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ARTICLE INFO ABSTRACT
Keywords: With the development of biological control methods, the predatory ladybird beetle Harmonia
Shelf-life management axyridis Pallas (Coleoptera: Coccinellidae) has been widely used for pest control in agricultural
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production. Appropriate shelf-life management strategies could synchronize H. axyridis produc-
tion with pest outbreaks, finally improving the effectiveness of biological control. Herein, we
preliminarily explored whether an artificial diet could optimize the shelf-life management of
H. axyridis. We compared the survival rate, nutrition accumulation, reproductive development,
juvenile hormone (JH) related-gene expression levels, and stress resistance gene expression levels
between aphid-fed and artificial diet-fed H. axyridis females. The results revealed that H. axyridis
females maintained a high survival rate after being fed an artificial diet for 60 days, whereas the
survival rate of aphid-fed females decreased. Continuous feeding of the artificial diet caused
H. axyridis females to enter a diapause-like state, which was characterized by low JH levels, high
triglycerides and trehalose accumulation, ovarian development inhibition, decreased Vgs
expression levels, and increased stress resistance gene expression levels. This diapause-like state
could be promptly recovered upon transferring to an aphid diet. These results indicate that the
artificial diet could manipulate the reproductive development status of H. axyridis and lay the
foundation for its shelf-life management.

1. Introduction

The multicolored Asian ladybeetle Harmonia axyridis Pallas (Coleoptera: Coccinellidae) is a beneficial predatory insect native to
East Asia [1]. It exhibits outstanding effectiveness in controlling small arthropods such as aphids, coccids, and whiteflies [2]. In
addition to laboratory bioassays, H. axyridis is extensively employed for pest management in orchards, greenhouses, crop fields, and
other agricultural settings [2-6]. Furthermore, with increase in pest resistance following the use of chemical insecticides, integrated
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pest management, which combines natural enemies with insecticides, is becoming increasingly important [7-10]. To satisfy the de-
mands of pest management and make rational use of natural enemies, it is crucial to synchronize natural enemy production with pest
outbreaks.

An appropriate shelf-life management strategy is a key approach to balance natural enemy production and pest control. Developing
storage technologies based on insect development regulation, such as diapause induction and cold storage, is of great theoretical
significance for the shelf-life management of natural enemies [11,12]. Cold storage constitutes the main method for prolonging the
shelf-life of natural enemies, and it has been evaluated for parasitic wasps, predatory ladybirds and predatory mites [12-17]. The study
indicated that 12 °C is suitable for the cold storage of the eggs and adults of H. axyridis and C. septempunctata as they maintained a high
survival rate even after 30 days of cold storage [14]. However, the survival rate and fecundity of natural enemies decrease rapidly with
increasing cold storage time [12-16,18,19]. Using cold acclimation, diapause induction, and interim nutrition supplementation can
improve the survival rate of natural enemies during cold storage [13,14,18,20]. However, there remain numerous problems such as
intricate operation, short storage time, and declining offspring fitness. The continuous optimization of natural enemy storage tech-
nology is urgently needed to address these issues as it can provide important technical support for the shelf-life management of natural
enemies.

Developmental arrest caused by factors such as diapause and quiescence is gradually being applied to the shelf-life management of
natural enemies [11,21]. The egg parasitoids could be stored for a full year after diapause induction, this enabling mass production and
achieving better synchronization with the pest outbreaks [22]. The quiescence induced by low temperatures allows Trichogramma
evanescens Westwood and T. chilonis Ishi to be stored for up to 30 days at 4 °C without significant loss [23]. In predacious mites,
entering diapause ensures that predator synchronizes with the occurrence of its prey [24]. In addition, diapause lays the foundation for
the storage, transportation, life prolongation, and population stability maintenance of predacious mites [21,25]. Reportedly, the
reproductive diapause adults of H. axyridis can be cold stored at 10 °C for a long time, with the survival rate of the adults still exceeding
85 % after 120 days of cold storage [26]. Thus, using the diapause characteristics to manage the shelf-life of H. axyridis probably has
certain commercial prospects [27].

