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Simple Summary: As a candidate for controlling aphid populations, Eupeodes corollae Fabricius also
performs a pollination function which is critical to agricultural systems. We evaluated the population
life tables and flight performance of E. corollae fed on three prey species (Aphis craccivora Koch, Myzus
persicae Sulzer and Megoura japonica Matsumura) to select suitable aphid species for keeping E. corollae
indoors. The results showed that E. corollae completed development and reproduction on these three
aphid species while achieving the shortest generation time, the maximum fecundity, and the highest
intrinsic natural growth rate and flight ability on M. japonica. Our study indicated that M. japonica is
the most suitable prey for E. corollae, providing a basis for utilizing the ecological service function of
the hoverfly.

Abstract: Eupeodes corollae Fabricius, as one of the most common beneficial predatory insects in
agricultural ecosystems, provides pollination and biological control services that help improve crop
yield and maintain biodiversity. However, systematic research is needed on the species of aphids
used for propagation. To develop highly fit populations of the important insect predator and crop
pollinator, E. corollae, for research and commercial use, further research is needed to develop the most
nutritious diet and efficient propagation methods. Here, the fitness of E. corollae was assessed in
the laboratory after larvae were fed an aphid diet of Aphis craccivora Koch, Myzus persicae Sulzer or
Megoura japonica Matsumura. The larval survival rate on M. japonica was significantly lower than on
A. craccivora and M. persicae. The developmental duration for larvae (7.6 d) and pupae (6.9 d) was
longest on A. craccivora. The pupal emergence rate on A. craccivora (98.0%) was significantly higher
than on the other two, and lowest (64.7%) on M. japonica. On A. craccivora, M. persicae, and M. japonica,
respectively, the generation time was 24.85 d, 23.12 d and 21.05 d; the value for the intrinsic rate of
natural increase was 0.19, 0.20, and 0.21; and the value for the finite rate of increase was 1.21, 1.22,
and 1.23. For flight variables, E. corollae attained the fastest velocity and longest distance and duration
on M. japonica. The M. japonica diet, thus, provided the shortest generation time, the highest intrinsic
rate of natural increase and finite rate of increase, the maximum fecundity and the greatest flight
ability. Thus, to improve the survival rate of E. corollae larvae, A. craccivora or M. persicae can be used
to feed newly hatched larvae, and M. japonica can be used for second- and third-instar larvae. These
results provide a theoretical basis for feeding E. corollae and optimizing its ecosystem services.

Keywords: Eupeodes corollae; fecundity; life history; flight ability; aphid species

1. Introduction

Syrphidae, also known as flower flies or hoverflies, comprise almost 6000 species
in 200 genera [1,2] and are found all over the world except for some remote islands in
Antarctica and the Pacific Ocean (such as Hawaii) [3,4]. In China, 465 species in 80 genera
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of Syrphidae are known [5]. Hoverfly larvae may be saprophages, carnivores or other
types of feeders [6-8]. About one third of hoverfly species have carnivorous larvae that
prey on whiteflies, thrips and aphids. Thus, the larvae of these species are natural enemies
that might be used to control aphids in agroecosystems [9]. The third-instar larvae of E.
corollae consume about 60 cabbage aphids per day per individual and 300 cabbage aphids in
total [10]. In addition, most hoverfly adults visit flowers and are the second most important
pollinators after bees. They are even more effective than bees at pollinating individual
plants such as Paphiopedilum dianthum [11-13]. Their pollination efficacy, however, varies
depending on the crop species, season and location [14]. For example, hoverfly pollination
increased fennel yield by 104.9% [15] and parsley seed yield nearly 3-fold compared with a
control group not pollinated by hoverflies [16].

Eupeodes corollae Fabricius (Diptera: Syrphidae), a common hoverfly species world-
wide, is a promising candidate for aphid control and pollination [17]. The larvae are
carnivorous and feed on a variety of aphid species and small lepidopteran larvae [18,19].
In one study, larvae consumed 64.7 wheat aphid individuals in a field, providing a control
rate of 74.8% [20]. When 8-day-old larvae of E. corollae were released at a benefit-to-harm
ratio of 1:10, the number of aphids decreased by 85.9% after 8 days [21]. As pollinators, E.
corollae adults can significantly increase crop yields. The fruit yield and seed set of sweet
peppers pollinated by E. corollae increased, respectively, by 390% and 395% compared to
the control group not pollinated by hoverflies [22].

For the study and development of hoverflies for agricultural use, however, a large
supply of high-quality insects at different stages is needed. The few studies on large scale
propagation have focused on aspects of adult nutrition, prey species and host plants. The
larvae of Episyrphus balteatus (De Geer) and Eupeodes bucculatus (Rondani) that fed on an
artificial diet mainly composed of drone honeybee brood powder (DP) grew and developed
normally, but did not lay eggs as adults [23,24]. At present, hoverflies are all reared using
aphids as food; however, this process has many problems such as self-mutilation by larvae,
obligate diapause of adults, and mating difficulty [25]. In addition, there is a lack of research
on various species of aphids and their effects on fitness variables of E. corollae.

