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Abstract

:

Nosema apis and Nosema ceranae are two well-known pathogens affecting the health of honeybees. To help understand how honeybee colonies are affected by these pathogens, the aim of this study was to analyze the impact of Nosema ceranae and Nosema apis in hives in the Apulian Region through a Citizen Science approach. First, a form about the health status of the beehives was filled out by beekeepers. After an inspection visit to confirm the signs observed by beekeepers, adult honeybee samples collected from beehives in four Apulian provinces (Taranto, Bari, Foggia and Brindisi) were subjected to light microscopy investigation for the detection of Nosema spp. spores and to molecular analysis using species-specific primers for the discrimination of Nosema apis spores from those of Nosema ceranae. Among the forty-eight samples, thirty-six tested positive for Nosema ceranae, and one sample tested positive for Nosema apis. The forms filled out by beekeepers revealed that only 5/36 beehives that tested positive for Nosema ceranae showed signs of depopulation and reduced honey production, while 19/36 had only low honey yield. This study provides data on Nosema apis and Nosema ceranae prevalence in Italy and correlates the presence of these intestinal pathogens with the most important problems encountered by local beekeepers.
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1. Introduction


Apis mellifera is an important eusocial insect that plays a vital role in agriculture by pollinating crops and flowers worldwide [1]. Based on the importance of pollination in maintaining biodiversity, recently, the reduction in the number of honeybee colonies has become a cause for concern [2,3]. The COLOSS Honeybee Research Association monitors the rate of honeybee colony loss each year in many European and some non-European countries. During the last survey conducted in 2020, an overall loss rate of 18.1% was observed out of a total of 837,081 colonies analyzed. The loss rate was higher than the investigations conducted in the previous two years (16.7% in 2019 and 16.4% in 2018, respectively), underscoring the temporal decline in honeybee populations [3,4].



Possible causes of colony loss are abiotic and biotic factors. The abiotic factors include climate change or unfavorable weather conditions, such as long periods of cold and rainy weather, that can lead to a prolonged lack of pollen and nectar [3]. Moreover, the improper use of chemicals such as pesticides and herbicides has been recognized as a relevant factor in the loss of honeybee colonies [3]. Biotic factors, on the other hand, include a whole range of pathogens such as viruses (mainly positive-strand RNA viruses belonging to the families Dicistroviridae and Iflaviridae), bacteria (Melissococcus plutonius and Paenibacillus larvae), acarids (Acarapis woodi and Varroa destructor) and other agents [5,6,7,8]. In the context of biotic factors, biological agents responsible for the reduction of worker bees include the parasitic microsporidia Nosema spp., mainly N. apis and N. ceranae, both responsible for nosemosis in Apis spp. [5].



Nosema spp. are spore-forming microsporidia. Specifically, the spores of Nosema apis have a size of 4–6 × 2–4 µm, whereas the spores of Nosema ceranae are slightly smaller with a size of 3.3–5.5 × 2.3–3.0 μm [9]. Spores are the infectious stage and the only stage capable of existing outside the cell [10]. The infection typically occurs via the fecal–oral route, through ingestion of spore-contaminated feed via trophallaxis in the nest, or after grooming of body hairs [9,10]. As a result, infected honeybees can contaminate food sources (pollen and water) in the outdoor environment, spreading the infection [10]. Moreover, improper beekeeping practices can also promote the spread of infection, such as changing the queen to an infected one or joining an infected hive with an uninfected one [10].