Artificial diet serves as an important substitute food in the large-scale breeding of natural enemies. It includes a wide range of
materials and facile preparation at low cost. Recently, an artificial diet was applied as a nutrition supplement before the cold storage of
natural enemies. Reportedly, using an artificial diet as a nutrition supplement before storage can ensure that C. septempunctata adults
can be stored for at least 60 days [28]. In Podisus maculiventris, eggs from artificial diet-fed adults exhibit higher hatching rates
following cold storage compared with eggs from natural prey-fed insects [29]. Similarly, H. axyridis adults fed an artificial diet before
cold storage exhibited a higher survival rate and lower weight loss during long-term cold storage than those fed natural prey [30]. In
addition, continuously using artificial diet to feed predator adults often leads to pre-oviposition prolongation and low oviposition rates
[31-33]. These features were considerably similar to those of reproduction diapause, indicating that artificial diet could potentially be
used for manipulating reproductive development.

To explore whether artificial diet could be used to manipulate reproductive development in H. axyridis, this study detected some
biological and biochemical characteristics after providing an artificial diet to newly emerged female beetles [27,34]. First, differences
in nutrition accumulation, reproductive development, JH synthesis, JH responsive and stress resistance gene expression levels between
artificial diet-fed and natural prey-fed beetles were compared. With the diet conversion experiment, the effects of continuous feeding
of an artificial diet on the reproductive development of H. axyridis were further clarified. The relevant research results can provide an
important theoretical basis for optimizing the storage technology of H. axyridis.

2. Methods
2.1. Insect rearing

The experimental population of H. axyridis was derived from Hubei Key Laboratory of Insect Resources Utilization and Sustainable
Pest Management, Huazhong Agricultural University. The ladybirds were constantly fed on Acyrthosiphon pisum after introducing.

Newly emerged H. axyridis female adults were collected daily and randomly divided into two groups, which were fed aphid (AP) and
artificial diet (MF), respectively. All tested H. axyridis were reared at 25 + 1 °C, 16 h light, 8 h dark, and relative humidity 60-70 %.

2.2. Artificial diet preparation

The artificial diet was prepared according to the formulation reported by Sun et al., 2018 (Table 1) [35]. First, the pork liver
powder (Jiaxiang, Q/LJX0009S, China) and yeast extract (Oxoid, LP0021, England) were evenly mixed, and then the mixture was

Table 1

The formulation of the artificial diet of Harmonia axyridis [35].
Basic ingredients Dosage Additives Dosage
Pork liver powder 100 g Olive oil 1.1 ml
Yeast extract 10g Lin-seed oil 0.8 ml
Sucrose 20g Potassium sorbate solution (17 mg/ml) 1.0 ml
Honey 1.0¢g ddH,0 15 ml
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combined with a solution containing sucrose (Sangon Biotech, A502792-0500, China), honey, olive oil (Sangon Biotech,
A502795-0100, China), linseed oil (Sanmark, 6948949300352, China) and potassium sorbate solution (Sangon Biotech,
A504489-0500, China). After thorough mixing, the artificial diet was evenly divided and stored to —20 °C for later use.

2.3. cDNA synthesis

The females from the AP, MF, and MF-AP treatments were quickly frozen in liquid nitrogen before total RNA extraction. RNase-free
zirconia ceramic beads and 1 mL RNAiso Plus (Takara, 9109, Japan) were added to every 1.5 mL centrifuge tube. Then, a grinder
(Jingxin, Shanghai, China) was used to grind for 2min at 65 HZ and 4 °C. According to the instructions of RNAiso Plus, total RNA from
each treated sample was gradually extracted using chloroform, isopropyl alcohol and anhydrous ethanol. After electrophoresis and
total RNA concentration determination, 1 pg of total RNA was taken from each sample for cDNA synthesis (Takara, RR047A, Japan),
and the obtained cDNA was diluted 20 times for subsequent real-time quantitative PCR (qQRT-PCR) [34].

2.4. Survival rate

The daily survival rates of H. axyridis female adults after feeding on aphids and artificial diet were continuously observed for 10
days, each treatment contains three biological replicates (nap = 26, 26, 26; nyr = 27, 26, 28). In addition, the survival of female adults
in each treatment within 60 days was also analyzed, and the survival curves were drawn (nap = 30; nyr = 26).