Hoverflies are excellent candidates to control aphid populations due to their high
predation and reproductive capacity [26,27], but the development of solid or liquid diets
has been difficult, because E. corollae larvae do not eat dead aphids [28]. Here, we used
the major aphid pests Aphis craccivora Koch, Myzus persicae Sulzer and Megoura japonica
Matsumura (Homoptera: Aphididae) [29], which readily reproduce in greenhouses [21], as
diets for E. corollae in the laboratory. We then assessed larval developmental, reproductive
and flight variables for E. corollae to select the best nutritional source as a theoretical basis
for rearing E. corollae indoors. This work will advance research on syrphids.

2. Materials and Methods
2.1. Aphid Collection and Culture

Aphids (A. craccivora, M. persicae and M. japonica) were collected from the experimental
field at the Langfang Experimental Station of Agricultural Sciences in Hebei Province,
China (CAAS; 39°30'29"" N, 116°36/8"" E) in 2016. Aphis craccivora and M. japonica were
reared on bean plantlets, and M. persicae were reared on pea plantlets until more than
30 generations in the greenhouse at 25 4+ 1 °C, 50 £ 5% RH and 16:8 (L:D) h. All plantlets
were grown in nutrient soil and vermiculite in plastic boxes (50 x 40 x 18 cm).

2.2. Hoverfly Collection and Culture

In June 2018, 25 adults of E. corollae (2:5'= 15:10) were also collected from the field at the
Langfang Experimental Station of Agricultural Sciences (CAAS; 39°30'29"" N, 116°36'8" E).
Adults were fed with a mixture of pollen (rape: corn = 3:1) and 10% v/v honey water in
nylon gauze cages (30 x 40 x 50 cm). Broad bean plantlets infested with mixed aphids (A.
craccivora:M. persicae:M. japonica ~ 1:1:1) were placed in the cages for laying eggs. Larvae
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were fed on A. craccivora on bean plantlets until 10 consecutive generations in laboratory at
25+ 1°C, 50 & 5% RH and 16:8 (L:D) h.

2.3. Life Table Study for E. corollae

Newly hatched larvae of E. corollaec were raised with A. craccivora, M. persicae or M.
japonica, individually, in petri dishes (3.5 cm diameter x 1 cm height), with 100 aphids
added daily until pupation. On the third day after pupation, each pupa was weighed on
an electronic scale (Sartorius CPA225D; Suzhou Sainz Instrument Co., Ltd., Suzhou, China).
The development (whether they molted) and survival of E. corollae larvae were observed
and recorded every day with a stereo microscope (XTL-165-VT, Phenix Optical Co., Ltd.,
Shangrao, China) until they pupated or died. Each diet treatment consisted of 30 eggs or
newly hatched larvae and was replicated three times. Larval survival rate, pupation rate,
and emergence rate were calculated as Larval survival rate = No. of mature larvae/No.
of tested larvae x 100; Pupation rate = No. of pupae/No. of mature larvae x 100; and
Emergence rate = No. of adult/No. of pupae x 100.

Emerging adults (9:d'= 1:1) were reared in 20 x 30 x 45 cm cages (200-mesh nylon)
with broad bean plantlets infested with mixed aphids (A. craccivora:M. persicae:M. japonica
~ 1:1:1), and also with a mixture of pollen (rape:corn = 3:1), and 10% honey water provided
daily. Eupeodes corollae eggs on broad bean plantlets were counted and transferred to a petri
dish (9 cm diameter x 1 cm height) to observe hatching. The plantlets were replaced every
day with fresh ones until E. corollae adults died.

The data on developmental and reproductive variables, generation time (T), finite
rate of increase (A), intrinsic rate of natural increase (r), and net reproductive rate (Rg)
of the experimental populations of E. corollae were calculated according to the following
formulas [30,31]:

m
Iy = Zj:l Sxj
]mzl ijij
My = ————
j=1 55
Z;O:O Lemye 70D =1
Ro =} oo Letmx
T — In RO
r
A=¢

where x is the time interval in days (d); I, is the survival rate of E. corollae from egg to x days
old; m is the number of stages; S,; is the survival rate of E. corollae from egg development to
x days old and developmental stage J; f,; is the age-specific fecundity at age x; and my is the
average population fecundity from egg to x days old.

2.4. Flight Tests for E. corollae

Flight variables (duration, distance, velocity) of 5-day-old adults were measured using
a flight mill (FXMD-24-USB, Jiaduo Science Industry and Trade Co., Ltd., Hebi, China) as
described previously [32,33]. The mesothorax was attached to the arm of a flight mill using
502 glue (Shenzhen Jinsan second Adhesive Co., Ltd., Shenzhen, China). The mill was
kept in a climate chamber (MGC-450HP, Shanghai Yiheng Scientific Instrument Co., Ltd.,
Shanghai, China) at 25 & 1 °C with 50 £ 5% RH. Flights started at approximately 20:00
and ran for 10 h in the dark. More than 30 individuals were successfully tested for each
prey treatment.

