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Abstract

:

Simple Summary


Addressing challenges of controlled breeding in honey bees at natural mating stations is important in controlling and maintaining valuable traits of biological and economic interest. Basically, artificial insemination and natural mating are the two reproductive techniques used by beekeepers in maintaining honey bees’ genetic resources. However, little is known on the various sources of variation affecting breeding success at different mating stations. Our study provides an insight, addressing key questions to improve mating success rate of controlled breeding. Selecting mating stations with the maximum cost benefit return is a motivating tool in maintaining valuable genetic materials of honey bees. Our results demonstrated that breeding success of natural mating at controlled mating stations is influenced by the environmental conditions of the area. Mating success rate was high in mating stations with a high percentage of bare land, coniferous forests, deciduous forests, fields, and mixed forests. We suggest that mating stations with mixed forest and fields are potential sites for successful breeding and maintenance of honey bees’ genetic resources.




Abstract


Honey bee reproductive behavior involves a complicated mating system that embodies a number of factors, including environmental and human-induced factors. Controlled breeding in isolated mating stations is a prerequisite to maintain the genetic resources of honey bees through natural mating. The concept of controlled mating is a challenge in most beekeeping operations due to its low mating success rate. Therefore, a detailed investigation into the suitability of isolated mating stations is of interest. Thus, we bred two subspecies of honey bees (Apis cerana koreana and Apis mellifera L.) in isolated mating stations (island) from 2021 to 2023 and in an open breeding station in 2023. Our results demonstrate that the highest percentage of the mating success rate in isolated mating stations was recorded in the Wido Island, which had the highest percentage of bare land, coniferous forests, deciduous forests, fields, and mixed forests. The mating success rate was higher in the summer and spring for A. cerana and A. mellifera, respectively. The mating success rate was higher in open mating compared to controlled mating (Island) and did not vary between pure-breeding and cross-breeding lines. Our findings suggested that mating stations with mixed forest and fields are potential sites for the successful breeding of honey bees.
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1. Introduction


Reproductive success is used to depict breeding success in animals. The common goal of reproduction in animals is the production of offspring, though the process may vary from species to species. In honey bees, reproductive behavior involves a complicated mating system that embodies a number of factors, including environmental and human-induced factors. This behavior is associated with a complex polyandrous mating system [1] where queen bees mate naturally with 15–20 drones in a single flight [2] and in two flights [3], and in a drone congregation area consisting of about 10,000–30,000 drones [2]. It is well known that queen bees are unique [1,4] and are the most important in a honey bee colony due to their responsibility of laying eggs and keeping the colony alive.



Beekeepers depend solely on the quality of their queen bees for colony development and the production of hive products. However, biotic and abiotic factors are known to disrupt the quality of queen bees and consequently affect their reproductive success, some of which include age of the transferred larvae; origin of the larvae; the number of young worker bees; the food presence of starter and finisher colonies; the amount of mated queen bees with a sufficient number of drone bees [5]; and queen mandibular pheromones [6]. In recent years, most beekeepers have neglected the aspect of reproductive success that relies on drone quality, which is one of the key components of honey bee breeding. Abiotic factors could alter drone quality and breeding success, though little is known on these topics. For instance, Rhodes [7] reported that drone sexual maturity is affected by climate, nutrition, and other environmental factors. Several studies have addressed pertinent aspects of reproduction in honey bees while focusing on queen quality [8,9,10,11,12], drone quality [13,14,15,16,17,18,19], and environmental factors [20,21].



Modern-era animal breeding was first described by Sir Robert Bakewell (1725–1795) and later spread to the rest of Europe and North America [22,23]. Natural mating in animals has been categorized into free mating and controlled mating systems. The genetic material of an organism cannot be maintained through open mating but can be achieved by practicing controlled mating. However, the concept of controlled mating in honey bees was first established by attempting the use of isolated mating stations, which were unsuccessful, in Switzerland [24]. Recently, isolated mating stations have become successfully developed and popular in Central European honey bee breeding [25]. Again, the development of artificial insemination techniques for honey bee queens (controlled breeding) in the late nineteen century is now a practical tool in economic bee breeding [14]. Recent studies have revealed that the breeding success rate of naturally mated queen bees is far lower for controlled mating (47%) compared to uncontrolled mating (99%) [26]. The low success rate of controlled mating could be an inhibiting factor in maintaining large amounts of genetic resources, especially in developing countries where controlled mating is difficult to achieve [27,28]. The unwanted low percentage of breeding success for controlled mating could be associated with both environmental and human-induced factors. Although some limiting factors (the age of transferred larvae, origin of larvae, the number of young worker bees) of natural mating in honey bees could be under control, the availability of nectar and pollen sources are essential for the growth, development, and survival of honey bee colonies [29]. Therefore, Decourty et al. [30] suggested that further agriculture and landscape changes might alter bee foraging areas and consequently lead to a deficiency in their sources of food, which may have a negative effect on honey bee populations. This is because honey bees depend on transformed nectar and pollen in the form of honey and beebread, respectively [31].



In honey bees, breeding success of naturally mated queen bees at controlled mating stations could be linked to the environmental conditions of an area. The emergence of controlled mating in honey bees at selected mating stations is important in controlling and maintaining valuable traits of biological and economic interest. However, there is not much information or literature studies on the various sources of variation affecting breeding success at different mating stations. According to the literature, some studies that have addressed the challenges related to honey bee reproductive success include research on the characteristics of rearing queen bees (Apis mellifera L.) in queenright and queenless colonies [32]; observations of the mating behavior of honey bee (Apis mellifera L.) queens using radiofrequency identification (RFID);factors influencing the duration and frequency of nuptial flights [21]; the effects of rearing periods on some reproductive characteristics of Caucasian (Apis mellifera caucasica) queen bees [33]; breeding success and genetic diversity in honey bees [34]; the importance of controlled mating in honey bee breeding [26]; factors affecting the reproductive health of honey bee (Apis mellifera) drones [18]; the mating frequency of Apis mellifera jemenitica under desert conditions of Saudi Arabia [35]; and factors influencing the reproductive ability of male bees [36]. Today, few studies are being conducted in this aspect perhaps because of lack of potential mating stations in some regions of the world. For instance, controlled mating could be an inhibitory factor in successful animal breeding in developing countries [27,37]. To our knowledge, many challenges of controlled breeding in honey bees at natural mating stations remain undefined. Our study provides an insight into these challenges, addressing key questions to improve the mating success rate of controlled breeding. Selecting mating stations with the maximum cost benefit return is a motivating tool to increase the probability of maintaining valuable genetic materials in honey bees. It is necessary to identify suitable isolated mating stations to better conserve the genetic material of honey bees of particular interest. This study is a gateway to improve the breeding success rate of controlled breeding at natural mating stations, which is beneficial to beekeepers in maintaining and conserving honey bee genetic resources of interest.