2.5. Changes in nutrition accumulation

To illustrate the differences in nutrition accumulation after feeding on different diets, this study evaluated individual fresh weight,
total protein, triglyceride (TG), trehalose content and expression levels of key genes involved in the synthesis of fat and trehalose. The
10-day-old female adults from each treatment group were separately weighed on a one-thousandth balance (Sartorius, Germany) and
their fresh weight was recorded (nap = 50; nyr = 52). The total protein, TG and trehalose levels in 10-day-old female adults of each
treatment group were determined using the respective content determination kits according to the manufacturers’ instructions
(Nanjing Jiancheng, total protein A045-4-2, TG A110-2-1, trehalose A149-1-1, China). The expression levels of lipogenesis gene (fatty
acid synthase, FAS), trehalose synthesis gene (trealose-6-phosphate synthase, TPS), and glycogen synthesis gene (glycogen synthase, GS)
were detected via two-step QRT-PCR following the instructions of MonAmp™ ChemoHS qPCR Mix (Mona Bio, MQ00401, China) [34,
36]. 18S and 28S were considered as the reference genes [37]. All experiments included three biological replicates, each replicate
contained three H. axyridis female adults.

2.6. Reproductive development and JH related-gene levels

The 10-day-old female adults were dissected in 1 x PBS buffer and photographed using MD50 (Mingmei, Guangzhou, China). The
lengths of the follicles were measured using Image J (nap = 14; nyr = 17). The ovarian development degree classification and
development index calculation were based on previous studies [27,38]. The expression levels of reproduction-related genes vitello-
genins (Vgs), vitellogenin receptor (VgR) were detected using two-step qRT-PCR. Furthermore, the expression levels of the JH synthesis
genes farnesyl pyrophosphate synthases (FPPSs), farnesol dehydrogenase 1 (FOLDI1), and juvenile hormone acid methyltransferases
(JHAMTs), and the JH responsive gene kriippel homologl (Kr-h1) were detected to assess the JH level in each treatment group.

2.7. Diet conversion experiment

The ingestion of a single artificial diet can induce reproductive inhibition in predators [32]. To investigate the effect of artificial
diet on the reproductive inhibition of H. axyridis, a food conversion experiment was performed (nap = 30; nyr = 38; nyp.ap = 26). The
artificial diet was supplied to the H. axyridis females since they emerged. After 10 days of feeding on the artificial diet, these females
were then converted to consisting natural prey (recorded as MF-AP treatment). Females continuously fed an artificial diet or aphid
served as controls. The expression levels of the reproduction-related genes (Vgs and VgR), JH synthesis genes (FPPSs, FOLD1, and
JHAMTs), JH responsive genes (Kr-h1), and energy-related genes (FAS, TPS, and GS) in each treatment were also observed 7 days after
food conversion.

2.8. Expression levels of heat shock protein

Heat shock protein (HSP) is a type of stress tolerance protein synthesized in insects and is involved in resisting adverse conditions
such as cold, heat, and hypoxia [39]. In the diapause H. axyridis females, HSP 21 and HSP 68 exhibit high expression [34]. To compare
the differences in the expression levels of HSPs after the consumption of artificial diet and aphids, the relative expression levels of
Hsp21 and Hsp68 were detected in the cDNA from MF-7d, AP-7d, MF-10d and AP-10d treatments using two-step qRT-PCR. To further
clarify the impact of diet conversion on HSPs expression, the relative expression levels of HSP21 and HSP68 were detected using
two-step qRT-PCR at 7 days after food conversion.
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2.9. Statistical analyses

The gene relative expression levels were calculated in Excel 2007. First, the CT values of 18S and 28S for all samples in the gRT-PCR
reaction were calculated using geometric mean, and then the standardized values of these two reference genes were obtained [37,40].
Finally, 2722¢T method was used to calculate the relative expression levels of target genes in each sample [41]. The statistically
analysis of all data in this study was performed using IBM SPSS Statistic 19. Levene’s test and independent sample t-test were
respectively used for testing homogeneity of variance and significance among different treatments (« = 0.05). Log-rank (Mantel-Cox)
test was used to analyze the significance of differences between survival curves from AP and MF treatments. Additionally, the Kol-
mogorov- Smirnova test was used to assess the normal distribution of fresh weight and follicle length. Logarithmic transformation was
applied to data that did not conform to normal distribution before conducting statistical analysis. All figures were drawn in GraphPad
Prism 8.0.1, and the data in the figures were represented as mean =+ SD.