2.5. Data Analysis

Differences in the flight ability variables and pupal mass were analyzed using non-
parametric Kruskal-Wallis test followed by a Bonferroni-adjusted significance test for
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pairwise comparison at the 0.05 significance level. Differences in larval survival rate,
pupation rate, emergence rate and hatching rate of eggs were determined using a one-way
analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD),
with proportional data first arcsine square-root-transformed to meet the assumptions of
normality and heteroscedasticity. Differences in the duration of developmental stages
between genders were determined using a Student’s t-test, and differences in survival
curves of E. corollae after feeding on different aphids were analyzed using a log rank test. A
paired bootstrap test with 100,000 replications was used for the precise estimation of the
mean and standard error among the demographic parameters and developmental duration
of the 3 diet treatments. All tests were performed in the program SPSS version 25 (IBM,
Armonk, NY, USA), except life table variables, which were calculated and differentially
analyzed in TWO-SEX-MSChart (Chi 2019) and plotted in OriginPro 2021 (OriginLab
Corporation, Northampton, MA, USA).

3. Results
3.1. Development of E. corollae Fed on Different Aphids

All the E. corollae larvae that fed on the three aphid species completed development,
but the larval and pupal stages varied, and development differed between sexes in all prey
treatments (Table 1). More specifically, there were significant differences in the duration of
the first instar, second instar, third instar and larval stage (first-third instar) between the
different aphid treatments. The duration of larvae (7.6 d) and pupae (6.9 d) after feeding
on A. craccivora was significantly longer than for those fed on M. persicae or M. japonica.
The first instar (1.4 d) was the shortest on M. persicae. The second instar (1.8 d), third
instar (3.0 d) and pupal (6.1 d) stages were the shortest on M. japonica. The duration of the
combined larva—adult stage and the adult lifespan of E. corollae did not differ significantly
among on the different aphid diets. On A. craccivora, the duration of first-instar larvae
(t =2.816, df =62, p =0.007), larval stage (first—third instar) (t = 2.398, df = 62, p = 0.020),
pupae (t = 2.667, df =62, p = 0.012), adult (t = 4.172, df = 62, p < 0.001) and larva—adult
(t=4.728, df = 62, p <0.001) of females were significantly longer than those of males. On M.
persicae, the duration of first instar (t = 2.703, df = 39, p = 0.014), pupae (t = 6.658, df =39,
p <0.001), adult (t = 3.162, df =39, p = 0.003) and larva—adult (t = 3.792, df = 39, p = 0.001)
of females were significantly longer than those of males. On M. japonica, the first instar
(t = —3.135, df = 25, p = 0.005) of females was significantly shorter than that of males.

Table 1. Stage durations for E. corollae after larvae fed on different aphid species.

Stage Duration (d)
Stage Sex
A. craccivora n M. persicae n M. japonica n
e+ d 2.0£0.00a 90 2.0+0.00a 90 2.0+0.00a 90
Egg Q 2.0£0.00 A 31 2.0+ 0.00 A 20 2.0+ 0.00 A 13
d 2.0£0.00 A 33 2.0+ 0.00 A 21 2.0 £0.00 A 14
e+ d 2.0+£0.06a 75 14+ 0.06b 90 1.8+ 0.09a 55
1st instar Q 21+0.06 A 31 1.5+ 018 A 20 1.5+£0.18B 13
d 1.8+ 0.09B 33 1.0£0.00 B 21 22+011A 14
e+ d 21£0.03a 72 1.9+ 0.06b 76 1.8+ 0.07b 49
2nd instar Q 21+0.04 A 31 1.7 +£014 A 20 1.8+ 0.15A 13
d 21+£0.04A 33 1.8 £0.09 A 21 1.6 £0.13A 14
e+ d 3.5+£0.07a 65 3.6+013a 55 3.0+0.13b 41
3rd instar Q 3.6 +0.09 A 31 3.1+0.08 A 20 28+010A 13
d 35£010A 33 34+£013A 21 30£023A 14
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Stage Duration (d)
Stage Sex
A. craccivora n M. persicae n M. japonica n
Larval st Qe+ 7.6 +£0.09 a 65 6.7+£0.16Db 55 6.7+ 0.16b 41
(1st.0rd ineear) 7.8 +0.10 A 31 64+0.11A 20 62020 A 13
Sord mstar 74+0.14B 33 61£0.16 A 21 68+£023A 14
Qe+ 6.9+0.04a 64 6.3+£0.07Db 41 6.1 +0.07b 27
Pupae 7.0+ 0.00 A 31 6.7£0.10 A 20 6.1+£0.10A 13
6.8 +0.07 B 33 6.0 +0.00 B 21 6.1+0.10A 14
Qe+ 11.8 £0.69 a 64 125+ 0.84a 41 124 +0.77 a 27
Adult 145+ 1.11A 31 149 £125A 20 133 £ 091 A 13
9.3+0.55B 33 10.1£0.89B 21 116 £1.21 A 14
Qe+ 283+0.70a 64 271+0.88a 41 271+083a 27
Egg-adult 31.3+1.07 A 31 300+ 126 A 20 277+ 1.08 A 13
255+ 0.59 B 33 2434+ 0.86B 21 266+ 126 A 14
Values are mean =+ SE. Different lowercase letters on the same row mean significant differences (paired bootstrap
test, p < 0.05). Means for male and female at the same developmental stage in same column followed by different
capital letters differed significantly (Student’s t-test, p < 0.05).
The aphid species greatly affected the larval survival rate (Fp ¢ = 12.022, p = 0.008),
pupal emergence (Fp = 14.853, p = 0.005), and pupal mass (Kruskal-Wallis, H = 26.607,
p <0.001) of E. coroliae (Table 2). The larval survival rate of E. corollae on M. persicae
(84.4%) was significantly higher than that on M. japonica (54.4%), but the pupal emergence
rate was significantly higher on A. craccivora (98.0%) than on M. persicae (73.9%) and
M. japonica (64.7%).
Table 2. Variables and pupal mass of E. corollae after larvae fed on different aphid species.
Variable A. craccivora n M. persicae n M. japonica n
Larval survival rate (%) 80.0 +5.77 a 3 844 +294a 3 544 +484Db 3
Pupation rate (%) 899 +£552a 3 72.8 £ 6.78 a 3 83.1+762a 3
Emergence rate (%) 98.0 +1.96 a 3 73.9 +£6.29b 3 64.7 £ 4.05b 3
Hatching rate of egg (%) 90.0 £5.09 a 3 88.89 £ 4.01a 3 822+ 6.76 a 3
Mass (g)
Q 0.0564 £ 0.0133 A 31 0.0317 £ 0.0009 A 20 0.0315 £ 0.0006 A 13
d 0.0332 £ 0.0005 A 33 0.0307 +£ 0.0009 A 21 0.0309 + 0.0009 A 14
e+ 0.0444 £ 0.0066 a 64 0.0312 £ 0.0006 b 41 0.0312 £ 0.0005 b 27

