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Abstract

:

Greenhouse tomato production is a growing business worldwide, and it is strongly promoted by bumblebee pollination. Although there are over 250 bumblebee species worldwide, very few species have been reared successfully for greenhouse tomato pollination. Those successfully managed species, especially Bombus terrestris, are shipped around the world for commercial use. However, managed bumblebees are known to escape greenhouse facilities, have established local populations, spread disease to local bumblebees, and are blamed for the declines of some indigenous bee species. An alternative to shipping exotic bumblebees around the world is to develop local species for greenhouse pollination. Such an approach has the dual benefits of creating a new industry of insect rearing while reducing threats to local bee communities. In this study, we successfully reared Bombus haemorrhoidalis, which is the most common bumblebee species in Northern Pakistan, in a laboratory and compared its effectiveness as a tomato pollinator with that of commercial B. terrestris in a greenhouse. We found that the effectiveness of B. haemorrhoidalis in tomato pollination in a greenhouse is very similar to that of B. terrestris when it comes to the fruit size, number of seeds, and fruit weight. Our study provides an example of how to rear a native bumblebee species to pollinate local crops, which is a method that could potentially substitute the importation of non-ingenious bumblebees.
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1. Introduction


The greenhouse production of fruits and vegetables is an important and growing industry worldwide. Bumblebees are the most important pollinators of greenhouse fruits, especially tomato and pepper. Greenhouse tomato is the main crop that is pollinated by bumblebees, and the value of tomato crops is estimated to be about USD 12 billion per year [1]. Besides tomato, melon, watermelon, cucumber, cherry, sweet and hot pepper, apple, plum, and apricot are also economically important crops that are pollinated by bumblebees [2]. Tomatoes are among the most important crops due to their nutritional values and economic impact. Globally, China is the world leading producer of tomato, followed by Turkey, India, and the United States, while Pakistan has produced 12.6 million metric tons during the 2019 to 2020 agricultural period.



In the past, the pollination of tomatoes was carried out mechanically, which cost around EUR 1000 in 1988. Since then, the domestication of bumblebees and their use in pollination has significantly reduced the cost of this process. Due to their several abilities, like buzz pollination, and their insulated bodies, they are ideal for efficient pollination, and other domestic or wild bees are less effective (Chandler et al., 2019 [3]). The pollination of crops by bumblebees could reduce the cost of mechanical/manual pollination and increase fruit yields and quality, leading to higher sales prices [1].



While there are over 250 bumblebee species worldwide [4], only 5 species (Bombus terrestris, Bombus impatiens, Bombusignitus, Bombus lucorum, and Bombus occidentalis) have been successfully reared and used in greenhouse pollination. Bombus terrestris is commercially reared throughout Europe and China, while Bombus impatiens is mainly reared in North America. Among these species, B. terrestris was the first artificially reared species to be used in greenhouse pollination, and now, it is the most widely used commercial species throughout the world. Bumblebees can now be reared in industries and used around the world [5]. The Netherlands, Israel, and Belgium are the main countries that export bumblebees, while China, Italy, Spain, Mexico, and Japan are the main countries that import bumblebees. It is estimated that two million bumblebee colonies are being reared by over 30 factories throughout the globe for glass and greenhouse crops as commercial pollinators in tomato, cucumber, bell pepper, strawberries, and many other vegetables and fruits [6].



The interaction between commercially producing bumblebee pollinators and flowers has been found in the spillover of several pathogens to other native wild bees, which is the cause of several diseases [7]. As the most producing bumblebee species of the world, B. terrestris was recently reported as a major risk factor for the transfer of pathogens and diseases from managed colonies to wild populations of this species and other bumblebee species around the world [7,8]. The use of non-indigenous species of bumblebees in greenhouse pollination poses risks to the local bumblebee fauna. The importation of bumblebees could cause the spread of parasites and pathogens from imported bumblebees to native bees, which will affect native flora and fauna in the long run [1,9]. Among these pathogens, Carthadia bombi is the most prevalent one, causing significant damage to the local fauna of bees. These imported parasites have been found to significantly damage native species of the area. Moreover, these imported bees were also found to compete with native bumblebee species by replacing them, and they have become the cause of bumblebee decline in their native regions [5]. Most of the pathogens and diseases are transferred from commercially producing bumblebees to wild bumblebees when reared bees escape from greenhouses and interact with the wild population in nature. To reduce the risk of transmitting parasites and pathogens to wild populations, the use of native bumblebee species for commercial crop pollination purposes is much appreciated and has been introduced in many regions [8].