2. Materials and Methods


2.1. Location of Mating Stations and Determination of Landscape Factors


Mating was conducted in the mainland and islands for closed and open breeding, respectively. The mainland station was located at the experimental apiary (35°49′49.8″ N, 127°02′17.9″ E) of the honey bee breeding laboratory of the National Institute of Agricultural Sciences, Rural Development Administration, Wanju, Republic of Korea (Figure 1). The presence of many small and large islands surrounding three sides of the Republic of Korea has made the country an important region to practice closed or controlled breeding by creating isolated mating stations. Five islands (breeding or mating stations) were selected based on a minimum distance of 31 km to the mainland or nearest coastline. The breeding stations included Wido Island (35°35′26.9″ N, 126°16′46.8″ E), Sapsido Island (36.341° N, 126.357° E), Wangdeungdo Island (35.6572° N, 126.1106° E), Nagwoldo Island (35.2026° N, 126.1337° E), and Sikdo Island (35.6303° N, 126.2877° E). The available landscape factors of the breeding stations were determined with the use of QGIS 3.28 [38]. The factors were classified into bare land, coniferous forests, deciduous forests, facilities, fields, grasslands, mixed forests, rice fields, roads, water, and wetlands, as per breeding station. Other environmental factors (weather factors) including temperature, humidity, cloud cover, and amount of rainfall were not evaluated directly; rather, they were considered based on the seasons of the year [39]. The anomalies of these factors can only be noticeable after many years of observation and thus could not alter the scope of our study within the given time interval. According to the meteorological administration of Korea [40], the mean annual temperature, humidity, and precipitation in the selected islands and their vicinities have not experienced a significant variation between 2021 and 2023 (Table 1).



By implication, these factors vary with season and were similar in the different stations [40].




2.2. Drone and Queen Rearing for Breeding


We selected 3–4 strong queenright colonies per breeding line with desired characteristics for drone rearing. In Apis mellifera, two drone combs were inserted in-between brood combs of each colony for the queen to lay unfertilized eggs. Two days later, the combs were checked for the presence of eggs and recorded as day 1. In Apis cerana, we adopted two methods for drone rearing. Firstly, the bottom section of the brood comb with a few drones was cut off and re-inserted into the colony for the worker bees to build drone cells. Five days later, the comb area was checked for the presence of eggs. Secondly, a foundation comb of Apis mellifera base was inserted into the selected drone colony in Apis cerana for the workers to construct drone cells. After constructing the drone comb, the comb was removed and re-inserted in-between brood combs for the queen to lay unfertilized eggs. The presence of eggs was checked daily. Regarding the developmental stages of drone honey bees, drones emerge within 24 days [18,41,42] and gain sexual maturity between 6 and 16 days after emergence [18]. Drone colonies were fed more of pollen patty to improve on drone quality (weight and body size) for efficient copulation and sperm viability [36]. Drone colonies were taken to mating stations 2–5 days before drone emergence. Two strong queenright colonies of the desired breeding lines were selected for queen rearing. The age of grafted larvae is a prominent factor that influences the mating behavior of honey bee queens [8]. First-instar (12–20 hold) larvae were transferred into artificial queen cell cups using a Chinese grafting tool [43]. The standard method for rearing Apis mellifera queens [44] was adopted and used for rearing both A. cerana and A. mellifera queens as detailed by Akongte et al. [12]. After 10 days of queen rearing (two days prior to queen emergence), pupae were transferred in queen cells into mating nuclei and placed at mating stations. Queen rearing colonies were fed more sugar syrup.




2.3. Description of Breeding Colonies and Breeding Lines


In our experimental apiary, we grafted larvae for breeding based on the breeding line and the type of breeding. We carried out pure-breeding and crossbreeding at selected breeding stations. In pure-breeding, drone bees and queen bees were raised from the same breeding line. For instance, in the “R” breeding line, we raised drone and queen bees from line R and labeled the mating hives as RR (Figure S1). In crossbreeding, we raised drone and queen bees from two different breeding lines. For example, when drone bees were from line R and queen bees from line X, we labeled the mating hives as XR; when the drone bees were from line X and queen bees from line R, we labeled the mating hives as RX (Figure S1). In each breeding station, we placed drone colonies from one breeding line throughout the breeding period and not a mixture of drones. However, in the case of queen bees, the pure-breeding queen bees and the crossbreeding queen bees could be placed in the same mating station and labeled differently. In this case, the emerging queen bees were marked with different color markers for reliability and easy identification. We bred two pure-breeding lines of A. cerana (RR and XX) and crossbreeding lines to form two crossbred lines (RX and XR). In A. mellifera, we bred five pure lines (CC, VV, DD, AA and FF) and seven crossbred lines (AC, FD, VF, CD, VD, ACD and AD).