The disease (nosemosis) caused by N. apis and N. ceranae shows different characteristics depending on the microsporidium infecting the hive. N. apis is responsible for the “classical” form of the disease (nosemosis type A), which is widespread, especially in cold and humid areas. It appears more easily during the spring season and in badly managed beehives during the winter season [11]. The seasonality of the disease is due to the sensitivity of this parasite to high temperatures, so during the summer, it does not occur [12]. Individually, the bees most affected by the disease are the worker bees; in fact, in these, both an alteration of the epithelial cells of the intestine and a decrease in digestive enzyme secretions with a consequent deficiency in the absorption of dietary proteins are observed [12]. This deficiency results in atrophy of the pharyngeal glands, followed by the inability of the nurse bees to feed the larvae and queen with royal jelly. Therefore, poor nutrition of the larvae and queen will result in reduced brood size followed by premature aging of the colony [10,12]. Although worker bees are the most affected, the disease never affects the larva and rarely the queen. When the queen bee is affected, she stops laying eggs and dies a few weeks after the infection begins, mostly outside the hive area [10]. The distinctive symptom of the disease caused by Nosema apis is the widespread dysentery that can be observed with fecal spots around the hive, promoting the spread of the disease throughout the colony. The main cause is due to changes occurring in the digestive tract resulting in improper digestion of ingested feed [12].



N. ceranae, on the other hand, is responsible for type “C” nosemosis. This disease affects the gut of bees and leads to a severe weakening of the bee’s immune system, consequently promoting the onset of other diseases of viral etiology [13]. In addition, the affected bees, which have difficulty with digesting, produce less honey and royal jelly, with a progressive weakening of the colony [14]. Type C nosemosis shows several important differences from type A nosemosis. First, affected bees do not suffer from dysentery, so this disease is also known as “dry nosemosis” [12]. Moreover, in contrast to type A nosemosis, which has a seasonal pattern, type C nosemosis has a two-year manifestation and can be divided into four phases [15]. At the end of these phases, during the autumn or early winter of the second year after the onset of infection, there is a significant depopulation of the hive due to an exponential increase in the number of spores in forager bees that die away from the hive [15]. Therefore, few bees, the queen, little feed and brood remain in the hive [12]. Several authors attribute a significant role to the depopulation of beehives caused by N. ceranae, a phenomenon that recently affected apiaries in Europe and Italy [16,17,18]. In Italy, there is a high prevalence of N. ceranae, and the absence of infection with N. apis and co-infection with N. apis/N. ceranae has led some authors to suggest that N. ceranae is decidedly widespread in Italy and has substantially replaced N. apis [16,17,18].



Nowadays, despite the depopulation and the reduction in honey production also affecting the Italian beekeeping sector, studies assessing the prevalence of the major pathogens responsible for these issues are few. Consequently, according to the Regional Beekeeping Observatory and Apulian Beekeepers ‘Association, the urgency of examining the health status of Apulian apiaries was expressed to reduce the loss of honeybee colonies due to various pathogens. Therefore, the present work aims to investigate the prevalence of N. ceranae and N. apis in Apulian apiaries through a Citizen Science (CS) approach. This approach involves close collaboration between the beekeepers, who provide basic information on the health status of the apiaries, and the veterinarian both at the level of Veterinary Services of Health Authorities (control activities) and at the level of the University (research activity). The combination of the expertise allows a broader understanding related to the problems caused by these parasites [19]. The CS approach will help to develop a harmonized European system for assessing the bees’ mortality and the prevalence of major bee diseases through standardized inspection protocols. These will allow both better risk management and prevention of honeybees’ diseases responsible for depopulation and reduced honey production that damages the beekeepers.




2. Material and Methods


2.1. Honeybee Colony Health Status Form


Forty-eight beehives in different provinces belonging to the Apulian Region were selected both for the execution of regular anti-varroa treatments and the adoption of similar beekeeping practices. Then, a form about the health status of honeybee colonies was filled out by the beekeepers for each hive (Supplementary File S1). The form contained the following questions: (a) presence of brood with injury signs (perforated/blackened capping, irregular distribution, abnormal odor, stringy larvae, etc.), (b) presence of honeybees with characteristic symptoms of virosis (dead bees in the pupal stage or small, black bees or bees with deformed wings), (c) presence of Varroa adults on the bees, (d) depopulation events in colony history that cannot be attributed to chemical poisoning (persistent depopulation for more than 10 days), (e) reduction in honey production, and (f) presence of diarrheal droppings on the flight platform and/or inside the hive.