3. Results
3.1. H. axyridis females maintained high survival rates after consuming an artificial diet

Survival rate is one of the basic parameters used to evaluate the applicability of artificial diets in natural enemy production and
shelf-life management. This study documented the survival of H. axyridis fed on aphid (AP) and artificial diet (MF) over 10 and 60 days
since they emerged. It was observed that there was no significant difference between the survival rates of AP and MF within the initial
10 days after the beetles emerged (Fig. 1A). However, after continuously feeding for 60 days, the survival of AP significantly declined,
with only 50 % of the individuals surviving on the 60th day (Fig. 1B). By contrast, the survival rate of MF was higher, with 84.6 %
females surviving on the 60th day (Fig. 1B). And the survival curves of AP and MF treatments showed significant differences (Chi
square = 7.346, p = 0.0067).
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Fig. 1. The survival of H. axyridis females after feeding on different diets since their emergence. (A) Survival rate of the AP and MF females within
10 days. Both treatments contained three replications and were expressed as mean =+ SD (nap = 26, 26, 26; nyr = 27, 26, 28), a = 0.05. (B) Survival
curves of the AP and MF females within 60 days, AP contained 30 females and MF contained 26 females.
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3.2. Artificial diet stimulated the accumulation of TG and trehalose in H. axyridis females

To evaluate the nutrition accumulation of H. axyridis fed on different diets, the fresh weight and total protein, TG, and trehalose
levels were detected in 10-day-old females from AP and MF treatment. The fresh weight did not show a significant difference between
the AP and MF females (p = 0.226, Fig. 2A). The accumulation of TG and trehalose in MF females was significantly higher than that in
AP females (Fig. 2B and D). However, the total protein content was slightly higher in the MF treatment group than in the AP treatment
group (p = 0.042, Fig. 2C). The relative expression levels of FAS, TPS, and GS were further detected in the whole body of 10-day-old AP
and MF females, and the results of qRT-PCR were consistent with those of nutrition accumulation determination, showing that the
expression levels of FAS were higher when the H. axyridis was fed an artificial diet (Fig. 2E). Similarly, an artificial diet significantly
stimulated the expression of TPS in 7-day-old H. axyridis (Fig. 2G). Conversely, GS was highly expressed in female beetles from AP
treatment (Fig. 2F).

3.3. Artificial diet arrested the reproductive development of H. axyridis females

To understand the effects of different diets on ovarian development, the ovaries of 10-day-old females that fed on aphid and
artificial diets were dissected (Fig. 3). The ovaries of H. axyridis females showed a large amount of vitellogenin deposition in the follicle
after feeding on aphids for 10 days (Fig. 3A), and more than 50 % of the females exhibited mature oocytes (Fig. 3B). However, after
feeding on the artificial diet, only 23.5 % of females had ovaries that developed into a grade II state of follicle growth (Fig. 3B). The
ovary of 76.5 % females in the MF treatment still demonstrated an underdevelopment of grade I state of follicle (Fig. 3B). Their ovarian
development index and follicle lengths were lower than those from AP treatment (Fig. 3A-D). The expression levels of Vg1, Vg2, and
VgR also indicated that the ovary development of H. axyridis females was inhibited after the supply of an artificial diet (Fig. 3E-G). JH
is an important upstream hormone that regulates reproductive development in insects [42]. The expression levels of FPPS1, FPPS2,
FOLD1, JHAMTI1, JHAMTZ2, and Kr-h1 in the MF treatment were always significantly lower than those in the AP treatment (Fig. 3H-M).