2.4. Preparation, Transportation, and Placement of Drone Colonies and Mating Hives at Mating Stations


We adopted the following methods in preparing drones and mating hives for mating stations: (1): All emerged drones were destroyed from the drone colonies before transporting to the mating stations. (2): The drone colonies must consist of two food combs (honey comb), drone combs (the number of drones depends on the quantity needed by the breeder), brood combs, and a feeder. (3): The combs were fixed by placing a rod horizontally at the front of the feeder to prevent displacement during transportation. (4): The colony was covered with a propolis net beneath the lid to allow air circulation and the entire colony was fastened with a rope before transporting. The mating hives to be transported to the mating stations included a food comb, one brood comb with worker bees, and a feeder. All drone cells, drone broods, and drone bees were destroyed. The combs were fixed by placing a rod horizontally at the front of the feeder to prevent movement during transportation. A special mating hive was prepared with two brood combs consisting only of worker bees for transporting queen cells in-between the sealed brood combs. All mating hives were fastened with a rope before transportation. The drone colonies and mating hives were prepared and kept overnight at the experimental in-land apiary before transportation to the mating stations. In the early hours of the following day, all the colonies were moved to their respective mating stations by car and by ship [45]. At mating stations, we inserted 2 queen cells into each mating hive and opened the hive entrance a few minutes later. Hives were placed in a scattered manner with entrances facing different directions (Figure S2). At the mating stations, all colonies were covered with a propolis net and a piece of cloth beneath the lid.




2.5. Evaluation of Mating Success Rate and Transportation of Mating Hives to the Mainland


We evaluated the mating success rate based on the ability of the queen bee to lay fertilized eggs after the nuptial flight [46]. Two days after placing the mating hives at the mating stations, the queen bees were expected to emerge. Two weeks later, the presence of eggs was checked and recorded. Twenty-eight days after placing the colonies at the mating stations, the presence of sealed broods was checked. According to Meyer-Rochow and Jung [47], the presence of fertilized eggs and worker broods is a sign of successful mating. Within this period, all mating hives were moved to the in-land apiaries where successfully mated colonies were labeled and kept, while unsuccessfully mated colonies were discarded. Successfully mated colonies were labeled based on the breeding year and the breeding line. The breeding process was conducted in three consecutive years (2021, 2022, and 2023). The subspecies of Apis cerana used in this study is Apis cerana koreana [48].




2.6. Data Analysis


Landscape factors were analyzed using QGIS 3.28 [38]. The relationship between various environmental factors and the mating success rate was determined using Spearman’s correlation. One-way analysis of variance (ANOVA) was used to compare the means of more than two groups, followed by the Tukey’s (HSD) post hoc test for multiple pairwise comparisons of variance. A two-tailed Student’s t-test was used to compare the means of the two groups. The non-parametric Kruskal–Wallis test, followed by multiple pairwise comparisons of variance using Dunn’s procedure, was used to compare the means of more than two groups that were not normally distributed. The XLSTAT statistical software version 2007.8.04 was used to conduct the analysis, with levels of significance set at 5%.





3. Results


3.1. Characterization of Landscape Factors of the Breeding Stations


Landscape factors within a 2 km radius of the respective breeding stations were analyzed (Figure 2).



The land covers of the breeding stations were evaluated based on the following characteristics: bare land, fields, coniferous land, deciduous land, facilities, fields, grassland, mixed forests, rice fields, water, and wetland (Figure 2). Among the five islands selected for breeding, the highest percentage of bare land, coniferous, deciduous, field, and mixed forest was recorded from the WiddoIsland, while the highest percentage of grassland and wetland was recorded from SangwangdeungdoIsland and NagwoldoIsland, respectively (Figure 2). The least percentage of mixed forest was recorded in the SangwangdeungdoIsland and the SapsidoIsland (0% and 0.17%, respectively). In our mainland apiary (mixed breeding station on Wanju Island), we recorded a low percentage of coniferous land and water (1.04% and 1.84%, respectively) and the highest percentage of fields and grasslands (23.07% and 18.69%, respectively).




3.2. Seasonal and Annual Variation in the Mating Success Rate of Honey Bees


The percentage of the mating success rate was recorded in spring, summer, and autumn in three consecutive years (2021–2023) (Figure 3).



The mean percentage of the mating success rate in spring, summer, and autumn did not differ significantly for A. mellifera (F2,31 = 1.632, p = 0.212) and A. cerana (F2,21 = 2.105, p = 0.147). Although no significant difference was observed for the mean percentage of the mating success rate in spring, summer, and autumn, the mating success rate was the highest in spring and summer for A. mellifera and A. cerana (Figure 3). In A. mellifera, the mating success rate decreased from spring to autumn, while in A. cerana, the mating success rate increased from spring to summer and decreased in autumn. In order to have an insight on whether the climatic condition within the three years of breeding could affect mating success, we compared the mating success rate between the three years (Figure 4).



The mean percentage of the mating success rate in 2021, 2022, and 2023 did not differ significantly for A. mellifera (F2,31 = 0.020, p = 0.981) but differed significantly for A. cerana (F2,21 = 10.826, p < 0.001) in 2023 (Figure 4). The highest percentage of the mating success rate was recorded in 2022, while the lowest was recorded in 2023 for both A. mellifera and A. cerana, although it was insignificant for A. mellifera (Figure 4).




3.3. Comparison of the Mating Success Rate of Honey Bees at Different Mating Stations


The mating success rate of honey bees was recorded at different mating stations during the breeding periods of 2021–2023 (Table 2).



The mating success rate of honey bees differed significantly among the mating stations for both A. cerana (K = 20.525, df = 3, p = 0.0001) and A. mellifera (K = 13.213, df = 4, p = 0.01) (Table 2). The main source of variation in the mating success rate was identified in the mainland station (Wanju). In A. cerana, the island mating success rate was the highest in Wido Island compared to Nakwoldo and Sapsido Islands, though the difference was not significant compared to Nakwoldo Island (Table 2). The lowest mating success rate in A. cerana was recorded in Sapsido Island, while the highest mating success rate was recorded in Wanju Island (Table 2). In A. mellifera, the island mating success rate was the highest in Wido Island, while the lowest mating success rate was recorded in Wangdeungdo Island (Table 2). According to the results obtained, Wido Island stands as a favorable mating station for both A. cerana and A. mellifera. A correlation analysis was performed to assess the relationship between the mating success rate and various other factors (Figure 5).



