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Dietary nutrients provide fuel for the growth and development of insects as well as chemicals for their tissue construction. Apis mellifera L., an important pollinator, collects nectar and pollens from different plants to get their nutritional needs. Honey bees use protein for growth and development and carbohydrates as energy sources. Pollens predominantly contain proline and glutamic acid (non-essential amino acids). This is the first study to evaluate the role of proline, glutamic acid and sorbitol on bee broods. The composition of the diet can optimize the in vitro rearing process. Therefore, we elaborated on the possible impact of these amino acids and sugar alcohol on bee broods. This study aimed to achieve this objective by rearing honey bee larvae under different concentrations of proline, glutamic acid, and sorbitol (1, 4 and 8%), which were supplemented into the standard larval diet. The supplementation of proline helped the quick development of larvae and pupae of honey bees, whereas developmental time only decreased in pupae in the case of glutamic acid. The duration of the total bee brood development was the shortest (20.1 and 20.6 days) on Pro8 and Glu4, respectively. Proline only increased larvae survival (93.8%), whereas glutamic acid did not increase the survival of any brood stage. Pupal and adult weights were also increased with proline and glutamic acid-supplemented diets. Sorbitol did not change the developmental period of the honey bee brood but increased larval survival (93.7%) only at the lowest concentration (Sor1). The small concentration of sorbitol can be used to increase the survival of the honey bee brood. However, a higher concentration (Sor8) of sorbitol reduced the body weight of both pupae and adults. This study predicted that rearing bee brood could be one of the factors for the selectivity of pollen with higher proline and glutamic acid during the foraging of bees.
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Introduction

Insects as pollinators provide an imperative ecosystem service for 76% of global crops and wild plants (Klein et al., 2007; Stanley et al., 2020; Layeka et al., 2022). Plants including Fagopyrum esculentum Moench and Zinnia elegans Cav. can conserve pollinators (Lee and Jung, 2019). Factors including pests, microorganisms, pesticides, and poor nutrition are threatening pollinator richness and abundance (Goulson et al., 2015). Nutritional demands for these pollinators can be moderated by humans using landscape management (Vaudo et al., 2015). However, studies on the nutritional composition of pollens are required for such landscape management for both solitary and social pollinators. The value of contribution of pollinators to global food production is approximately €153 billion (Gallai et al., 2009).

Honey bee foraging depends on pollen and nectar quality (Begna et al., 2020) to meet the requirements of their dietary nutrients, which are essential to maintaining healthy colonies. Nutrients help in tissue building for growth and development (Simpson and Raubenheimer, 2011). Pollens provide protein for the development and growth of honey bees, whereas nectars are a source of carbohydrates providing the energy needed for flight (Brodschneider and Crailsheim, 2010). The protein content of pollens varies from plant to plant and also geographically (Roulston et al., 2000; Taha et al., 2019; Al-Kahtani and Taha, 2020).

Insects mostly choose their foraging diet that meets their nutritive criteria to maintain a balance of their physiological needs (Waldbauer and Friedman, 1991; Simpson et al., 2015). Honeybees are also selective to feed on specific pollens in diverse flowering landscapes (Smart et al., 2017). Honey bees choose pollen sources via complex criteria, including quality (nutrients) and availability (Layek et al., 2020). The longevity, physiological metabolism, and ovarian activation of bees are also dependent on pollen quality (Schmidt et al., 1987; Human et al., 2007; Alaux et al., 2011).

Bee pollens contain a high level of protein including essential and non-essential amino acids based on their origin and season (Tasei and Aupinel, 2008; Margoan et al., 2012; Taha, 2015; Al-Kahtani et al., 2020). Proline and glutamic acids are predominant non-essential amino acids found in most pollens (Szczesna, 2006; Mondal et al., 2009; Nicolson and Human, 2013; Bayram et al., 2021). Glutamic acid is a vital neurotransmitter that regulates the processes of learning and memory (Locatelli et al., 2005). It is also believed that glutamic acid increases the cell growth of an insect (Chou, 2014). Proline is needed to act as fuel for the flight of honey bees (Carter et al., 2006; Campbell et al., 2016). These findings led us to consider the possible role of these non-essential amino acids in honey bees.