Among the 250 bumblebee species, 13 bumblebee species were found in Northern Pakistan in different agriculture crops and wild flora [10]. However, the European bumblebee species B. terrestris is the primary pollinator of greenhouse crops in Pakistan. Bombus haemorrhoidalis is the most common and only Bombus species in the lower northern part of Pakistan, which pollinates both wild and cultivated crops in nature. B. haemorrhoidalis is present in the Margalla Hills, Muree Hills, and Himalayan Region of Pakistan [11]. About 43 wild and cultivated plants were recorded as foraging host plants and are only pollinated by this Bombus species. The goals of this study were to (1) rear the native Pakistan bumblebee species B. haemorrhoidalis from its wild queens; (2) maintain lab colonies across the years; and (3) compare its effectiveness as a greenhouse pollinator with that of B. terrestris. This study represents an endeavor to rear local bumblebee species for crop pollination to substitute the importation of non-indigenous species, which poses ecological risks. This study will be helpful to develop mass rearing technologies for this native bumblebee species and may introduce a new species to the pollination world. It will decrease the risk of transferring pathogens and diseases through imported bumblebees to non-native regions and also decrease the economic burden of the importation cost.




2. Materials and Methods


2.1. The Rearing of Native Bumblebee Species


In the early spring, B. haemorrhoidalis queens emerging from winter hibernation were collected from different locations of the Margalla and Muree hills of lower Northern Pakistan. All of the bumblebee queens were collected using entomological aerial nets during foraging activities on their host plants. Mostly queens were collected from wild flowers of Silybum marianum, Adhatoda zeylanica, Robinia pseudoacacia, Malus domestica, Lantana camara, Saussurea sp., Impatiens sp., and Mentha longifolia during early and mid-hours of the day.



Queens were kept in 50 mL falcon tubes with sugar solution, and two or three small holes were made in falcon tubes. Falcon tubes were placed in water coolers with ice pads to manage the temperature and humidity during travel from field to laboratory. For 24 h, captured bumblebee queens were shifted to dark in plastic boxes, and sugar solution was provided as nectar feeding. Each queen was shifted into a plastic starter box (15 × 20 × 8 cm3) lined with cardboard at the bottom. Two false bumblebee pupae made with honeybee wax were provided in the center of the box to encourage the queens to lay eggs.



Many small holes were produced in the upper lid of the box to avoid moisture amassing and proper ventilation. A small plastic container filled with 50% sugar solution and pollen pallet (made with sugar solution and grinded pollens) were kept in the box for the purpose of feeding the queens. Colony starter boxes were kept in a dark room with a low light intensity (10 lux) to decrease light disturbance during egg laying under controlled conditions at a temperature of 26–28 °C and relative humidity around 60–70%. Bumblebee queens were left in starter boxes for 7 days, and then boxes were opened to observe the queens’ egg laying activities. Queens that laid eggs were separated from queens that did not lay eggs. After the emergence of the fist full batch, the colony was shifted in large slandered BioBest bumblebee colony boxes. Fresh pollen grains in small Petri dishes and 50% sugar solution were continually provided as feed. Colonies were regularly checked for pest or predator presence and cleaned to avoid any disease or contamination. When the colony reached its mature stage (i.e., having more than 150 workers), B. haemorrhoidalis workers were collected for pollination efficiency evaluation for tomato plants in greenhouse.