3.4. Feeding on aphids could recover the reproductive inhibition caused by feeding on an artificial diet

To verify whether the reproductive inhibition caused by feeding on an artificial diet was irreversible or not, a food conversion
experiment was performed using H. axyridis females that had been fed on an artificial diet for 10 days. The 10-day-old females from the
MF treatment were converted to aphids feeding and kept for 7 days (recorded as MF- AP treatment); the females that continuously fed
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Fig. 2. Nutrition accumulation levels of H. axyridis females after feeding on different diets. Fresh weights (A) were respectively collected from 50
10-day-old females in the AP treatment group and 52 10-day-old females in the MF treatment group. The TG (B), total protein (C), and trehalose (D)
levels were also detected in the 10-day-old females, and each treatment contained three replications. The relative expression levels of FAS (E), GS
(F), and TPS (G) were detected in the whole body of the 7 and10-day-old females in each treatment. Both treatments contained three replications. All
the data were expressed as mean + SD. * represents P < 0.05, ** represents P < 0.01, p value represents no significant difference (independent
sample t-test, a« = 0.05).
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Fig. 3. Reproductive developments of H. axyridis females after feeding on different diets.

The ovarian development was assessed using ovarian yolk deposition (A), ovarian development degree (B), ovarian development index (C), and
follicle length (D) of 10-day-old females from the AP and MF treatment groups. The mRNA expression levels of reproduction-related genes were also
detected to evaluate reproduction development (E— G). The mRNA expression levels of JH synthesis genes (H-L) and responsive gene kr-h1 (M)
were detected to evaluate JH levels in each treatment (H-M). The 7 and 10-day-old females from the AP and MF treatment groups were used for
qRT-PCR, and every treatment contained three replications. The sample number of B-D: nap = 14, nyr = 17. All the data were expressed as mean +
SD. * represents P < 0.05, ** represents P < 0.01, p value represents no significant difference (independent sample t-test, & = 0.05).

on an artificial diet or aphids served as controls. Through the dissection of ovaries, it was found that 100 % of the females in MF- AP
treatment recovered ovarian development (Fig. 4A). Nearly 90 % of females had ovaries that reached grade V, 5 % reached grade IV,
and 5 % reached grade III (Fig. 4C). The ovarian development index and the follicle length in the MF- AP treatment group were
significantly increased, and there was no significant difference with the AP group (Fig. 4B and D). The expression levels of Vgl1, Vg2,
VgR, FPPS1, FPPS2, FOLD1, JHAMT1, JHAMTZ2, and Kr-h1 were also significantly upregulated after conversion to aphids feeding, and
were significantly higher than those of the females that continuously fed an artificial diet (Fig. 4E-M). The detection of nutrition
accumulation-related genes revealed that the relative expression levels of FAS and TPS decreased significantly after conversion to
aphids feeding, whereas the relative expression levels of GS increased in the MF- AP treatment group (Fig. 5A-C).

3.5. HSPs maintained high expression levels after feeding on an artificial diet

The expression levels of HSP21 and HSP68 in the MF treatment group were significantly higher than those in the AP treatment
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evaluate JH levels after dietary conversion (H-M). The 17-day-old females from the AP, MF, and MF-AP treatment groups were used for qRT-PCR,
and each treatment contained three replications. The sample number of B-D: nap = 18, nyr = 18, nyr.ap = 20. All the data were expressed as mean
+ SD. * represents P < 0.05, ** represents P < 0.01, p value represents no significant difference (independent sample t-test, a = 0.05).
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group (Fig. 6A and B). Furthermore, HSP21 and HSP68 still maintained high expression levels after converting to aphids feeding for 7
days, and there appeared to be no significant difference between the MF- AP and MF treatment groups (Fig. 6C and D).

4. Discussion

Using development regulation to optimize storage technology may be an important breakthrough in popularizing predators. To
evaluate the application potential of artificial diet in the shelf-life management of H. axyridis, the survival rate, nutrition accumulation,
reproductive development, and JH synthesis, responsive gene, and stress resistance gene expression levels were observed after feeding
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The whole bodies of 7 and 10-day-old females from the AP and MF treatment groups were used for the qRT-PCR of HSP21 (A) and HSP68 (B).
Furthermore, the expression levels of HSP21 (C) and HSP68 (D) after dietary conversion were detected in the whole body of 17-day-old females.
Each treatment contained three replications. All the data were expressed as mean + SD. * represents P < 0.05, ** represents P < 0.01, p value
represents no significant difference (independent sample t-test, a« = 0.05).
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on artificial diet. The results indicated that providing an artificial diet to H. axyridis females had no significant negative effect on their
survival rate, and the survival rate remained high within 60 days after emergence. After feeding on an artificial diet, H. axyridis females
accumulated a large numbers of TGs and trehalose in their bodies, and the stress resistance gene expressions levels were also high.
Continuous feeding on an artificial diet led to the reproductive inhibition of H. axyridis females, including ovarian development in-
hibition and Vgs expression level reduction. If these reproduction-arrested adults were transferred to aphid-feeding, they recovered
from reproduction development immediately. These results suggest that artificial diets could be used to control the reproductive
development status of H. axyridis and provide important technical tools for their shelf-life management.