2.2. Sampling


According to Directive 2010/63/EU of the European Parliament, no specific authorization was required for the use of honeybees for this study. During the summer of 2022, after the inspection visit conducted by the Competent Authority to confirm what the beekeepers reported in the forms, honeybees were sampled from apiaries managed by commercial beekeepers (more than thirty hives for apiary). From the province of Taranto, 12 samples were collected, including 6 from the municipality of Castellaneta, 3 from the municipality of Mottola and 3 from the municipality of Taranto. From the province of Bari, 21 samples were collected, including 6 from the municipality of Putignano, 12 from the municipality of Valenzano and 3 from the municipality of Castellana. From the province of Foggia, 12 samples were collected, including 6 from the municipality of Ordona and 6 from the municipality of Foggia. Finally, 3 samples were collected in the municipality of Cisternino belonging to the province of Brindisi (Figure 1).



Specifically, sampling operations performed directly by the beekeepers and supervised by a group of researchers belonging to the Section of Food Safety of the Department of Veterinary Medicine (University of Bari Aldo Moro) were conducted in line with OIE guidelines [20]. Therefore, at least 20–30 adult forager honeybees were collected from the hive entrance or from peripheral frames if the weather did not permit flight conditions. Immediately after the collection, the honeybees were placed under a freezing regime (−20 °C) and transported to the molecular biology laboratories of the Food Safety Unit of the Department of Veterinary Medicine, University of Bari Aldo Moro.




2.3. Microscopic Investigation


A qualitative analysis with light microscopy was carried out following the OIE 2018 protocol to screen for the presence of Nosema spp. spores in honeybees [20]. The abdomens of honeybees were cut from the bodies. Then, the abdomens were pounded with a mortar and pestle in distilled water (1/1), obtaining a homogenate. A drop of the homogenate was placed on the slide and covered with a coverslip. The preparation was observed under a light microscope (resolution 400×). All samples were also screened by PCR using species-specific primers.




2.4. DNA Extraction


For DNA extraction, the protocol described by Cersini et al. was used [21]. The abdomens of ten honeybees were homogenized with the addition of 10 mL of PBS 1X. Subsequently, 2 mL of homogenate was centrifugated for 10 min at 13,000 rpm. After removing the supernatant, the pellet was weighed, and 40 µL of sodium hydrogen carbonate 0.5 M pH 6.5 and sodium chloride 5 M were added for each 35 mg of pellets, incubated for 15 min at 37° C, and centrifugated at 300 rpm. At the end of the incubation period, 180 µL of lysozyme [10 mg/mL] was added, followed by another incubation phase at 37 °C for 30 min. Subsequently, the DNA was extracted using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s indications. The extracted DNA was stored at −20 °C before the execution of the polymerase chain reaction (PCR).




2.5. Amplification by PCR and Booster PCR


The amplification reaction was carried out using the Hot StarTaq Master Mix Kit (Qiagen, Hilden, Germany). The reactions were conducted in a final volume of 25 µL using primers with a final concentration of 5 μM (Table 1) and the following amplification protocol: 15 min at 95 °C, 35 cycles of 30 s at 94 °C, 30 s at 57 °C and 30 s at 72 °C and final elongation for 10 min at 72 °C. Primers amplify a region of the gene coding for ribosomal RNA (rRNA). The amplicon sizes of N. ceranae and N. apis were 104 pb and 142 pb, respectively [22]. To improve analytical sensitivity, a booster PCR was performed by diluting the amplicon 1:100 and following the method described above. The amplified products were displayed through electrophoresis on 2.5% agarose gel (w/v) (Pharmacia, Uppsala, Sweden) in buffer TBE (1X 0.089 M Tris, 0.089 M boric acid, 0.002 M EDTA, pH 8.0) and stained with the intercalant Green Gel Safe 10,000× Nucleic Acid Stain (5 μL/100 mL) (Fisher Molecular Biology, Rome, Italy). The molecular weight marker used was the Gene RulerTM 50 bp DNA Ladder (Thermoscientific, Waltham, MA, USA).