Values are mean =+ SE. Different lowercase letters on the same row reflect significant differences (one-way ANOVA,
Tukey’s HSD, p < 0.05). Different capital letters in the same column indicate significant differences (Student’s
t-test, p < 0.05) in pupal mass between male and female fed on the same aphid.

The aphid species also significantly affected the generation time (T) of E. corollae. On A.
craccivora, T was the longest, and the finite rate of increase (A) and intrinsic rate of natural
increase (1) were the lowest. On M. japonica, however, T was the shortest, and A and r were
the highest. The order of population growth from highest to lowest on the three aphid diets
was M. japonica > M. persicae > A. craccivora (Table 3).

Table 3. Life table variables for E. corollae after larvae fed on different aphid species.

Prey A. craccivora M. persicae M. japonica
T 2485+ 0.34a 2312+ 041Db 21.05+£0.33 ¢
A 1.2052 £ 0.0089 a 1.2167 £ 0.0137 a 1.2335 £ 0.0182 a
r 0.1866 + 0.0074 a 0.1961 £ 0.0113 a 0.2098 £ 0.0149 a
Ro 105.38 &= 19.65 a 96.39 +24.90 a 86.16 =24.42 a

Values are mean =+ SE. Different lowercase letters on the same row reflect significant differences (paired bootstrap
test, p < 0.05).



Insects 2022, 13, 494

60f 11

The survival rate of E. corollae larvae, pupae and adults was the lowest on M. japonica
(0.52 for egg development to second-instar larvae, 0.51 for third-instar larvae, 0.41 for
pupae and 0.15 for adults) (Figure 1). The survival rate was highest for egg development to
second-instar larvae (0.88) and third-instar larvae (0.84) on the M. persicae diet, but highest
on A. craccivora for egg development to pupae (0.72) and adult (0.35).
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Figure 1. Survival rate curves for E. corollae after larvae fed on A. craccivora (A), M. persicae (B) and M.
japonica (C) in the laboratory.

The I, curves for E. corollae also differed significantly among the three aphid diets
(x? = 26.594, df =2, p < 0.001). For the M. japonica diet, the I, curve of E. corollae decreased by
0.7 from day 4 to day 16, which was a faster decrease than for A. craccivora and M. persicae.
From day 20 to day 30 (adult stage), the I, curve of E. corollae that fed on A. craccivora
decreased rapidly, indicating a higher mortality rate for adults. The peak spawning day
for females was day 23 on A. craccivora, day 21 on M. persicae and day 18 on M. japonica, as
shown on the I,m, curves (Figure 2).
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Figure 2. Population age-specific fecundity (my), population age-specific survival rate (Iy) and

population age-specific maternity (Iymy) for E. corollae after larvae fed on A. craccivora (A), M. persicae
(B) and M. japonica (C) in the laboratory.
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3.2. Reproduction of E. corollae Fed on Different Aphids

The aphid diets also greatly affected pre-oviposition, total pre-oviposition and number
of ovipositions of E. corollae (Table 4). On A. craccivora, the total pre-oviposition was the
longest (20.3 d) and the oviposition number was the least (305.9 eggs per female). On the
contrary, the total pre-oviposition was the shortest (16.6 d) and the oviposition number was
greatest (596.5 eggs per female) on M. japonica.

Table 4. Fecundity variables for E. corollae after larvae fed on different aphid species.

Prey A. craccivora n M. persicae n M. japonica n

No. of ovipositions 305.9 £ 36.23b 31 433.7 £ 73.80 ab 20 596.5 £ 74.85a 13
Oviposition duration (d) 102+ 1.11a 30 116+ 1.18a 19 11.0+0.89a 13
Total pre-oviposition (d) 20.3£0.18a 30 189+ 0.29b 19 16.6 £0.37 ¢ 13
Pre-oviposition (d) 35+011a 30 38=+026a 19 22+£017b 13

Values are mean =+ SE. Different lowercase letters on the same row reflect significant differences (paired bootstrap
test, p < 0.05).