Water and wetland accounted for more than 70% of the total land cover in the breeding stations on the islands. The mating success rate increased relatively with the increased proportion of bare land and tended to decrease with an increasing proportion of water and wetland (Figure 5). Although not statistically significant, other factors showed a positive relationship with the mating success rate (Figure 5).




3.4. Variation in the Mating Success Rate in the Mainland and Island


The mating success rates of honey bees bred in the mating stations on islands and mainland apiaries were recorded for both A. mellifera and A. cerana in spring and summer 2023 (Figure 6).



The mean percentage of the mating success rate on the islands and mainland differed significantly in spring (t = 2.160, p < 0.0001) and summer (t = 2.131, p < 0.0001) for A. cerana (Figure 6a). Similarly, the mean percentage of the mating success rate on the islands and mainland differs significantly in spring (t = 2.145, p = 0.001) and summer (t = 2.160, p = 0.011) for A. mellifera (Figure 6b). The percentage of the mating success rate did not differ significantly in spring and summer for island and mainland breeding in both A. mellifera and A. cerana. However, for A. cerana, on the islands, the mating success rate percentage was higher in the summer than in the spring; on the mainland, the mating success rate percentage was higher in the spring than in the summer (Figure 6a). In A. mellifera, the mating success rate was higher in the spring than in the summer for both island and mainland mating (Figure 6b). Generally, the mating success rate percentage was higher on the mainland compared to the islands for both A. cerana and A. mellifera (Figure 6).




3.5. Comparison of the Mating Success Rate between Purebred and Crossbred Lines of Honey Bees


The mating success rate of purebred and crossbred lines of honey bees was recorded for both A. cerana and A. mellifera in the island mating stations (Figure 7).



The mating success rate of honey bees did not show any significant difference between the purebred and crossbred lines for both A. mellifera (t = 2.037, p = 0.172) and A. cerana (t = 2.074, p = 0.631) (Figure 7). The source of variation in the mating success rate of honey bees in the island and mainland mating stations could not be attributed to pure-breeding or crossbreeding. However, in A. mellifera, the difference between the mating success rate percentage for pure-breeding and cross breeding was higher than in A. cerana (Figure 7).





4. Discussion


In the modern era, according to Plates et al. [26], controlled mating does not only represent a personal advantage for individual breeders but it is also important for the genetic progress of the passive population of bees. In comparison with other agricultural species, controlled mating in honeybees appears to be hard to achieve. Environmental factors (landscape, weather, climate) are observed as the key components associated with mating success in honey bees. Weather conditions and predation may lead to 10% to 20% of queen bee losses during nuptial flights [49,50]. These factors are thought to vary with season and location. The results of this study demonstrated no significant variation in the mating success rate across different seasons. However, higher mating success rates were recorded in the spring and summer at higher temperatures and in good weather conditions. In a related study, the number of nuptial flights, which is a determinant of mating success in honey bees, was observed to vary between locations and was influenced by daily temperatures, which vary per season [21].



In contrast, it was reported that queens have no control over the number of times they mate and that the high mating frequencies of honey bees are simply a stochastic by-product of mating behavior and mate availability [51]. Studies have reported that the mating behavior of honey bee queens is influenced by environmental conditions, such as temperature, wind, and cloud cover [20,52,53]. Moreover, the low mating success rate observed in early autumn could be attributed to high wind speeds and ocean currents that hindered mating in the mating stations on the islands. Despite many flights reported for queens on islands [52,53], queens and drones take nuptial flights between 12:00 and 17:00 h, with maximum flight activity taking place between 13:00 and 16:00 h [54,55,56]. According to the National Oceanic and Atmospheric Administration [57], this period is valid for areas with high winds that are near a sea. This could hinder the flight activity of queen and drone bees, and consequently hinder mating success. High wind velocities attributed to poor weather conditions are known to reduce the mating success in honey bees. It was reported that winds over 3.9 m/s impaired mating [20,58] and that good weather resulted in 82–100% success rates for queen mating, while bad weather led to 59% success rates [59]. Relatively, we recorded a low mating success rate in Sapsido and Wangdeungdo Islands, which had more water cover compared to other islands.



Previous studies have demonstrated that despite favorable temperatures and good weather at the end of August towards September, a low mating success rate of only 35% was linked to decreased nectar availability [59]. Our results are in accordance with those of other studies in that the mating success rate of honey bees is higher in the spring and summer (nectar flow periods) compared to autumn (nectar dearth period). Etelvina et al. [60] reported that the status of nectar flow had a significant effect on mating success and that mating success was higher during nectar flow (67%) season than periods of nectar dearth (52%). In our study, the mating success rate varied among mating stations for both A. cerana and A. mellifera. This could be attributed to the variations in resource availability as the highest percentage of mating success was recorded in Wido Island, which had a relatively high percentage of mixed forest and fields. It is thought that the availability of mixed forest and fields provided adequate floral vegetation that favored mating in this area, with the same scenario being observed for mainland mating. A low queen mating rate was reported for island populations compared to mainland populations of the same honey bee subspecies, A. mellifera carnica [61]. In this study, we recorded significant variations in the mating success rate percentage, which was lower on the islands compared to the mainland, in both honeybee subspecies (A. cerana and A. mellifera). The results of the landscape analysis demonstrate a distinct environmental differences between the island and mainland areas, with the islands being dominated by wetlands. The low mating success rate on the islands compared to the mainland could be attributed to the weather conditions of the islands, which may have influenced the duration of mating flights and consequently the number of drones that mated with queen bees. Woyke [62] reported that the ability of drones to mate one after the other with no complications affects the duration of mating flights. In another study conducted on Yemeni honeybee queens, Alattal et al. [35] suggested that the mating success rate could be affected by the ambient temperatures during sexual development and mating flights. Koeniger et al. [63] reported that most drones may limit their mating flight distances as a strategy to maximize the amount of time spent at drone congregation areas to increase their mating opportunities. However, this study did not investigate the time spent by drones at drone congregation areas. Despite this, we hypothesized that due to the poor weather conditions of the islands, the time spent by drones at drone congregation areas could be longer on the islands compared to the mainland.