2.2. Greenhouse Conditions


Pollination efficiency evaluation experiments were performed in one greenhouse (2000 m2), which is a part of a hydroponics farm (19,800 m2) and located at Pir Mehr Ali Shah Arid Agriculture University (Rawalpindi, Pakistan). The greenhouse has a glass–aluminum structure of Dutch technology and is equipped with a computerized drip irrigation system. Also, the greenhouse is covered with a Venlo insect screen. Inside the greenhouse, the relative humidity was maintained between 65 and 80%, and the average daily temperature was maintained between 18 and 26 °C; such relative humidity and temperature were maintained throughout the experiments. Tomato plants (Grandella cultivar) were grown in pots of rock wool (an area of 12 cm2), which were placed in cocoa peat slab (100 cm in length and 23 cm in width) 40 cm above the ground; the density of tomato plants was 2.5 plants per square meter. Experiments were performed in mid-September when tomato plants had been maintained for five months following standard commercial procedures.




2.3. The Evaluation of the Pollination Efficiency


For the bumblebee pollination experiment, two bumblebee species, B. haemorrhoidalis and B. terrestris, were compared for their pollination efficacy on greenhouse tomatoes. Colonies of B. haemorrhoidalis were reared locally in a lab (Department of Entomology, Pir Mehr Ali Shah Arid Agriculture University) as described above, while B. terrestris colonies were imported from BioBest company (Belgium). It was ensured that there was no presence of any pests or predators in the imported bumblebee colonies, and these colonies had a founder queen with good health. For each bumblebee species, the colony with 130–150 foraging workers with a healthy founder queen was selected for the pollination experiment and transferred from the lab to glasshouse for pollination experiment. Four bee boxes for each species were placed in four different sections of the same glass house; in each section, tomato plants were enclosed with poly film, and one bee box was placed inside. In each beehive box, there was a plastic container situated at the base, serving as a reservoir for a sugar solution. This solution acted as a substitute for nectar to support the nutritional needs and overall health of the bumblebees, especially since tomato flowers do not naturally produce nectar. After 48 h, twenty trusses that had marks indicating a bumblebee visit (i.e., the presence of brown, bruised spots on anther cones) were randomly selected from twenty different plants for each bumblebee species’ pollination experiment, and those trusses were then covered with muslin cloth bags until the fruit characteristics were measured.



For manual pollination and self-pollination experiments, twenty newly developed trusses from twenty different plants were randomly selected for each pollination experiment, respectively, which were then covered with muslin cloth bags for the avoidance of bumblebee disturbance. Manual pollination experiment was performed on selected trusses for one week, once per day, using a mechanical vibrator. Self-pollination experiment was carried out by leaving the selected trusses untreated.



For all of the above pollination experiments, when the tomato fruits were matured (fruit color became orange-red or darker [12]), they were harvested and frozen for further measurements of the fruit characteristics.




2.4. The Statistics of the Flower Visitation Time and Foraging Activity (Flower Visitation Time)


To estimate the flower visitation time for each bumblebee species, the time spent on a single flower, which starts from the bumblebee’s landing on the flower, followed by its working process to the time it leaves, was measured (in seconds) by using a stop watch. A total of one hundred randomly selected individuals were used to estimate the flower visitation time for each species.



The foraging activity of each species’ colony was observed in the first, third, and seventh week after the placement of a bee box inside the greenhouse, and incoming and outgoing bumblebee workers were counted and recorded for 5 min at three time points (8–9 am, 11–12 pm, and 5–6 pm), respectively. Five such observations were performed for each time point and for each species, with their means being compared statistically using the LSD test at 5% probability. Linear regression was employed to differentiate between the time spent and the foraging activity of both species.



Microl Origin 7.0 software was used to graphically show the visitation rate of bumblebee foragers.




2.5. Qualitative and Quantitative Parameters of Tomato Fruits


After collecting tomato fruits from selected trusses as per the treatments, the parameters of fruit size and quality were measured. The diameter and height of tomato fruits were measured in millimeters by using a Vernier caliper, and the weight of the fruit was measured in grams via electronic balance. Roundness index was calculated by dividing the maximum height of each tomato by its minimum. Each fruit was thawed, and most of its pulp was removed; the remaining pulp was pushed through a sieve (mesh size 20), and the remaining seeds were counted as described [12].