3.3. Flight Performance of E. corollae Fed on Different Aphids

There were no significant differences in flight variables (flight duration, flight distance,
flight velocity). Adults flew the fastest (0.25 m/s), and the longest distance (624.0 m) and
duration (2521.9 s) when they fed on M. japonica. The maximum cumulative flight distance
(1622.7 m), maximum speed (0.38 m/s), and maximum cumulative duration (6217.2 s) were
achieved on A. craccivora (Table 5).

Table 5. Flight variables for E. corollae after larva fed on different aphids.

Pre A. craccivora M. persicae M. japonica

y (n=32) (n = 36) (n=37)

Duration (s) Max 6217.2 4305.6 5079.6

Mean + SE 24423 +2403a 20374 +£151.3a 25219 +186.8a

Distance (m) Max 1622.7 950.2 1407.3

Mean + SE 5824 +692a 4482 +£354a 624.0£52.0a
Velocity (m/s) Max 0.38 0.33 0.36

y Mean =+ SE 023 +£0.01a 022+0.01a 025+0.01a

Values are mean =+ SE. Different lowercase letters on the same row reflect significant differences (Kruskal-Wallis
test, p < 0.05).

4. Discussion

Eupeodes corollae depresses aphid populations in ecosystems [34-36]. Our present
results show that E. corollae completed development and reproduced after consuming the
three aphid species. M. japonica consumption, however, yielded the highest fecundity, finite
rate of increase, intrinsic rate of natural increase and flight performance, and the shortest
generation time. Therefore, among the three test species, M. japonica is considered to be the
most suitable for laboratory propagation of E. corollae.

The predatory activity of larvae is closely related to the type, quantity and quality of
prey; higher fitness afforded by the prey can be assessed by higher survival rate and faster
development of the larval stage of the predator [37-39]. The larval stage of E. corollae was
shortest when the larvae fed on M. japonica, but the larval survival rate was significantly
reduced, as also found by Xiong and Dong [21]. Newly hatched E. corollae larvae are small
and inactive and, thus, feed only on smaller prey. The body of M. japonica is larger than that
of A. craccivora and M. persicae; thus, M. japonica might have been able to escape predation,
contributing to the lower survival rate of E. corollae larvae on M. japonica. The curves for the
age-stage survival rate of various instar larvae after all prey treatments overlapped because
individual development was inconsistent, coincident with overlapping generations in the
field [40].
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Pupal performance and adult fecundity mainly depend on the nutrients consumed
by the larvae [41-43]. Eupeodes corollae attained the shortest pupal duration and total pre-
oviposition and the most ovipositions on M. japonica, as well as the lowest pupal emergence
rate, as also reported in a previous study [21]. On A. craccivora, E. corollae attained the
longest pupal duration, greatest total pre-oviposition and the fewest ovipositions, as well
as the highest pupal emergence rate and pupal mass, which may be associated with aphid
nutrient content. High-quality prey improves the performance (e.g., pupal mass, fecundity,
longevity) of hoverflies [44], as also found for predatory ladybirds [45,46].

Based on the life table variables (such as Ry, r and A) for the E. corollae population to
evaluate the suitability of a prey species [47], r was greater than 0, and A was greater than 1
for all three aphid diets, revealing that they are suitable prey for E. corollae. Further, the
highest r and A (albeit not significantly different) for the E. corollae population among the
three aphid diets was obtained on M. japonica, which suggested that M. japonica was the
most suitable among the three aphids. The searching and predation activities of E. corollae
larvae improve with increasing larval age [48]. Because the survival rate of E. corollae larvae
on M. japonica is significantly lower than on A. craccivora or M. persicae, we recommend that
A. craccivora or M. persicae be used to feed newly hatched larvae and that M. japonica be
used for second- and third-instar larvae.

For practical applications, the flying ability of predatory insects affects their coloniza-
tion and reproduction which, in turn, affects their control range and efficacy [49]. Hoverfly
activities such as foraging, finding mates and spawning sites are dependent on their flight
abilities. As the environment changes, hoverflies—especially the predatory hoverflies,
which have poorer flight ability compared with other lepidopteran insects [50,51]—migrate
long distances to reproduce [52], requiring good nutrition for the energy needed. Our
results showed that the flying performance of E. corollae adults was significantly affected
by the species of aphid consumed during the larval stage, which helps with E. corollae
forecasting in the field.

Our systematic evaluation of the development, reproduction and flight ability of E.
corollae laboratory populations that fed on different species of aphids determined the best
aphid species to rear different stages of E. corollae. These findings will serve as the basis
of large-scale rearing of hoverflies with high fitness and efficacy as biocontrol agents and
pollinators. The field environment is much more complex and harsher than the laboratory,
and the occurrence of hoverfly populations is highly coincident with that of other natural
enemies such as ladybugs and lacewings [53]. Therefore, the fitness of the laboratory E.
corollae populations reared on aphid diets now need to be evaluated in the field.

5. Conclusions

Herein, our research proved that E. corollae larvae can complete development and
reproduction on A. craccivora, M. persicae and M. japonica. There is no significant difference
in the larval-adult development period of E. corollae on the three aphid species. Eupeodes
corollae attained the highest fecundity, intrinsic rate of natural increase and flight ability
and the shortest generation time on M. japonica. In conclusion, M. japonica is considered to
be the most suitable prey for the indoor rearing of E. corollae among the three tested aphids;
Aphis craccivora or M. persicae can be used to feed newly hatched larvae of E. corollae, and M.
japonica can be used for second- and third-instar larvae.

