structure comprises fusiform units, which are branched and deeply hollowed in the middle (Figures 2C,D). The ventral surface is slightly flattened, whereas the dorsal side is convex (Figure 2E). There is a small bulge at the thinner end of the fertilization hole (Figure 2F).


[image: Figure 2]
FIGURE 2
 Egg of Eristalinus arvorum: (A) front view of the egg, (B) the thinner end of the egg, (C) egg reticulation, (D) egg reticulation, (E) egg top view, (F) egg hole.




Larva

The larvae are called “rat-tailed maggots” because they have a very long anal segment and a telescopic breathing tube that can extend to the surface of the water. The body is roughly cylindrical with a sub-cylindrical cross-section. The body color is white in the early stage and becomes gray-brown in the later stage. The dorsal and ventral surfaces are slightly flat. The front end is blunt, and the rear end is tapered. The ventral surface is flat and covered with short spicules, while the dorsal side is slightly convex and fully covered with long pubescence backward. The cuticle appears milky-light gray and is slightly translucent when the larva is alive. The first instar larvae (Figures 3A,B) and the second instar larvae (Figures 3C,D) were similar to the third instar larvae (Figures 3E,F) in general morphology. Excluding the posterior trachea, the body lengths of the first instar larvae are 1.51 ± 0.04 to 7.02 ± 0.33 mm (Figures 3A,B), the second instar larvae are 7.02 ± 0.33 to 11.27 ± 0.18 mm (Figures 3C,D) and the third instar larvae are 11.27 ± 0.18 to 23.21 ± 0.07 mm (Figures 3E,F). The body length may vary slightly depending on factors such as environment and food. The body surface has many wrinkled rings, and the somite is not obvious (Figures 3E,F).


[image: Figure 3]
FIGURE 3
 Larva of Eristalinus arvorum; first-instar larvae: (A) dorsal view and (B) ventral view; second-instar larvae: (C) dorsal view and (D) ventral view; third-instar larvae: (E) dorsal view, (F) ventral view, (G) frontal view, (H) frontal view, (I) midthoracic gastropod, (J) pupal respiratory horn foramen, (K) antennomaxilary organs, (L) the anus, (M) posterior tracheal canal, (N) posterior trachea plate tip feathers, (O) posterior valve tip, and (P) fissure.


The third-instar larvae have stout, curved abdominal legs in the mesothorax and 1–6 abdominal segments with toe grooves (Figures 3G–I). Two dots are visible on the back (Figure 3J), where two pupal respiratory horns grow during the pupal stage. The anal process is prominent, and the long digital process retracts into the anus (Figure 3L). A pair of antennomaxilary organs are at the top of the head (Figure 3K). The rear valve is located on the back of the distal segment and attached to a single seat (Figures 3L,M), a telescopic breathing tube extending several times the larva's body length (Figure 3M). Eight feather-like hairs on the end of the rear valve help the rear valve float on the water to breathe while the larva is feeding underwater (Figure 3N). The two plates of the rear valve are closely connected to form a single oval plate with four slits arranged in parallel (Figures 3O,P).



Pupa

The pupa is similar in shape to the larva. The body is pale gray and in the shape of a droplet with a “little tail” at the end of the abdomen that is slightly tan (Figures 4A,B). There is a pair of anterior spiracles at the front of the head and a pair of pupal respiratory horns at the back (Figure 4A). The first to sixth abdominal segments have a pair of abdominal legs (Figure 4B) but they are not prominent. There were no pupal respiratory horns at the early stage of pupation, and the anterior stomata were not obvious. At the later stage of pupation, a pair of pupal spiracles grew (Figures 4C,D) from the foramen of the respiratory horns. The alveolar opening is growing in the front of the pupal spiracles (Figure 4E). There are alveolar openings on the front of the pupal spiracles, varying in number from 4 to 8 (Figures 4F–L). The pupal spiracles folds are covered with villi in a layered distribution (Figure 4M), and there are small irregular bulges at the base with hairs on them (Figures 4N,O). There are breathing openings on the alveolar plates of the anterior spiracles (Figure 4P).


[image: Figure 4]
FIGURE 4
 Pupa of Eristalinus arvorum: (A) dorsal view and (B) pupa ventral view; pupal spiracle: (C) frontal view, (D) back view, and (E) partial frontal view; spiracular openings: (F) four-opening, (G) five-opening, (H) six-opening, (I) seven-opening, (J) eight-opening, (K) seven closed-mouth, and (L) eight closed-mouth; (M) pupal spiracle projection base; (N) ornamentation on basal part; (O) ornamentation on basal part; and (P) anterior spiracle.




Adult

The compound eyes with different-sized dark spots are dichoptic in females (Figures 5A,E) and holoptic in males (Figures 5C,D). The upper part of the compound eye has dense dark brown short fluff (Figures 5A,C), and the lower part is nearly naked (Figures 5B,D). The vertical bristle is black (Figure 5E). The front is extremely short and slightly convex, covered with grayish-yellow or yellow fluffs and long black hairs (Figures 5E,G). At the top of the head are three ocelli arranged in a triangle (Figures 5E,G). Adults have licking mouthparts (Figures 5F,H). In males, the length between compound eyes is about 1.5 times the length of the triangle on top of the head (Figure 5G). The orange antennae are composed of three segments; the first and second are short, and the third section is oval (Figure 5I).