The conservation of desired traits of particular honey bee subspecies without crossbreeding is important. For instance, it was reported that to prevent the risk of crossbreeding between subspecies, controlled mating is fundamental [64,65]. In this study, we recorded no variations in the mating success rate of pure- and crossbred lines in both A. mellifera and A. cerana. No uncontrolled mating occurred [66] under our controlled mating system. However, in some cases, queens can mate with drones of different subspecies, resulting in colonies of mixed subspecies [67]. In this study, there was no chance for queens to mate with drones from a different breed because of the mating stations being highly isolated from each other and the mainland. In honey bees, the conservation of genetic traits relies on reproductive fitness, which is an indicator of life-history traits, which are passed on from generation to generation. For instance, Keil and Sachser [68] reported that reproductive fitness is gained via polyandry in small mammals.




5. Conclusions


Genetic selection in honey bees is of particular interest to beekeepers and has been shown to be heritable [69,70,71]. However, the conservation and improvement of selected populations remain a challenge in many beekeeping operations due to their complex mating systems. The present study demonstrates the possible conditions for improving the mating success rate of honey bees bred in controlled systems (e.g., islands), with higher breeding success rates seen in mainland mating systems. It appears that islands with a relatively high percentage of deciduous and mixed forests, fields, and low percentage of wetland can play a potential role in the conservation and maintenance of a large population of honey bees through controlled breeding. Most importantly, this study depicts the variability in the mating success rate with respect to seasons and proposes that a large number of breeding populations can be achieved during the nectar flow season; however, this depends on the selected breeding site. This study has crucial practical applications for selecting reliable controlled systems for conserving and improving genetic resources in honey bees.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biology13060444/s1, Figure S1: Schematic representation of breeding lines at mating stations; Figure S2: Placement of mating hives at mating stations: (a) island mating station and (b) mainland mating station.





Author Contributions


Conceptualization, P.N.A., D.K. and B.-S.P.; methodology, P.N.A., M.S., C.-h.L. and B.-S.P.; software, P.N.A. and M.S.; validation, D.K. and D.O.; formal analysis, P.N.A. and M.S.; investigation, P.N.A., B.-S.P. and C.-h.L.; resources, Y.-S.C. and D.K.; data curation, P.N.A., B.-S.P. and D.K.; writing—review and editing, P.N.A. and M.S.; visualization, D.K., D.O. and Y.-S.C.; supervision, Y.-S.C.; project administration, D.K. and Y.-S.C.; funding acquisition, D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Research Program for Agricultural Science and Technology Development (grant number PJ01418006), National Institute of Agricultural Sciences, Rural Development Administration, Republic of Korea.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are presented in this manuscript and are available upon request from the corresponding author.




Acknowledgments


We are grateful to the bee breeding laboratory, the National Institute of Agricultural Science (NIAS), Rural Development Administration (RDA), Republic of Korea. We appreciate the technical assistance of beekeepers in this laboratory.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of this study; in the collection, analyses, or interpretation of the data; in the writing of this manuscript; or in the decision to publish the results.




References


	



Rousseau, A.; Fournier, V.; Giovenazzo, P. Apis mellifera (Hymenoptera: Apidae) drone sperm quality in relation to age, genetic line, and time of breeding. Can. Entomol. 2015, 147, 702–711. [Google Scholar] [CrossRef]

	



Cobey, S.W. An introduction to instrumental insemination of honey bee queens. Bee World 2016, 93, 33–36. [Google Scholar] [CrossRef]

	



Gençer, H.; Kahya, Y.; Woyke, J. Why the viability of spermatozoa diminishes in the honeybee (Apis mellifera) within short time during natural mating and preparation for instrumental insemination. Apidologie 2014, 45, 757–770. [Google Scholar] [CrossRef]

	



Koeniger, N.; Koeniger, G. Mating flight duration of Apis mellifera queens: As short as possible, as long as necessary. Apidologie 2007, 38, 606–611. [Google Scholar] [CrossRef]

	



Morse, R.A. Rearing Queen Honeybees; Wicwas Press: Ithaca, NY, USA, 1979; p. 128. [Google Scholar]

	



Winston, M.L.; Slessor, K.N. Honey bee primer pheromones and colony organization: Gaps in our knowledge. Apidologie 1998, 29, 81–95. [Google Scholar] [CrossRef]

	



Rhodes, J.W. Semen Production in Drone Honeybees; Publication No. 08/130; Rural Industries Research and Development Corporation: Barton, Australia, 2008; Available online: https://rirdc.infoservices.com.au/items/08-130 (accessed on 19 October 2023).

	



Koeniger, G. Reproduction and mating behaviour. In Bee Genetics and Breeding; Rinderer, T.E., Ed.; Academic Press Inc.: London, UK, 1986; pp. 255–280. [Google Scholar]

	



Hartfelder, K.; Guidugli-Lazzarini, K.R.; Cervoni, M.S.; Santos, D.E.; Humann, F.C. Old threads make new tapestry—Rewiring of signalling pathways underlies caste phenotypic plasticity in the honey bee, Apis mellifera L. In Advances in Insect Physiology; Academic Press: Cambridge, MA, USA, 2015; Volume 48, pp. 1–36. [Google Scholar]

	



Kairo, G.; Provost, B.; Tchamitchian, S.; Abdelkader, F.B.; Bonnet, M.; Cousin, M.; Sénéchal, J.; Benet, P.; Kretzschmar, A.; Belzunces, L.P. Drone exposure to the systemic insecticide Fipronil indirectly impairs queen reproductive potential. Sci. Rep. 2016, 6, 31904. [Google Scholar] [CrossRef] [PubMed]

	



Kairo, G.; Poquet, Y.; Haji, H.; Tchamitchian, S.; Cousin, M.; Bonnet, M.; Pelissier, M.; Kretzschmar, A.; Belzunces, L.P.; Brunet, J. Assessment of the toxic effect of pesticides on honey bee drone fertility using laboratory and semi-field approaches: A case study of fipronil. Environ. Toxicol. Chem. 2017, 36, 2345–2351. [Google Scholar] [CrossRef] [PubMed]