Author Contributions: Conceptualization, S.J., H.L. and K.W.; Methodology, S.J., H.L. and KW.;
Software, S.J. and L.H.; Validation, H.L., L.H. and K.W.; Resources, K.W.; Writing—Original Draft
Preparation, S.J.; Writing, all authors; Visualization, all authors; Supervision, K.W.; Project Adminis-
tration, K.W. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by The Key R&D Program of Shandong Province (2020CXGC010802)
and China Agriculture Research System (CARS-02).

Institutional Review Board Statement: Not applicable.



Insects 2022, 13, 494 10 of 11

Informed Consent Statement: Not applicable.
Data Availability Statement: All data analyzed in this study are included in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mengual, X.; Stahls, G.; Rojo, S. Molecular phylogeny of Allograpta (Diptera, Syrphidae) reveals diversity of lineages and
non-monophyly of phytophagous taxa. Mol. Phylogenet. Evol. 2008, 49, 715-727. [CrossRef] [PubMed]

2. Mengual, X;; Stahls, G.; Rojo, S. Phylogenetic relationships and taxonomic ranking of pipizine flower flies (Diptera: Syrphidae)
with implications for the evolution of aphidophagy. Cladistics 2015, 31, 491-508. [CrossRef] [PubMed]

3. Cheng, X.Y. Hoverfly. Biol. Bull. 2004, 2, 9-12.

4. Tian, J.; Ren, B.Z. Overview of hoverfly research. J. Jilin Agric. Univ. 2019, 41, 1-10.

5. Ho, K.K.; Zheng, Z.M.; Zhang, H.J. Research progress of Syrphidae in China. J. Hanzhong Univ. 2002, 3, 70-75.

6. Fischer, O.A.; Matlova, L.; Dvorska, L.; Svastova, P; Bartos, M.; Weston, R.T.; Pavlik, I. Various stages in the life cycle of syrphid
flies (Eristalis tenax; Diptera: Syrphidae) as potential mechanical vectors of pathogens causing mycobacterial infections in pig
herds. Folia Microbiol. 2006, 51, 147-153. [CrossRef]

7. Ymilie, B.; Marc, E; Eric, L. Biological control of the foxglove aphid using a banker plant with Eupeodes americanus (Diptera:
Syrphidae) in experimental and commercial greenhouses. Biol. Control 2021, 155, 104541.

8.  Reemer, M. Review and phylogenetic evaluation of associations between Microdontinae (Diptera: Syrphidae) and Ants (Hy-
menoptera: Formicidae). J. Entomol. 2013, 1, 72-81. [CrossRef]

9. Wotton, K.R.; Gao, B.; Myles, H.M.; Morris, RK.A,; Ball, S.G.B.; Lim, K.S.; Reynolds, D.R.; Hu, G.; Chapman, ].W. Mass seasonal
migrations of hoverflies provide extensive pollination and crop protection services. Curr. Biol. 2019, 29, 2167-2173. [CrossRef]

10. Li, X.Y;; Luo, Y.Z. Study on the predation effect of Syrphidae on three species of aphids. J. Agric. Yunnan Univ. 2001, 2, 102-104.

11. Katherine, C.R.B.; Mark, A.G.; Damien, M.H.; Kunin, W.E.; Mitschuna, N.; Morse, H.; Osgathorpe, L.M.; Potts, S.G;
Robertson, K.M.; Scott, A.V.; et al. A systems approach reveals urban pollinator hotspots and conservation opportunities. Nat.
Ecol. Evol. 2019, 3, 363-373.

12.  Rader, R.; Cunningham, S.; Howlett, B.; Inouye, D. Non-Bee insects as visitors and pollinators of crops: Biology, ecology, and
management. Annu. Rev. Entomol. 2020, 65, 391-407. [CrossRef] [PubMed]

13.  Shi, J.; Cheng, J.; Luo, D.; Luo, Y.B. Using pollination syndrome prediction: Simulated breeding sites of Paphiopedilum dianthum to
deceive pollination by female hoverflies. J. Syst. Evol. 2007, 4, 551-560. [CrossRef]

14. He,].L; Chu, X.P; Sun, X.Q.; Ye, W.J. Feeding and utilization evaluation of hoverfly. . Agric. Shanghai Univ. 1994, 2, 79-83.

15. Sagar, P. Role of insects in cross pollination of fennel crop at Ludhiana [India]. J. Res. Punjab Agric. Univ. 1981, 18, 388-392.