Prior to analysis, data were subjected to the normality test using the Shapiro–Wilk test. The means of the number of seeds, weight, height, and diameter and roundness index of the tomato fruits were compared statistically using ANOVA Least Significant Difference test (p < 0.05).





3. Results


3.1. The Successful Rearing of the Native Bumblebee Species Bumbus haemorrhoidalis


The rearing conditions we used (see Methods) are pretty similar to the rearing technologies of B. terrestris [1]. In total, we collected sixty-three (63) B. haemorrhoidalis queens from wild flora, out of which thirty-nine (39) could lay eggs, and thirty-six (36) of them reached mature stage with healthy bumblebee workers (Figure 1). In the mature colonies, the number of workers ranged from 260 to 320; the number of males varied from 110 to 135; and the number of daughter queensranged from 21 to 48. Our study indicates that wild B. haemorrhoidalis could be artificially reared in a lab and its commercial production can be carried out on a large scale with a relatively high success rate, and it can become an alternate European bumblebee species for this region.




3.2. Pollination Efficiency of B. haemorrhoidalison and B. terrestis


We evaluated the pollination efficiency of B. haemorrhoidalis on greenhouse tomatoes and compared its efficiency with that of other methods. Our results indicated that, while manual pollination was better than self-pollination, bumblebee pollination was significantly better than manual pollination when it came to tomato production (heavier and larger fruits with more seeds; Table 1). In addition, B. haemorrhoidalis was as good a pollinator as B. terrestris in all measures of tomato production (Table 1). B. haemorrhoidalis produced a significant difference in the tomato yield and tomato quality than the manual and self-pollination methods.



The maximum fruit weight was recorded for the tomatoes that were pollinated by B. terrestris (116.9 ± 2.01 g/fruit), followed by the tomatoes pollinated by indigenous B. haemorrhoidalis (111.0 ± 2.05 g/fruit) (Table 1). The tomatoes pollinated by B. haemorrhoidalis were found with the highest number of seeds/fruits, the largest fruit height, and the largest fruit diameter (132.5 ± 2.29, 55.36 ± 0.43 and 58.73 ± 0.37, respectively), followed by the tomatoes pollinated by B. terrestris (129.3 ± 2.02, 54.3 ± 0.46 and 57.33 ± 0.36). The self-pollinated tomatoes were found with the lowest fruit weight, seed numbers per fruit, height of fruit, and fruit diameter (16.76 ± 2.33, 12.8 ± 2.15, 16.93 ± 1.75, and 19.7 ± 1.95, respectively). For the self-pollinated tomatoes, the fruit weight, seed number, and fruit height were seven times, ten times, and three times smaller than those of the tomatoes pollinated by bumblebees, respectively. The largest fruit roundness measure (3.92 ± 0.094) was observed for the self-pollinated tomatoes, while the smallest fruit roundness (1.14 ± 0.11) was observed for the tomatoes pollinated by B. terrestris (Table 1).



Taken together, our results indicate that tomato plants pollinated by bumblebees exhibit better characteristics that are directly related to the tomato yield and quality than those of manual and self-pollinated tomato plants, and B. haemorrhoidalis could serve as an alternate pollinator of tomato plants in greenhouse conditions.




3.3. Foraging Activities of B. haemorrhoidalis and B. terrestris on Tomato Flowers


For both bumblebee species, the maximum number of workers was observed coming back to their hives from their tomato flower visitation in the first week during the morning (08:00–09:00 am), with the minimum incoming number being observed in the early morning of the seventh week (05:00–06:00 pm). In the fourth week after the placement of bee colonies inside the greenhouse, the incoming bee traffic decreased compared to that of the first week, which decreased to a negligible level in the seventh week (Table 2).