	



Akongte, P.N.; Frunze, O.; Kim, D.W.; Kang, E.J.; Park, B.S.; Kim, K.M.; Choi, Y.S. Pupa (Apis mellifera L.) rearing conditions to improve queen weight at emergence. J. Apic. 2022, 37, 365–371. [Google Scholar] [CrossRef]

	



Locke, S.J.; Peng, Y.S. The effects of drone age, semen storage and contamination on semen quality in the honeybee (Apis mellifera). Physiol. Entomol. 1993, 18, 144–148. [Google Scholar] [CrossRef]

	



Cobey, S.W. Comparison studies of instrumentally inseminated and naturally mated honey bee queens and factors affecting their performance. Apidologie 2007, 38, 390–410. [Google Scholar] [CrossRef]

	



Rhodes, J.W.; Harden, S.; Spooner-Hart, R.; Andersen, D.L.; Wheen, G. Effects of age, season and genetics on semen and sperm production in Apis mellifera drones. Apidologie 2011, 42, 29–38. [Google Scholar] [CrossRef]

	



Czekońska, K.; Chuda-Mickiewicz, B.; Chorbiski, P. The influence of age of honey bee (Apis mellifera) drones on volume of semen and viability of spermatozoa. J. Apic. Sci. 2013, 57, 61–66. [Google Scholar] [CrossRef]

	



Stürup, M.; Baer-Inhoof, B.; Nash, D.R.; Boomsma, J.J.; Baer, B. When every sperm counts: Factors affecting male fertility in the honey bee Apis mellifera. Behav. Ecol. 2013, 24, 1192–1198. [Google Scholar] [CrossRef]

	



Rangel, J.; Fisher, A. Factors affecting the reproductive health of honey bee (Apis mellifera) drones—A review. Apidologie 2019, 50, 759–778. [Google Scholar] [CrossRef]

	



Metz, B.N.; Tarpy, D.R. Reproductive senescence in drones of the honey bee (Apis mellifera). Insects 2019, 10, 11. [Google Scholar] [CrossRef] [PubMed]

	



Lensky, Y.; Demter, M. Mating flights of the queen honeybee (Apis mellifera) in a subtropical climate. Comp. Biochem. Physiol. 1985, 81, 229–241. [Google Scholar] [CrossRef]

	



Heidinger, I.M.M.; Meixner, M.D.; Berg, S.; Büchler, R. Observation of the mating behavior of honey bee (Apis mellifera L.) queens using Radio-Frequency Identification (RFID): Factors influencing the duration and frequency of nuptial flights. Insects 2014, 5, 513–527. [Google Scholar] [CrossRef] [PubMed]

	



Wood, R.J.; Orel, V. Scientific breeding in Central Europe during the early nineteenth century: Background to Mendel’s later work. J. Hist. Biol. 2005, 38, 239–272. [Google Scholar] [CrossRef]

	



Theunissen, B. Darwin and his pigeons. The analogy between artificial and natural selection revisited. J. Hist. Biol. 2012, 45, 179–212. [Google Scholar] [CrossRef]

	



Armbruster, L. Bienenzüchtungskunde; T. Fisher: Leipzig, Gemrany, 1919. [Google Scholar]

	



Uzunov, A.; Brascamp, E.W.; Büchler, R. The basic concept of honey bee breeding programs. Bee World 2017, 94, 84–87. [Google Scholar] [CrossRef]

	



Plate, M.; Bernstein, R.; Hoppe, A.; Bienefeld, K. The importance of controlled mating in honeybee breeding. Genet. Sel. Evol. 2019, 51, 74. [Google Scholar] [CrossRef] [PubMed]

	



Olmo, L.; Ashley, K.; Young, J.R.; Suon, S.; Thomson, P.C.; Windsor, P.A.; Bush, R.D. Improving smallholder cattle reproductive efficiency in Cambodia to address expanding regional beef demand. Trop. Anim. Health Prod. 2017, 49, 163–172. [Google Scholar] [CrossRef]

	



Abdel-Salam, S.A.; Sayed, A.I.; Elsayed, M.; Abou-Bakr, S. Genetic gain in open nucleus breeding scheme to improve milk production in Egyptian Buffalo. Livest. Sci. 2010, 131, 162–167. [Google Scholar] [CrossRef]

	



Brodschneider, R.; Crailsheim, K. Nutrition and health in honey bees. Apidologie 2010, 41, 278–294. [Google Scholar] [CrossRef]

	



Decourtye, A.; Mader, E.; Desneux, N. Landscape enhancement of floral resources for honey bees in agro-ecosystems. Apidologie 2010, 41, 264–277. [Google Scholar] [CrossRef]

	



Urcan, A.; Marghitas, L.; Dezmirean, D.S.; Bobis, O.; Bonta, V.; Muresan, C.; Margaoan, R. Chemical composition and biological activities of beebread—Review. Bull. Univ. Agric. Sci. Vet. Med. Cluj-Napoca. Anim. Sci. Biotechnol. 2017, 74, 6–14. [Google Scholar] [CrossRef] [PubMed]

	



Cengiz, M.; Emsen, B.; Dodologlu, A. Some Characteristics of queenbees (Apis mellifera L.) rearing in queenright and queenless colonies. J. Anim. Vet. Adv. 2009, 8, 1083–1085. [Google Scholar]

	



Önk, K.; Cengiz, M.M.; Yazici, K.; Kirmizibayrak, T. Effects of rearing periods on some reproductive characteristics of Caucasian (Apis mellifera caucasica) queen bees. Vet. Bilim. Derg. 2016, 11, 259–266. [Google Scholar] [CrossRef]

	



Bienefeld, K. Breeding success or genetic diversity in honey bees? Bee World 2016, 99, 40–44. [Google Scholar] [CrossRef]

	



Alattal, Y.; Al-Sarhan, R.; Al-Ghamdi, A.; Adgaba, N.; Migdadi, H. Mating frequency of Apis mellifera jemenitica under desert conditions of Saudi Arabia. Saudi J. Biol. Sci. 2020, 28, 578–581. [Google Scholar] [CrossRef]

	



Zhao, H.; Mashilingi, S.K.; Liu, Y.; An, J. Factors Influencing the Reproductive Ability of Male Bees: Current Knowledge and Further Directions. Insects 2021, 12, 529. [Google Scholar] [CrossRef]

	



Henderson, C.R. Best linear unbiased estimation and prediction under a selection model. Biometrics 1975, 31, 423–447. [Google Scholar] [CrossRef] [PubMed]

	



QGIS Development Team. QGIS Geographic Information Systems. 2023. Available online: https://www.qgis.org (accessed on 15 September 2023).