2.6. Data Analysis


The prevalence of positivity rates was calculated as follows:


Prevalence (%): Number of positive beehives/Number of total beehives











For variables of Boolean type, as in this particular case, statistical analysis was carried out by converting the qualitative data to quantitative, associating the unit value with the truth value, i.e., the positivity rates, the null value otherwise, obtaining a sample of 48 elements. Then, the mean and standard deviation were calculated, with 95% confidence interval (95% CI) based on the hypothesis of Student’s distribution.





3. Results


3.1. Prevalence of Nosema ceranae and Nosema apis


The results obtained after analysis of honeybee samples by light microscopy are summarized in Table 2. The number of samples tested positive for N. ceranae and N. apis after molecular analysis is shown in Table 3. The electrophoretic profile of booster PCR reaction products is shown in Figure 2, Figure 3, Figures S1 and S2.



After statistical analysis, the 95% confidence interval for the prevalence of positivity rate for Nosema ceranae in the Apulian Region ranges from 66.62% to 87.38%, with a mean value of 75%, whereas the 95% confidence interval for the prevalence of positivity rate for Nosema apis in the Apulian Region ranges from 0% to 6.88%, with a mean value of 2%.




3.2. Correlation between Beehive Health Status Form and Molecular Analysis


According to the answers given by beekeepers in the form, the following health framework has emerged: -no hives investigated had brood disease and/or viruses symptoms; -all of the hives analyzed had low Varroa infestation; -only 5 hives tested positive for Nosema ceranae (5/36) showed signs of depopulation and reduced honey production; -only limited honey production was reported for 19 hives tested positive for Nosema ceranae (19/36); -the honeybee colony, tested positive for Nosema apis, showed no clinical signs; -all hives tested negative on microscopic and molecular analysis for Nosema had no clinical signs, signs of depopulation or reduction in honey production.





4. Discussion


This study presents for the first time the microscopic and molecular identification of Nosema ceranae and Nosema apis in honeybee samples collected from hives in different provinces of the Apulian Region (Italy). In agreement with other studies, the results obtained show that light microscopy investigation followed by molecular analysis is an effective method for the screening and subsequent identification of the species to which the parasite spores belong. Indeed, because of the strong morphological similarities between the spores of the two microsporidia, the use of light microscopy alone would not be adequate to describe the species of Nosema within the analyzed sample [18]. The length of the polar filament is the only distinguishing morphological factor between Nosema ceranae and Nosema apis spores, and it can only be visualized by electron microscopy, which is difficult for all laboratories to access because of the very high costs associated with instrumentation. Therefore, after visualization of the spores by light microscopy, the samples were analyzed by PCR using species-specific primers [17,18,23,24]. Microscopic investigation showed the presence of Nosema spp. spores in thirty-seven samples; molecular investigation confirmed the presence of Nosema ceranae in thirty-six samples, while one sample showed the presence of Nosema apis.



The high prevalence of positivity rates for Nosema ceranae is a finding that does not come unexpectedly; in fact, since 1993, when the first positivity for this parasite was recorded for Italian honeybees, several studies in different Regions of Italy recorded very high levels of positivity for this parasite in honeybees. For example, studies carried out in Central Italy between the years 2014 and 2015 and in the Emilia Romagna Region (Northern Italy) in 2021 reported prevalence rates of 63% and 42.9%, respectively [18,25,26].



However, the prevalence of Nosema ceranae in honeybees reported in this study is higher than those reported by studies conducted in Regions of Central and Northern Italy. The reasons for this difference in prevalence could be related to several factors, such as the number of hives sampled, sampling methods used, different diagnostic techniques and climatic differences [18]. In this regard, it has been shown that territories with higher temperatures report higher prevalence rates for Nosema ceranae in the analyzed hives than territories with lower temperatures [17,18]. The preference of this pathogen for higher temperatures has also been confirmed in studies conducted in vitro. Fenoy et al., for example, showed how this pathogen has high thermotolerance at 60 and 35 °C as well as high resistance to desiccation. In addition, they showed that the spores have lower viability at temperatures around 4 °C and degenerate if they are frozen [27,28]. Therefore, based on the evidence reported in other studies, it can be supposed that the higher prevalence recorded in the Apulian Region compared to Regions in Central and Northern Italy could be related to the higher average annual temperature normally recorded in the Apulian territory.