The sugars are a critical source of energy metabolism in insects (Vaulont et al., 2000) and also act as a feeding stimulant (Ramirez, 1990). Sugar alcohols belong to another class of carbohydrates that can affect the development and survivorship of insects (Lee et al., 2021). Sorbitol, a polyol, plays an important role in the development and thermotolerance of bees (Storey and Storey, 1992; Lee et al., 2021). Therefore, the objective of the present study was to evaluate the possible role of proline, glutamic acid, and sorbitol on bee brood and improve the artificial diet of bee brood.



Materials and methods


Honey bee larvae collection and diet preparation

The eggs of A. mellifera were collected from a single hive maintained in an apiary of Andong National University. The queen and a few workers were excluded on a new frame using a cage for a period of 24 h. Queen was then released, and newly laid eggs containing the frame were again maintained in the hive by putting a cage on it for an additional 70 h. The frame was then transferred to the laboratory for grafting. Artificial diets (see detail below) were placed into cups of each well of a 48-well-plate and placed at 35oC for 30 min before larval grafting. The larvae were individually transplanted into wells of a 48-well-plate. Larval grafting was carried out following the protocol of Schmehl et al. (2016). Grafted larvae were then reared in the desiccators at 35oC with a 94% relative humidity obtained using K2SO4 saturated solution. We tested the role of nutrients in bee brood rearing by adding nutrients at various concentrations (1, 4, and 8%) to the standard diet (Table 1) developed by Schmehl et al. (2016).


TABLE 1 The percentage of diet components of the standard diet and different percentages of supplemented nutrients added to the standard diet.
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Measuring development and survival

To test the role of a prepared diet on larval development and survival of honey bees, predetermined volumes of the diet were subjected to individual larvae in rearing plates following the protocol of Schmehl et al. (2016). In each treatment, 48 individual larvae were subjected and were repeated two times.

Survival and development were recorded daily in larval and pupal stages. Larvae were considered dead if they were found immobile on a diet and appeared black. Change of color and appearance of fungus on the pupae body were indications of their mortality. The body weight of pupae and adults was measured with an electronic balance (1 mg) (AINSWORTH, US/Model:10).



Statistical analysis

One-way analysis of variance (ANOVA) was applied to determine the effect of different concentrations of nutrients on the development, survival, and weight of the bee brood. The percentage data were arcsine transformed for the standardization purpose for analysis. Means for all ANOVAs were compared by the least significant difference (LSD) test at p ≤ 0.05.




Result

Table 2 shows that proline significantly varied the duration of development of larvae (F3, 311 = 25.3; P < 0.001), pupae (F3, 304 = 52.5; P < 0.001), and total brood (F3, 300 = 55.6; P < 0.001). Pro1 did not change the development of larvae from the standard diet. However, higher concentrations of proline (Pro4 and Pro8) quickly completed the development of larvae, while, all concentrations of proline (Pro1, Pro4, and Pro8) quickly completed the development of pupae and total brood duration. The shortest development of larvae (10.7 d), pupae (9.5 d), and total brood duration (20.1 d) were recorded on Pro8.


TABLE 2 The effects of different concentrations of proline, glutamic acid, and sorbitol (1, 4 and, 8%) supplementation on the development of bee brood (days ± S.E) and standard diets fed to honey bee larvae.
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The development of bee larvae was unaffected by a supplemented diet of glutamic acid (F3, 303 = 1.2; P > 0.05). However, glutamic acid concentrations of Glu4 quickly completed the development of bee pupae in 9.4 d (F3, 280 = 33.3; P < 0.001) and total brood in 20.6 d (F3, 280 = 8.27; P < 0.001) when compared to the other glutamic acid concentrations. Sorbitol have no impact on larval development (F3, 291 = 0.64; P > 0.05), pupae (F3, 283 = 1.68; P > 0.05), and total brood duration (F3, 255 = 1.84; P > 0.05) of honey bees.

The proline concentrations significantly varied the survival of larvae (F3, 4 = 9.75; P < 0.05) and total brood (F3, 4 = 66.7; P < 0.001) but pupal survival was unchanged (F3, 4 = 0.87; P > 0.05). The highest survival of larvae was 93.7% when fed on the Pro8 diet (Table 3).