16. Burgett, M. Pollination of parsley (Petroselinum crispum) grown for seed. J. Apic. Res. 1980, 19, 79-82. [CrossRef]

17.  Pu,D.-Q.; Liu, H.-L.; Gong, Y.Y,; Ji, P.-C.; Li, Y.-].; Mou, E-S.; Wei, S.-]. Mitochondrial genomes of the hoverflies Episyrphus balteatus
and Eupeodes corollae (Diptera: Syrphidae), with a phylogenetic analysis of muscomorpha. Sci. Rep. 2017, 7, 44300. [CrossRef]
[PubMed]

18. He, ]J.L. The biology and ecology of the predatory hoverfly. J. Agric. Shanghai Univ. 1989, 4, 325-331.

19. Li, H; Jiang, S.S.; Zhang, HW.; Geng, T.; Wyckhuys, K.A.G.; Wu, K.M. Two-way predation between immature stages of the
hoverfly Eupeodes corollae and the invasive fall armyworm (Spodoptera frugiperda J. E. Smith). J. Integr. Agric. 2021, 20, 829-839.
[CrossRef]

20. Yang, EC.; Li, Z.W.; Gao, H.C.; Hui, EH.; Lin, G.L. Study on the biology of Syrphidae and its control on wheat aphid. J. Environ.
Entomol. 1989, 3, 116-121.

21. Xiong, H.Z.; Dong, H.F. Experiment on feeding and releasing larvae of Syrphids larvae in greenhouse. J. Biol. Control Chin. 1992,
1, 6-9.

22. Rob, M,; Sten, B.; Wackers, FL.; Pekas, A. Aphid ophagous hoverflies reduce foxglove aphid infestations and improve seed set
and fruit yield in sweet pepper. Pest Manag. Sci. 2021, 77, 2690-2696.

23. Iwai, H.; Nijjima, K.; Matsuka, M. An artificial diet for aphidophagous syrphids, Episyrphus balteatus (de Geer) and Eupeodes
bucculatus (Rondani) (Diptera: Syrphidae) using drone honeybee brood powder. Appl. Entomol. Zool. 2007, 42, 167-172. [CrossRef]

24. Hideki, I; Keiko, N.; Mitsuo, M. Improvement of artificial diet for aphidophagous syrphids, Episyrphus balteatus (de Geer) and
Eupeodes bucculatus (Rondani) (Diptera: Syrphidae)—additional effects of fatty acids and preservatives. Appl. Entomol. Zool. 2009,
44, 439-446.

25. Pu, Z.G.; Chi, L. Research progress on biological characteristics and artificial indoor rearing technology of Syrphidae. Heilongjiang
Agric. Sci. 2006, 2006, 120-123.

26. Kan, E. Assessment of aphid colonies by hoverflies. I maple aphids and Episyrphus balteatus (de Geer) (Diptera: Syrphidae). .
Ethol. 1988, 6, 39—48. [CrossRef]

27. Sadeghi, H.; Gilbert, F. Aphid suitability and its relationship to oviposition preference in predatory hoverflies. ]. Anim. Ecol. 2000,
69, 771-784. [CrossRef]

28. Barlow, C.A. On the biology and reproductive capacity of Syrphus corollae Fab. (Syrphidae) in the laboratory. Entomol. Exp. Appl.

1961, 4, 91-100. [CrossRef]


http://doi.org/10.1016/j.ympev.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18848633
http://doi.org/10.1111/cla.12105
http://www.ncbi.nlm.nih.gov/pubmed/34753266
http://doi.org/10.1007/BF02932171
http://doi.org/10.1155/2013/538316
http://doi.org/10.1016/j.cub.2019.05.036
http://doi.org/10.1146/annurev-ento-011019-025055
http://www.ncbi.nlm.nih.gov/pubmed/31610136
http://doi.org/10.1360/aps07025
http://doi.org/10.1080/00218839.1980.11100001
http://doi.org/10.1038/srep44300
http://www.ncbi.nlm.nih.gov/pubmed/28276531
http://doi.org/10.1016/S2095-3119(20)63291-9
http://doi.org/10.1303/aez.2007.167
http://doi.org/10.1007/BF02348860
http://doi.org/10.1046/j.1365-2656.2000.00433.x
http://doi.org/10.1111/j.1570-7458.1961.tb02124.x

Insects 2022, 13, 494 11 of 11

29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Obopile, M.; Ositile, B. Life table and population parameters of cowpea aphid, Aphis craccivora Koch (Homoptera: Aphididae) on
five cowpea Vigna unguiculata (L. Walp.) varieties. J. Pest Sci. 2010, 83, 9-14. [CrossRef]

Chi, H. Life-table analysis incorporating both sexes and variable development rates among individuals. Environ. Entomol. 1988,
17,26-34. [CrossRef]

Chi, H.; Liu, H. Two new methods for the study of insect population ecology. Bull. Inst. Zool. Acad. Sin. 1985, 24, 225-240.

Ge, 5.S.; He, LM.; He, W,; Xu, R.B.; Sun, X.T.; Wu, K.M. Determination of flying ability of Spodoptera frugiperda. Plant Prot. 2019,
45,28-33.

He, LM,; Jiang, S.; Chen, Y.C.; Wyckhuy, K.A.G.; Ge, S.S.; He, W.; Gao, X.-W.; Wu, K.-M. Adult nutrition affects reproduction and
flight performance of the invasive fall armyworm, Spodoptera frugiperda in China. J. Integr. Agric. 2021, 20, 715-726. [CrossRef]
Luo, Q.H. A Preliminary observation on the habits of hoverfly. Agric. Sci. Guizhou 1982, 5, 21-23.

Lan, X.; Luo, J.; Cheng, X.Y. Analysis of predatory hoverfly species and their control effects on soybean aphid in the soybean
ecoregion of northeast China. J. Appl. Entomol. 2011, 48, 1625-1630.