Furthermore, the results demonstrate that a high rate of honeybee colonies affected by Nosema ceranae shows reduced honey production, as reported by beekeepers. This is a common subclinical sign of type C nosemosis reported by other studies [29,30]. The reduction in honey production is related to the ability of Nosema spp. to negatively affect the flight ability of foraging bees. In fact, these parasites can subtract from the host glucose and fructose produced by the cleavage of dietary sucrose and, as a result, reduce the synthesis of trehalose, the main carbohydrate in insect hemolymph [31]. The decrease in this key component induces energy stress and impaired flight ability of the infected bee, resulting in reduced nectar reserves necessary for honey production [30,31,32,33].



Another very important finding of this study is depopulation events observed in 5/36 colonies tested positive for N. ceranae, as reported by beekeepers. The mechanisms by which this parasite induces depopulation of affected colonies have been explained by several studies [34]. Indeed, it has been shown how in A. mellifera, N. ceranae induces downregulation of the glycoprotein vitellogenin (Vg), known to be a potent antioxidant and major source of energy [34,35,36,37]. In addition to the vitellogenin reduction, infection with this parasite also induces downregulation of genes involved in royal jelly protein-coding and alters metabolic pathways involved in maintaining carbohydrate, amino acid and lipid levels [34,36]. Finally, Nosema ceranae is responsible for the upregulation of the naked cuticle gene, known as an important suppressor of bee immune function [34].



Therefore, all the evidence suggested by these studies could explain the association between some beehives that tested positive for the parasite and the depopulation observed by beekeepers.



A very important result achieved by this study is the presence of a sample of honeybees collected from one hive in the municipality of Cisterino (Brindisi Province) in which N. apis infection was detected. Indeed, several studies conducted in Italy in recent years recorded the absence of positivity for Nosema apis in the hives analyzed, suggesting that Nosema ceranae has essentially replaced Nosema apis [16,18,38]. Therefore, the positivity recorded by the present study should be clarified with further investigations to be carried out in the Apulian Region and Italy. The usefulness of epidemiological studies also arises because of the abrogation of Veterinary Police Regulation 320/1954 [39]. As of 21 April 2021, with the entry into force of Regulation (EU) 429/2016 (subsequently amended by Regulation (EU) 2018/1629), nosemosis is no longer considered a notifiable disease, consequently posing a potential risk to the welfare of Italian honeybees [40]. The Veterinary Police Regulations provided a set of measures that had to be applied after the positivity of an apiary for Nosema apis, allowing the control of the disease and, at the same time, its eradication [39]. The positivity found in an apiary in the territory of Cisterino (province of Brindisi) highlights the need to continue to collect data about the presence of N. apis in hives distributed on Italian territory to avoid its propagation that could lead to the depopulation of hives with important economic damage for beekeepers.



Moreover, monitoring the trend of Nosema spp. infection in honeybees should also be carried out because of the absence of effective treatments that can eradicate the disease. For example, the antibiotic fumagallin, which has long been shown to be effective against Nosema apis infection, is not authorized in the European Union due to the lack of definition of maximum residual limits in honey and a registered veterinary medicine with this active substance [41]. Consequently, nowadays, a whole range of substances are being studied to overcome this limitation related to the drugs used for the treatment of infected bee colonies [41,42,43].



A major limitation of this study is that the number of spores and, consequently, the infection levels of the Nosema spp. in the bees were not measured. These pathogens can be detected by light microscopy and PCR, but if they are below threshold levels, they normally do not damage colonies [30]. Future investigations should include these types of data. Also, a larger number of samples would be more informative.