TABLE 3 The effects of different concentrations of proline, glutamic acid, and sorbitol (1, 4, and 8%) supplementation on the survival of bee brood (%±S.E) and standard diets fed to honey bee larvae.

[image: Table 3]

The glutamic acid neither varied the survival of larvae (F3, 4 = 3.0; P > 0.05) nor the survival of pupae (F3, 4 = 0.36; P > 0.05). However, the survival of the total brood varied across the different concentrations of glutamic acid (F3, 4 = 13.7; P = 0.014). The maximum survival of the total brood was 85.4% and 83.3% when fed with the Glu8 and Glu4 diets.

Sorbitol significantly varied the survival of larvae (F3, 4 = 32.8; P < 0.01), pupae (F3, 4 = 16.9; P < 0.01) and total brood (F3, 4 = 57.8; P < 0.001). Sor1 increased the survival of larvae (90.7%) as compared to all tested concentrations of sorbitol including the standard diet. Pupal survival was the lowest (83.6%) at Sor8. Total brood survival was reduced to 41.7% when honey bee larvae were fed with higher sorbitol concertation, Sor8.

The proline significantly increased the weight of both pupae (F3, 311 = 18.4; P < 0.001) and adults (F3, 304 = 28.3; P < 0.001) when larvae were fed with proline diets (Table 4). Both pupae and adults weighed 0.100 mg on the Pro8 diet, which was higher than the other lower concentrations of proline.


TABLE 4 The effect of different concentrations of proline, glutamic acid, and sorbitol (1, 4, and 8%) supplementation on body weight of bee brood (mg±S.E) and standard diets fed to honey bee larvae.
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Similarly, the weights of pupae (F3, 303 = 4.14; P < 0.01) and adults (F3, 280 = 14.0; P < 0.001) were also increased when larvae were fed with the glutamic acid diet. The Glu4 increased the weights to 0.120 and 0.110 mg of pupae and adults, respectively. The sorbitol only significantly decreased the weight of adults (F3, 255 = 5.07; P < 0.01) but had no impact on pupae (F3, 278 = 1.11; P > 0.05). The Sor8 decreased the weight of adults to 0.84 mg when compared to the standard diet.



Discussion

The proline and glutamic acid are predominant non-essential amino acids found in bee pollens (Nicolson and Human, 2013). However, their roles in the development and survival of bee brood were not clearly defined. This study presented that the addition of proline and glutamic acid in 1–8% to the diet resulted in fast development and reduced mortality in honey bee brood.

An increase in proline concentration in the standard diet, especially higher concentrations of proline, reduced the development time of all stages of bee brood. The proline is well-known for its role in energy metabolism (Bursell, 1981). Ito and Arai (1966) showed that proline is an important nutrient for the larval development of silkworms. Another study showed that proline predominantly plays a major role in energy metabolism as compared to other amino acids (Lamour et al., 2005). The proline has been proven as a phagostimulant in adult honey bees (Lanza, 1988; Darvishzadeh et al., 2015). Similarly, the higher consumption of Africanized bee bread than European bee bread is also believed for its higher concentration of proline (Degrandi-Hoffman et al., 2013). However, our results for proline were indirectly contradictory with the previous study where higher protein did not affect the larval development of honey bees (Helm et al., 2017). This discrepancy may be due to diet composition. They increased protein content by increasing the dose of royal jelly whereas we only increased the proline content.

In contrast, the supplementation of glutamic acid did not have any impact on larval development. Similar findings have been reported in a previous study (Friend et al., 1957; Chang, 2004). However, it reduced the developmental time of pupae compared to a standard diet. This difference could be due to the differential nutrient requirements of larvae and pupae of honey bees. The amount of glutamic acid present in larvae of the honey bee sub-species (A. mellifera ligustica) is 5.0 g/100 g DM while 8.4 g/100 g DM in pupae (Ghosh et al., 2016). The reduction of muscle contraction was shown by the deletion of glutamic acid-rich C-terminal extension of the Drosophila TnT gene (Troponin T) (Cao et al., 2020). Glutamic acid functions as a neurotransmitter for learning and memory in honey bees (Locatelli et al., 2005). Proline and glutamic acid may also enhance the thermotolerance of insects (Fields et al., 1998; Koštál et al., 2016). Sorbitol did not affect the development of brood. This finding is consistent with a previous study on the German roach, Blattella germanica L., which was fed sorbitol supplementation along with casein (Gordon, 1959).