The outgoing workers of both bumblebee species were at their maximums in the first week during the morning (08:00–09:00 am), while the minimum was observed in the seventh week during the evening (05:00–06:00 pm). The decrease in outgoing workers from their hives was observed in the fourth week, which was less than the first week but should be sufficient for tomato pollination; the outward movements are negligible in the seventh week for both species (Table 3).




3.4. B. haemorrhoidalis Spends Slightly More Time on Tomato Flower Visitation Than B. terrestris


The time that each species spent on a single tomato flower during foraging was measured. The variation in visitation time between B. terrestris (Y = 0.029x + 2.452; R2 = 0.199) and B. haemorrhoidalis (Y = 0.028x + 2.623; R2 = 0.190) was investigated by a linear regression analysis at first (Figure 2A for B. terrestris and Figure 2B for B. haemorrhoidalis). The time spent by B. haemorrhoidalis on on each flower ranged from 1 to 8.7 s, while B. terrestris (Figure 2) spent 1.02 to 8.63 s. On average, the time B. haemorrhoidalis spent on one flower in one visit was 4.03 ± 0.19 s, which is slightly longer than that of B. terrestris (3.93 ± 0.19 s) (Figure 3).





4. Discussion


In this study, we reared B. haemorrhoidalis colonies from their wild queens and used B. haemorrhoidalis as tomato pollinators under a hydroponic crop system in a glasshouse condition for the first time. Our results suggest that wild B. haemorrhoidalis could be reared into mature colonies with hundreds of workers with a high success rate, and the pollination of greenhouse tomato by B. haemorrhoidalis produced similar result (tomato production) as when B. terrestris were used (Table 1), indicating that B. haemorrhoidalis could be used as an alternative pollinator to B. terrestris for greenhouse tomato pollination.



According to the results of our study, both B. terrestris and B. haemorrhoidalis workers preferred to forage flowers during the morning, and their activity decreased through the midday to evening (Table 2 and Table 3). The decrease in foraging activity in the midday could be related to the increased temperature and light intensity of the greenhouse. The foraging activities of both bumblebee species decreased as the time passed and decreased to a negligible level after the placement of bee colonies into a greenhouse for four weeks (Table 2 and Table 3); foraging activities depend on the number of workers, the development stage of one colony, and the amount of food available inside the colony. With the passage of time, as the colony cycle moves to reproductive stages, the number of workers starts decreasing, and the foraging activities of the bumblebee colony decreases compared to its early stages [13]; the change in bumblebee foraging activity uncovered in this study could be due to the decreased number of workers inside the colony (or the completion of their life cycle). In this study, we found that B. haemorrhoidalis workers spent slightly more time on tomato flowers than B. terrestris (Figure 3), which might be related to their different body sizes, because B. haemorrhoidalis has a significantly larger size than B. terrestris.



Various techniques, for example, manual vibrators, the use of a plant growth regulator, and honeybee and bumblebee pollination, have been used to increase the production of tomatoes and other Solanaceae crops [14]. Compared with manual vibration and the use of a plant growth regulator in tomato crops, a higher yield and seed number were observed for bumblebee-pollinated tomatoes [15], which is consistent with the results obtained from our present study, and another more recent study reported the same findings regarding the increases in fruit size and seed numbers using commercially produced bumblebee pollinators in greenhouse conditions [16]. Also, bumblebee represents a better pollinator than honeybee under greenhouse conditions. Honeybees are not very effective pollinators in greenhouse or glasshouse conditions and also do not pollinate tomato crops in the same way as bumblebee species [17] because bumblebees can maintain their flying activity and pollinate flowers under cool conditions [18]. Thus, several bumblebee species, including B. terrestris, B. ignitus, B. ephippiatus, and B. impatiens are reared in laboratories and have been used to pollinate greenhouse plants; among them, B. terrestris is the most widely used bumblebee species and has been shipped around the world for greenhouse pollination. B. impatiens is used as a pollinator in North America and Canada, B. ignites is used in Korea, while B. ephippiatus is used in Mexico for greenhouse tomato pollination [1,19]. However, the importation of bumblebee colonies for local pollination purposes could lead to the importation of parasites and spread into local regions [9], which can infect native bee species. Similar findings of an increasing tomato yield and quality were obtained by the pollination of the local bumblebee species of China, B. lantschouensis, and this species showed the greatest potential in solar greenhouse conditions [20,21]



Various factors have been pinpointed as causes of bumblebee decline, such as habitat loss/degradation, heightened pesticide usage, and a rise in pathogens. Of particular concern to conservationists is the role of pathogens, especially those originating from commercial colonies, which are seen as a pressing issue in this decline [7,22].