5. Conclusions


The loss of honeybee colonies that is occurring worldwide is a major issue and will generate serious economic and ecological problems due to the importance of these pollinating insects for the environment. Within this context, close collaboration between beekeepers, who constantly provide information on the health status of their apiaries, and veterinarians, who identify the cause of the problems encountered, could be the key to reducing the decline of honeybees [19,44,45]. Through this approach, this study has not only increased knowledge about the epidemiological situation of Nosema apis and Nosema ceranae in Italy and the European Union, but it has also correlated the presence of these parasites in the beehives with the most important problems encountered by beekeepers, such as depopulation and reduced honey production. Therefore, even if carried out at the regional level, studies like this will help us gain a better understanding of the characteristics of these pathogens, highlighting the impact of these on honeybee colonies. Indeed, by constantly monitoring beehives not only regionally or nationally but globally, we can take timely action to proactively deal with potential problems and combat bee diseases and pests, helping protect the sectors that depend on pollination services by bees, such as fruit, nut, seed, vegetable and fiber production.
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Figure 1. Beehive sampling areas in the Apulian Region (Italy). Points 1 to 3 (municipalities belonging to the province of Taranto), points 4 to 6 (municipalities belonging to the province of Bari), points 7 and 8 (municipalities belonging to the province of Foggia), and point 9 (municipality belonging to the province of Brindisi). 
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Figure 2. Electrophoretic profile of booster PCR reaction products of honeybee samples tested for Nosema ceranae. (A) Lane M: Gene RulerTM 50 bp DNA Ladder, Lanes 1–6: positive samples from the municipality of Castellaneta (TA), Lanes 7–9: negative samples from the municipality of Taranto (TA), Lanes 10–12: positive samples from the municipality of Mottola (TA), Lanes 13–18: positive samples from the municipality of Putignano (BA), Lanes 19–29: negative and positive samples from the municipality of Valenzano (BA). (B) Lane 30: positive sample from the municipality of Valenzano (BA), Lanes 31–33: positive samples from the municipality of Castellana (BA), Lanes 34–39: positive samples from the municipality of Ordona (FG), Lanes 40–45: positive samples from the municipality of Foggia (FG), Lanes 46–48: negative samples from the municipality of Cisternino (BR), Lane N1: negative control PCR, Lane N2: negative control booster PCR, Lane C+: positive control. 
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Figure 3. Electrophoretic profile of booster PCR reaction products of honeybee samples tested for Nosema apis. Lane M: Gene RulerTM 50 bp DNA Ladder, Lanes 1–3: negative samples, Lane 4: positive sample from the municipality of Cisternino (BR), Lane C+: positive control, Lane N1: negative control PCR, Lane N2: negative control booster PCR. 
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Table 1. Sequence of primers described by Bourgeois et al. used for PCR and booster PCR reactions.
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	Species
	Primer Sequences (5′-3′)
	References





	N. apis
	For: GCCCTCCATAATAAGAGTGTCCAC

Rev: ATCTCTCATCCCAAGAGCATTGC
	[22]



	N. ceranae
	For: AAGAGTGAGACCTATCAGCTAGTTG

Rev: CCGTCTCTCAGGCTCCTTCTC
	[22]










 





Table 2. Number of honeybee samples tested positive for Nosema spp. by light microscopy analysis. Provinces are indexed in red, while municipalities are in black.
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	Number of Samples
	Number of Samples Tested Positive for Nosema spp. after Light Microscopy Analysis





	Province of Taranto
	12
	9



	Municipality of Castellaneta (TA)
	6
	6



	Municipality of Taranto (TA)
	3
	0



	Municipality of Mottola (TA)
	3
	3



	Province of Bari
	21
	15



	Municipality of Putignano (BA)
	6
	6



	Municipality of Valenzano (BA)
	12
	6



	Municipality of Castellana (BA)
	3
	3



	Province of Foggia
	12
	12



	Municipality of Ordona (FG)
	6
	6



	Municipality of Foggia (FG)
	6
	6



	Province of Brindisi
	3
	1



	Municipality of Cisternino (BR)
	3
	1



	TOTAL
	48
	37










 





Table 3. Number of honeybee samples tested positive for Nosema apis and/or Nosema ceranae after molecular analysis. Provinces are indexed in red, while municipalities are in black.
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