	



National Oceanic and Atmospheric Administration (NOAA). Assessing the Global Climate. 2023. Available online: www.ncei.noaa.gov (accessed on 21 December 2023).

	



Meteorological Administration of Korea. 2023. Available online: www.wether.go.kr/data.kma.go.kr (accessed on 11 January 2024).

	



Winston, M.L. The Biology of the Honey Bee; Harvard University Press: Cambridge, MA, USA, 1987; p. 294. [Google Scholar]

	



Flottum, K. The Backyard Beekeeper: An Absolute Beginner’s Guide to Keeping Bees in Your Yard and Garden, 4th ed.; Quarry Books: Beverly, MA, USA, 2018. [Google Scholar]

	



Doolittle, G.M. Scientific Queen-Rearing as Practically Applied; Being a Method by Which the Best of Queen-Bees Are Reared in Perfect Accord with Nature’s Ways: For the Amateur and Veteran in Beekeeping, 6th ed.; American Bee Journal: Hamilton, IL, USA, 1915; p. 126. [Google Scholar]

	



Büchler, R.; Andonov, S.; Bienefeld, K.; Costa, C.; Hatjina, F.; Kezic, N.; Kryger, P.; Spivak, M.; Uzunov, A.; Wilde, J. Standard methods for rearing and selection of Apis mellifera queens. J. Apic. Res. 2013, 52, 1–30. [Google Scholar] [CrossRef]

	



Frunze, O.; Akongte, P.N.; Kim, D.W.; Kang, E.J.; Kim, K.M.; Park, B.S.; Choi, Y.S. Remote honey bee breeding center in the Wido Island, the Republic of Korea. J. Apic. 2022, 37, 175–183. [Google Scholar] [CrossRef]

	



Johnstone, M. Rearing Queen Bees. 2008. Available online: https://apiardeal.ro/biblioteca/carti/Straine/EN_-_Rearing-queen-bees_-_11_pag.pdf (accessed on 12 November 2023).

	



Meyer-Rochow, V.B.; Jung, C. Remote honey bee breeding centre: A case study of heligoland island in Germany. J. Apic. 2019, 34, 285–293. [Google Scholar] [CrossRef]

	



Ilyasov, R.A.; Park, J.; Takahashi, J.; Kwon, H.W. Phylogenetic uniqueness of honeybee Apis cerana from the korean peninsula inferred from the mitochondrial, nuclear, and morphological data. J. Apic. Res. 2018, 62, 189–214. [Google Scholar] [CrossRef]

	



Ruttner, F. Reproductive behaviour in honey bees. In Experimental Behavioural Ecology and Sociobiology; Hölldobler, B., Lindauer, M., Eds.; Gustav Fischer Verlag: Stuttgart, Germany; New York, NY, USA, 1985; pp. 225–236. [Google Scholar]

	



Schlüns, H.; Moritz, R.F.A.; Neumann, P.; Kryger, P.; Koeniger, G. Multiple nuptial flights, sperm transfer and the evolution of extreme polyandry in honeybee queens. Anim. Behav. 2005, 70, 125–131. [Google Scholar] [CrossRef]

	



Tarpy, D.R.; Page, R.E. No behavioral control over mating frequency in queen honey bees (Apis mellifera L.): Implications for the evolution of extreme polyandry. Am. Nat. 2000, 155, 820–827. [Google Scholar] [CrossRef]

	



Alber, W.; Jordan, R.; Ruttner, F.; Ruttner, H. Von der paarung der honigbiene. Z. Bienenforsch 1955, 3, 1–28. [Google Scholar]

	



Verbeek, B. Investigation of the flight activity of young honeybee queens under continental and insular conditions by means of photoelectronic control. Apidologie 1976, 7, 151–168. [Google Scholar] [CrossRef]

	



Taber, S. Factors influencing the circadian flight rhythm of drone honeybees. Ann. Entomol. Soc. Am. 1964, 57, 769–775. [Google Scholar] [CrossRef]

	



Witherell, P.C. Flight activity and natural mortality of normal and mutant drone honeybees. J. Apic. Res. 1972, 11, 65–75. [Google Scholar] [CrossRef]

	



Bol’Shakova, M.D. The flight of honey bee drones, Apis mellifera L. (hymenoptera, apidae) to the queen in relation to various ecological factors. Entomol. Rev. 1978, 56, 53–56. [Google Scholar]

	



National Oceanic and Atmospheric Administration (NOAA). Daily wind changes at the lower level of the atmosphere. Front 2014, 3, 1–4. Available online: https://www.weather.gov/media/publications/front/14feb-front.pdf (accessed on 12 November 2023).