He, J.L.; Sun, X.Q.; Gui, L.M.; Ye, W]. A preliminary study on the biology of hoverfly in Shanghai Area. J. Agric. Shanghai Univ.
1990, 03, 221-228.

Lee, ].H.; Kang, T.J. Functional response of Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) to Aphis gossypii Glover
(Homoptera: Aphididae) in the Laboratory. Biol. Control 2004, 31, 306-310. [CrossRef]

Moreau, J.; Benrey, B.; Thiéry, D. Grape variety affects larval performance and also female reproductive performance of the
European grapevine moth Lobesia botrana (Lepidoptera: Tortricidae). Bull. Entomol. Res. 2006, 96, 205-212. [CrossRef]

Yasuda, H. Effect of prey density on behaviour and development of the predatory mosquito, Toxorhynchites towadensis. Entomol.
Exp. Appl. 1995, 76, 97-103. [CrossRef]

Liu, J.B.; Cui, YH.; Gao, J.F; Wang, W.H.; Cheng, X.H.; Liu, Z.Y. Observation of biological characteristics of Eupeodes corollae. Jilin
Agric. Sci. 2005, 1, 38-39.

Eduardo, M.S; Padré, J.; Milla, C.P.; Tureo, D.T.; Carreira, V.P; Soto, L M. Pupal emergence pattern in cactophilic Drosophila and
the effect of host plants. Insect Sci. 2017, 25, 1108-1118.

Li, Y,; Leng, C.M.; Wu, ].X; Li, Y.P. Effects of different host plants on growth, development and reproduction of Plutella xylostella.
Acta Agric. Boreali Occident. Sin. 2019, 28, 475-480.

Jabraeil, R.; Bahram, N.; Seyed, A.H. Comparative performance of the cotton bollworm, Helicoverpa armigera (Hiibner) (Lepi-
doptera: Noctuidae) on various host plants. . Pest Sci. 2014, 87, 29-37.

Putra, N.S.; Yasuda, H. Effects of prey species and its density on larval performance of two species of hoverfly larvae, Episyrphus
balteatus de Geer and Eupeodes corollae Fabricius (Diptera: Syrphidae). Appl. Entomol. Zool. 2006, 41, 389-397. [CrossRef]
Sugiura, K.; Takada, H. Suitability of seven aphid species as prey of Cheilomenes sexmaculata (Fabricius) (Coleoptera: Coccinellidae).
Appl. Entomol. Zool. 1998, 42, 7-14. [CrossRef]

Okamoto, H. Laboratory studies on food ecology of aphidophagous lady beetles (Coleoptera: Coccinellidae). Mem. Fac. Eng.
Kyushu Univ. 1978, 32, 1-94.

HE, LM.; WU, Q.L.; GAO, X.W.; Wu, K.-M. Population life tables for the invasive fall armyworm, Spodoptera frugiperda fed on
major oil crops planted in China. J. Integr. Agric. 2021, 20, 745-754. [CrossRef]

Dong, K.; Dong, Y.; Li, X.Y.; Luo, Y.Z. Effects of feeding with different aphids on the growth and development of Syrphidae. J.
Environ. Entomol. 2003, 4, 165-168.

Yin, Y.Y.; Lin, Q.C,; Zhai, Y.F; Zheng, L.; Yu, Y.; Chen, H. The flight ability and spreading ability of Encarsia formosa Gahan. .
Environ. Entomol. 2019, 41, 1355-1360.

Guo, J.L,; Fu, XW.; Zhao, X.C.; Wu, K.M. Study on the flying ability of Agrotis segetum. |. Environ. Entomol. 2016, 38, 888-895.
Wu, KM.; Guo, Y.Y. Flying activity of Helicoverpa armigera. J. Ecol. Chin. 1996, 6, 612-617.

Nielsen, B.O. On a migration of hoverflies (Dipt., Syrphidae) and sawflies (Hym., Tenthrdinidae) observed in Denmark, August
1967. Acta Entomol. Sin. 1968, 36, 215-224.

Lucas, E.; Coderre, D.; Brodeur, . Intraguild predation among aphid predators: Characterization and influence of extraguild prey
density. J. Ecol. 1998, 79, 1084-1092. [CrossRef]


http://doi.org/10.1007/s10340-009-0262-0
http://doi.org/10.1093/ee/17.1.26
http://doi.org/10.1016/S2095-3119(20)63198-7
http://doi.org/10.1016/j.biocontrol.2004.04.011
http://doi.org/10.1079/BER2005417
http://doi.org/10.1111/j.1570-7458.1995.tb01949.x
http://doi.org/10.1303/aez.2006.389
http://doi.org/10.1303/jjaez.42.7
http://doi.org/10.1016/S2095-3119(20)63274-9
http://doi.org/10.1890/0012-9658(1998)079[1084:IPAAPC]2.0.CO;2

	Introduction 
	Materials and Methods 
	Aphid Collection and Culture 
	Hoverfly Collection and Culture 
	Life Table Study for E. corollae 
	Flight Tests for E. corollae 
	Data Analysis 

	Results 
	Development of E. corollae Fed on Different Aphids 
	Reproduction of E. corollae Fed on Different Aphids 
	Flight Performance of E. corollae Fed on Different Aphids 

	Discussion 
	Conclusions 
	References