[image: Figure 5]
FIGURE 5
 Adult of Eristalinus arvorum: female: (A) dorsal view, (B) ventral view, (E) prosoma frontal view, and (F) prosoma dorsal view; male: (C) dorsal view, (D) ventral view, (G) prosoma frontal view, (H) prosoma dorsal view, (I) antennae, (J) wing membrane, (K) halter, (L) foreleg, (M) midleg, (N) hindleg, (O) ovipositor and gonostylus, and (P) gonosaccus and gonostylus.


The mesonotum is bright black with yellow fluff. On the mesonotum, five yellow-gray stripes extend from the front end to the posterior end, with a thin one in the middle and a transverse stripe at the posterior end. The five yellow-gray stripes are thinner in females than in males (Figures 5A,C). The scutellum is pale yellow or bright brown, sometimes with a metallic gloss, with shorter black hair in the middle and long yellow hair on the sides and the ends (Figures 5A,C). A pair of wings are attached to the mesonotum, and the wing membrane of the forewings is transparent (Figure 5J); the hindwings degenerate into halteres (Figure 5K), and the calypteres are black and brown. Three pairs of mesothoracic prolegs are usually brown-yellow or brown-red (Figures 5B,C). The tibia ends of the foreleg and the midleg and the tibiae of the hindleg are black except for the most basal part, and the tarsi ends are brown. Microvilli are on the femora, the tibiae, and the tarsi (Figures 5L–N).

The first abdomere of the abdomen is yellowish to reddish yellow with a shiny skin, and there are red or orange square spots almost over the second abdomere. The abdomen in females is longer than in males. There are yellow lateral stripes on the abdominal segments 2–4 and a pair of yellow lateral spots on segment 5 (Figures 5A,C). At the end of the abdomen is an ovipositor and the gonostylus in females (Figure 5O) and a gonosaccus and the gonostylus in males (Figure 5P).





Discussion

The chorionic structure of the eggs of E. arvorum fits with the descriptions of other Eristalinus species. E. arvorum, Eristalinus taeniops, Eristalinus aeneus, and Eristalinus punctulatus present a chorionic structure with branched fusiform units, but these units, in E. aeneus, are not sunk in the middle (Zalat and Mahmoud, 2009; Campoy et al., 2020b). In the case of E. taeniops, the branches are broader (Zalat and Mahmoud, 2009), although the general pattern is similar and difficult to distinguish from E. arvorum. An adult lays 100 to 150 eggs in masses, which is conducive to collection and feeding.

Despite there being about 75 known species of Eristalinus (Sonet et al., 2019), only five species have had their larval stage described: Eristalinus sepulchralis, Eristalinus megacephalus, E. aeneus, E. taeniops, and E. punctulatus (Pérez-Bañón et al., 2003; Zalat and Mahmoud, 2009; Campoy et al., 2020b). Traditionally, the main diagnostic characters of the larval morphology are found in the transverse band of spicules (number of crochets) and the anterior spiracles (length-width proportion of the spiracle and extension of the spiracular plate relative to the total spiracular length) (Pérez-Bañón et al., 2003; Zalat and Mahmoud, 2009; Campoy et al., 2020b). However, Campoy et al. (2020b) concluded that these characteristics are unreliable for diagnosis by closely examining the morphology of the above species. We found these characteristics of E. arvorum to be similar and difficult to distinguish from those of the above species.

Regarding the pupal stage, Eristalinus species can be separated by the pupal spiracles, following the key provided by Pérez-Bañón et al. (2003). Because there is scant research on the larvae and the pupae of Eristalinus species, Eristalinus species are usually identified as adults.

The identification of E. arvorum mainly focuses on the adult stage. We found that the main diagnostic characteristics of adults are the stripes on their compound eyes, the mesonotum, and the abdomen. Although the pollination efficiency of E. arvorum has not been previously assessed, other Eristalinus species have been found to be good pollinators with high floral constancy and positive pollination perspectives (Huda et al., 2015; Latif et al., 2019; Campoy et al., 2020b). For example, E. punctulatus is an excellent candidate to be artificially reared and tested as a commercial pollinator in Australia, especially under greenhouse conditions (Campoy et al., 2020b). Eristalinus aeneus could be effective pollinators of chickpea and mango trees (Huda et al., 2015; Latif et al., 2019; Sánchez et al., 2022). The morphological photographs of adults in Figures 5A–D show that the chest, the abdomen, and the legs of E. arvorum are covered with dense hair, which enables it to carry a large amount of pollen and have high pollination efficiency. In the preliminary field research, we also found that this species can carry large amounts of pollen. The adults of this species have a long lifespan and can live for 2–3 months in our laboratory with sufficient time for pollination. Even though there are fewer flowers in the winter, this species can still be harvested from November to January in Hunan Province, China, due to its high tolerance for cold and hunger. The large number of eggs this species lays is conducive to large-scale artificial production. We have been able to artificially rear E. arvorum in captivity, although the feeding system still needs to be improved to make it more efficient. In this process, we found that the composition and temperature of the artificial feed are the key factors affecting its growth and development. Further research is needed to determine the best feeding method.
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