Adequate nutrient accumulation may be an important guarantee for the shelf-life extension of natural enemies. Insufficient
nutrition accumulation probably leads to reduced fecundity or high mortality after storage [43]. Herein, we found that the accu-
mulation of TG and trehalose was significantly increased in the artificial diet-fed H. axyridis females. In fact, TG and trehalose are
important energy reserves in insects [44]. They can enter the tricarboxylic acid cycle to provide energy for insects after a series of
biochemical reactions. The findings provide an important theoretical basis and technical support for the shelf-life management of
natural enemies.

In the research and development process of an artificial diet, it was found that simply feeding an artificial diet often caused the
reproductive inhibition of predator adults, such as pre-oviposition prolongation and low oviposition [32,33]. Herein, the ovarian
development of H. axyridis females was significantly inhibited after feeding on an artificial diet since they emerged, and the low
expression levels of JH synthesis genes and Kr-h1 also suggested a low level of JH titer in their bodies. In fact, the diapause H. axyridis
females also presented with an arrested internal reproductive system, increased lipid and soluble sugar accumulation, low JH titer
levels, and high HSPs expression levels [27,34]. In addition to the arrested ovarian development, large levels of TG and trehalose
accumulated in the MF H. axyridis females, and the relative expression levels of HSP21 and HSP68 were significantly higher in the MF
females than in the AP females. Therefore, H. axyridis probably entered a physiological state similar to reproductive diapause after
being fed an artificial diet. This diapause-like state may have wide application prospects in the shelf-life management of H. axyridis.

Reportedly, a short day can induce low levels of JH in H. axyridis adults, and then trigger reproductive diapause [27,34,45]. Herein,
the nutrition disparities between the artificial and aphids diet led to differences in the reproductive development in H. axyridis females.
The reproductive arrest state caused by consuming artificial diet could be rapidly restored by switching to aphid-fed, which contrasts
starkly with the reproductive diapause observed in ladybird beetles. In fact, nutritional quality is an important factor in ensuring the
reproductive development and triggering endocrine signals in insects [46-48]. Various insects exhibit clear nutrient-limited ovipo-
sition. After feeding on flush shoots, the TOR signaling pathway is activated in Diaphorina citri, which subsequently affects JH levels
and promotes oviposition [49]. Similarly, feeding on blood could activate JH synthesis, subsequently regulating oogenesis in
mosquitoes [50]. Nutrient limitation in resting stage mosquitoes could increase the rate of follicular resorption [47]. Although the
reproductive arrest caused by artificial diet feeding is not diapause, H. axyridis accumulated more TGs and trehalose and showed high
expression levels of stress resistance genes, which would be beneficial for shelf-life management.

How to effectively control the occurrence and termination of diapause is the key technology for utilizing the diapause for the shelf-
life management of natural enemies [21]. If the diapause maintenance period is too long or short, the supply of natural enemies will be
out of sync with the pests, thus limiting the production and application of natural enemies [51]. A controllable diapause-like state
might solve these problems effectively. In fact, reproductive inhibition caused by only feeding on an artificial diet has been reported in
numerous natural enemies, and it can be easily recovered. After feeding on an artificial diet, C. septempunctata also enters a
diapause-like state with inhibited reproductive development, which can be effectively alleviated following JH analog supplementation
[52]. Herein, it was also found that H. axyridis females exhibited reproductive arrest, which is similar to diapause after feeding on an
artificial diet, and the reproductive development could be quickly recovered after natural prey supplementation. This operation is
simple and effective in solving the problem of long diapause maintenance. It should be noted that H. axyridis requires continuous
provision of fresh artificial diet. However, this operation is somewhat simpler than mass-rearing aphids. In factories without suitable
cold storage conditions, the artificial diet could be used for H. axyridis manipulating development and achieving shelf-life
management.
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