	



Ruttner, F. The mating of the honeybee. Bee World 1956, 37, 3–15. [Google Scholar] [CrossRef]

	



Jung, G. Klima und Begattung. Bienenvater 1981, 102, 71–74. [Google Scholar]

	



Etelvina, C.A.S.; Ronaldo, M.B.S.; José, C.N.; Augusta, C.C.M.; Ivani, P.O. Influence of management and environmental factors on mating success of Africanized queen honey bees. J. Apic. Res. 1995, 34, 169–175. [Google Scholar] [CrossRef]

	



Neumann, P.; Moritz, R.F.A.; Van Praagh, J. Queen mating frequency in different types of honey bee mating apiaries. J. Apic. Res. 1999, 38, 11–18. [Google Scholar] [CrossRef]

	



Woyke, J. Not the honeybee (Apis mellifera) queen, but the drone determines the termination of the nuptial flight and the onset of oviposition—Polemics, abnegations, corrections and supplement. J. Apic. Sci. 2016, 60, 25–40. [Google Scholar] [CrossRef]

	



Koeniger, N.; Koeniger, G.; Pechhacker, H. The nearer the better? Drones (Apis mellifera) prefer nearer drone congregation areas. Insectes Soc. 2005, 52, 31–35. [Google Scholar]

	



Muñoz, I.; Dall’Olio, R.; Lodesani, M.; De La Rúa, P. Estimating introgression in Apis mellifera siciliana populations: Are the conservation islands really effective? Insect Conserv. Divers. 2014, 7, 563–571. [Google Scholar] [CrossRef]

	



Pinto, M.A.; Henriques, D.; Chávez-Galarza, J.; Kryger, P.; Garnery, L.; Van der Zee, R.; Dahle, B.; Soland-Reckeweg, G.; De la Rúa, P.; Dall’Olio, R.; et al. Genetic integrity of the dark European honey bee (Apis mellifera mellifera) from protected populations: A genome-wide assessment using SNPs and mtDNA sequence data. J. Apic. Res. 2014, 53, 269–278. [Google Scholar] [CrossRef]

	



Moore, W.S.; Price, J.T. Nature of selection in the Northern flicker hybrid zone and its implications for speciation theory. In Hybrid Zones and the Evolutionary Process; Harrison, R.G., Ed.; Oxford University Press: Oxford, UK, 1993; pp. 196–225. [Google Scholar]

	



Beekman, M.; Allsopp, M.H.; Wossler, T.C.; Oldroyd, B.P. Factors affecting the dynamics of the honeybee (Apis mellifera) hybrid zone of South Africa. Heredity 2008, 100, 13–18. [Google Scholar] [CrossRef]

	



Keil, A.; Sachser, A. Reproductive benefits from female promiscuous mating in a small mammal. Ethology 1998, 104, 897–903. [Google Scholar] [CrossRef]

	



Oldroyd, B.P.; Moran, C.; Nicolas, F.W. Diallele crosses of honey bees. A note presenting the heritability of honey production under Australian conditions. Aust. Agric. Res. 1987, 38, 651–654. [Google Scholar] [CrossRef]

	



Bienefeld, K.; Pirchner, F. Heritabilities for several colony traits in the honeybee Apis mellifera carnica. Apidologie 1990, 21, 175–184. [Google Scholar]

	



Oxley, P.R.; Hinhumpatch, P.; Gloag, R.; Oldroyd, B.P. Genetic evaluation of a novel system for controlled mating of the honey bee, Apis mellifera. J. Hered. 2010, 101, 334–338. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 13 00444 g001] 





Figure 1. Geographical location of the selected breeding stations within the Korean peninsula. Arrows directly depict the island station within the peninsula. 
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Figure 2. Percentage of land covers within 2 km radius of each mating station. 
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Figure 3. Seasonal variation in the mating success rate percentage. 
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Figure 4. Annual variation in the mating success rate percentage. Error bars represent mean ± SE. Means with different small letters indicate a significant difference between at p < 0.05, one-way ANOVA, Tukey’s (HSD) post hoc test. 
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Figure 5. Correlation analysis between mating success rate and environmental factors within 2 km radius of land use coverage. 
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Figure 6. Mean percentage of mating success rate in the islands and mainland. (a) A. cerana. (b) A. mellifera. Significant difference: *** p < 0.0001, ** p < 0.01, * p < 0.05. Two-tailed Student’s t-test. 
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Figure 7. Mating success rate among pure breed and cross breed lines of A. mellifera and A. cerana. NS. Significant difference. Two-tailed Student’s t-test. 
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Table 1. Weather condition of mating stations.
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Mating Stations

	
Weather Factors/Year




	
Average Temperature (°C)

	
Total Precipitation (mm)

	
Average Relative Humidity (%)




	
2021

	
2022

	
2023

	
2021

	
2022

	
2023

	
2021

	
2022

	
2023






	
Wido

	
14

	
13.5

	
14.3

	
1354

	
971.2

	
1853.6

	
76.3

	
73

	
74.8




	
Wangdeungdo

	
14

	
13.5

	
14.3

	
1354

	
971.2

	
1853.6

	
76.3

	
73

	
74.8




	
Sikdo

	
14

	
13.5

	
14.3

	
1354

	
971.2

	
1853.6

	
76.3

	
73

	
74.8




	
Nagwaldo

	
14

	
13.4

	
14.1

	
1202.6

	
802.7

	
1496.1

	
73.8

	
72

	
74.3




	
Sapsido

	
13.8

	
13.1

	
13.9

	
1107.9

	
1348.4

	
1726.7

	
71.6

	
70.3

	
71.8




	
Wanju

	
14.6

	
14

	
14.8

	
1496.6

	
1071.5

	
1986.6

	
68.4

	
66.2

	
68.2








Source: Meteorological Administration of Korea, 2023.













 





Table 2. Comparison of the mating success rate percentage of A. cerana and A. mellefera in different mating stations.
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Breeding Stations

	
Mating Success Rate (%)




	
A. cerana

	
A. mellifera






	
Island

	
Wido

	
59.59 ± 6.2 b

	
61.25 ± 9.44 ab




	
Wangdeungdo

	
-

	
57.26 ± 11.44 b




	
Nakwoldo

	
45.11 ± 10.23 bc

	
60.27 ± 6.76 ab




	
Sikdo

	
-

	
60.26 ± 4.03 b




	
Sapsido

	
29.58 ± 1.72 c

	
-




	
Mainland

	
Wanju

	
84.28 ± 2.10 a

	
78.17 ± 1.22 a








In a column, means with different small letters differ significantly among mating stations; p < 0.05, Kruskal–Wallis test, Dunn’s procedure. Means are expressed as the mean ± SE of the mean.
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