The utilization of non-native bumblebees is leading to the transmission of pathogens and diseases among wild bumblebee populations. Bumblebees that are commercially bred are introducing pathogens to wild populations through interactions with them [7,23]. Occasionally, these bred bumblebees escape from greenhouses, come into contact with native wild populations, and transmit pathogens to them [3]. Moreover, the prevalence of diseases in commercial hives may facilitate the invasion of pathogens into wild Bombus populations. Crithidia bombi is identified as the most frequently transferred pathogen from bred bumblebees to wild ones [24].



Recently, it has been noticed that the commercially reared Bombus terrestris is a risk factor for wild bumblebees due to the transfer of diseases and pathogens when it interacts with wild populations of bumblebees, and it also spreads pathogens to other wild bees [22,25,26]. Hence, it is essential to use specific bumblebee species that are suitable for commercial crop pollination services based on regional suitability [27]. It is crucial to recognize the potential risks to indigenous pollinators and manage them within the framework of both national and international commercial trade in bumblebees [26,28,29] because invasive parasites are the major reason for the decline of native bumblebees and other wild bees throughout the world [30].



The transfer of diseases and pathogens from commercially reared bumblebees for crop pollination is an alarming occurrence. To decrease the risk of pathogens being spread, there is an urgent need to develop mass rearing technologies for native bumblebees and to use these native bumblebees as greenhouse pollinators in respective local regions. This will reduce the disease and pathogen transfer and will also help to decrease the importation cost as an eco-friendly practice. Our current study represents an endeavor to rear and employ indigenous species for greenhouse pollination, and our results indicate that the native bumblebee species B. haemorrhoidalis could potentially substitute the importation of the non-ingenious B. terrestris.




5. Conclusions


The native bumblebee species B. haemorrhoidalis was equally efficient as the imported European bumblebee species B. terrestris. In greenhouse tomato pollination, the native species gave similar results regarding the fruit weight, fruit size, seed number, and fruit diameter. In our study, native bumblebee species play the same role as the imported ones. These results provide experimental proof that native bumblebee species can be raised and domesticated to be used in greenhouse or glasshouse tomato pollination as an alternative to commercially produced species. Further studies on the rearing of other native bumblebee species in different regions are needed; in the meantime, non-native species can be replaced by native bumblebee species.
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Figure 1. One well-developed colony of B. haemorrhoidalis. 
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Figure 2. Linear regression analysis indicating time spent by B. terrestris (A) and B. haemorrhoidalis (B) on tomato flowers during foraging (in seconds). 
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Figure 3. The average time spent on one tomato flower in one visit (in seconds) by B. haemorrhoidalis and B. terrestris during their foraging activities. 
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Table 1. Influence of different pollination methods on qualitative and quantitative characteristics of tomatoes.
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	Characters
	Self-Pollination
	Manual Pollination
	B. haemorrhoidalis

Pollination
	B. terrestris

Pollination
	p-Value





	Weight (g)
	16.76 ± 2.33 c
	79.677± 9.12 b
	111.0 ± 2.05 a
	116.9 ± 2.01 a
	<0.001



	Seed (number)
	12.8 ± 2.15 c
	88.59 ± 5.41 b
	132.5 ± 2.29 a
	129.3 ± 2.02 a
	<0.001



	Height (mm)
	16.93 ± 1.75 c
	43.66 ± 1.86 b
	55.36 ± 0.43 a
	54.3 ± 0.46 a
	<0.001



	Diameter (mm)
	19.7 ± 1.95 c
	47.68 ± 2.09 b
	58.73 