The survival of larvae and total bee brood was also increased with the increasing proline concentration in the standard diet. However, only the highest concentration of proline (Pro8) supplemented diet increased the survival during the larval period, whereas Pro4 and Pro8 increased the survival of total bee brood. This showed that proline might better oxidize only at higher concentrations in the presence of carbohydrates in the bee brood. Proline act as a co-substrate extensively with carbohydrate in insects (Zebe and Gade, 1993). Glutamic acid only increased the survival of the total bee brood when added to the standard diet. The larval diet composition of honey bees affects the developmental period and survival of immature bees to adults (Nicholls et al., 2021). Our results did not agree with earlier studies that showed higher mortalities of larvae (Helm et al., 2017) and adult (Pirk et al., 2010) bees when fed on a diet with higher protein concentrations. These contradictory results are possibly due to diet composition. In the present study, only proline and glutamic acid concentrations were increased. This differential response not only leads to inferring that individual components may have different roles in the total proteinous diet but also in the developmental stage. The lowest tested concentration (1%) of sorbitol increased the survival of larvae to 20% and the total survival of larvae emergence into an adult. The 5% of sorbitol also increased the survival of Aedes aegypti against water only (Galun and Fraenkel, 1957). Sorbitol is a feeding stimulant for some insects (Lee et al., 2021) and its role is well-known as a thermoprotectant (Salvucci et al., 2000). Higher concentrations (4 and 8%) of sorbitol decreased the survival of the bee brood in the present study. The survival of whitefly adults was reduced when fed on a diet supplemented with 10% sorbitol. Hu et al. (2010) confirmed the insecticidal effect of sorbitol on bee brood at higher concentrations (4 and 8%). This suggested that the toxicity of sorbitol is concentration dependent on honey bee brood.

Supplementation of both proline and glutamic acid increased the body weight of pupae and adults of honey bees. Body size is typically associated with nutrient storage (Sun et al., 2015). However, storage of nutrients could be more in the case of glutamic acid because bees did not use glutamic acid as a source of energy in development as compared to proline. The availability of nutrients during developmental stages determines the body size of an adult which is a prominent parameter to describe the fitness of individuals (Nijhout, 2003). There is no study available on any insects regarding sorbitol's impact on honey bee's weight that directly relates to our results. Our result showed that sorbitol reduced the body weight of bee brood but at a higher concentration. Therefore, this weight reduction cannot be because of starvation and also because higher concentrations of sorbitol did not reduce the brood. This weight reduction may be due to the ingestion of food supplemented with higher concentrations. Some polyols, such as erythritol, can reduce the body weight of insects (Díaz-Fleischer et al., 2019).

Overall, this is the first study that highlights the importance of proline and glutamic acid to the development and survival of bee brood. Both non-essential amino acids have divergent roles in the bee brood lives. The proline is more readily available as energy metabolism for all developmental stages, whereas glutamic acid only affects the development of pupae. The proline influenced higher survival of bee larvae but larval survival was unchanged with supplementation of glutamic acid. Both non-essential amino acids are important for the body size of pupae and adults. These beneficial effects of both proline and glutamic acid on bee brood may be due to honey bees' preferences to forage on pollen containing higher proline and glutamic acid. However, this needs to be tested experimentally. These nutrients may also be supplemented to the diets used for bee hives to increase brood production and can help to cope with poor nutrition due to the low availability and quality of floral resources. The role of sorbitol on bee brood is concentration dependent. A lower concentration of sorbitol improved the survival of bee brood and increased the thermotolerance of insects (Salvucci et al., 2000). The effect of sorbitol on the thermoregulation of honey bee brood should be tested in the future. The mortality rate of honey bee larvae is one of the biggest issues for rearing honey bee brood under laboratory conditions. These can be attributed to handling and growing environment. This study also showed that sorbitol could potentially be one of the chemical options to reduce issues such as decreasing mortality.
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