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Abstract

:

Paenibacillus larvae is a deadly pathogen for bee brood, which can lead to the death of entire colonies. The presence of specific volatile organic compounds (VOCs) in the hive may be related to the occurrence of this bacterium in brood. Compositions of those volatile fractions present in healthy brood from control colonies and the brood without symptoms of infection collected from the colonies infected by P. larvae were compared using gas chromatography coupled with mass spectrometry (GC-MS) and solid phase microextraction (SPME). Among the seven compounds detected and quantified, the relative concentrations of 3-carene and limonene significantly differentiated the brood from healthy and infected colonies. Based on the ratio analysis, the samples were differentiated in terms of the number of emitted VOCs.
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1. Introduction


Honey bee (Apis mellifera) colonies, unlike bumblebees [1] or wasps [2], live year-round. Thanks to this, bees can pollinate many species of early-flowering plants [3], including those used for economic purposes, from early spring, as soon as the thermal conditions outside the hive permit it. Although bumblebees are able to fly at much lower temperatures than bees [4], their small numbers in spring make the honey bee, not the bumblebee that tolerates low temperatures better, the dominant pollinator in this period. However, wintering in swarms has its drawbacks. One of them is that a virus, a parasite or a pathogen that has already entered colonies (whether as a result of the activity of the bees themselves, e.g., robberies of families, or as a result of incorrect beekeeping) remains in the bee colony forever (often until its death), because it has the ability to constantly spread between individuals [5]. Chronic diseases of bees include an infection whose causative agent is the spore-forming gram-positive bacterium Paenibacillus larvae. This small (2.5–5 µm by 0.5–0.8 µm), rod-shaped bacterium is able to form extremely tenacious endospores, which are the only infectious form of this organism [6]. This pathogen, which reproduces only in brood, even in brood-free periods such as winter, can stay in the nest for a long time—both in the digestive tract of bees and in the honey that bees feed on. This means that it will be able to infect brood when it reappears in the family [7].



P. larvae are responsible for the occurrence of American foulbrood disease (AFB) [6,8]. Taking into account the intensity of clinical symptoms of AFB infection in bee colonies and the longevity of spores, in some countries, including Poland, the lack of effective, currently acceptable methods of treatment (according to the European Commission Directive (37/2010 [9]), the use of antibiotics for the control of P. larvae infection in A. mellifera colonies is prohibited) and the economic losses related to the elimination of infected colonies from use, P. larvae is classified as a highly threatening organism for animal biosecurity [7].



Larvae become infected by swallowing spores that contaminate their food. During the first 12–36 h after hatching larvae are most susceptible to infection. The spores can come from young workers tending the brood. They can remain in their gastrointestinal tract for a long time, maintaining their full potential for infection [6]. They can also come from honey stored in the hive [10]. After the spores enter the digestive system of the brood, P. larvae bacteria begin to multiply, colonizing practically the entire middle intestine and, in the process of multiplication, displacing other genotypes of microorganisms inhabiting them. P. larvae have been found to produce several peptide antibiotics either through genes encoding for the synthesis of ribosomal peptides or through giant gene clusters encoding for enzyme complexes. As a result, active antimicrobial peptides or polyketides are synthesized in a non-ribosomal manner [11,12,13]. For the enterobacterial repetitive intergenic consensus type I and II (ERIC I and II) genotypes present in Europe, the time needed to kill all bee larvae in the colony is approx. 13 and approx. 7 days, respectively [7]. As indicated by Gliński and Jarosz [14] P. larvae is able to produce compounds with antibacterial activity. Once the intestine is full of P. larvae, thanks to their highly active proteases and chitin-degrading enzymes [15,16,17], they penetrate the epithelium of the middle intestine and cause an infection that kills the insect [18]. The very breach of the intestinal epithelium is equivalent to the death of the brood. Bacteria retain their activity long after the animal dies, transforming its body into a semi-liquid brown colloid with a very characteristic smell. This colloid, composed of a mixture of bacteria and P. larvae spores, is practically absent from other microorganisms usually involved in metabolizing dead organic matter [19]. Along with the drying process, more and more spores capable of infecting subsequent larvae appear in the colloid [20]. If the bees that keep the nest clean remove the dead brood in a colloidal form, containing a small amount of spores, there is a much lower chance of rapid AFB development in the colony than in the case of removing the dead, dried brood from under the caps containing only the infectious form of P. larvae. The dead brood removal rate is dependent on both the P. larvae genotype [21] (in the case of ERIC II, currently the most popular in Poland, 80 to 95% of the larvae die before the cells are sealed, which allows for their rapid removal by workers, in the case of ERIC I, 40 to 60% of the larvae die in the capped cells, which favors the formation of a significant number of sporangia [7]) and the genetically encoded hygienic behavior in bees [22], and the probability of survival of a colony infected with AFB increases with the growing number of genetically distinct males from which the mother obtained semen [23].



More and more studies indicate that many natural plant components are lethal to P. larvae (although these are mostly in vitro tests) [24,25,26]. Monocultures can restrict bees’ access to such compounds [27]. In addition, small reserves of pollen in the hive, i.e., a source of protein necessary for the development of young brood, and the placement of bee colonies in flowering monocultures for more than two or three weeks means that the embryogenesis of young specimens is often based on pollen from one species, which may cause deficiencies in certain components and the worse condition of the developing brood [28,29], which may reduce brood immunity, and thus may favor the development of pathogens such as P. larvae in bees intestines, especially in areas with a large number of bees (in Poland it is 2.21–10.8 bee colonies per km2, on average 5.57 [30]), where the transmission of the bacteria between bees occurs not only vertically from older to younger individuals within one colony, but also horizontally between colonies [31].



The presence of many compounds taken up by bees with food is manifested by the natural secretion of volatile organic compounds (VOCs) in the bee. There may be compounds with an antipathogenic effect, also against P. larvae [28]. The presence of AFB can also be determined by the VOC test. The markers of this disease are the presence of propionic and valeric acid [32,33], 2-nonanone ketone [32], isovaleric acid, butyric acid [33,34], 2-methyl-butanoic acid, hexanoic acid [33] 2-nonanone, dimethyl disulfide, dimethyl trisulfide, 2-undecanone [35], isobutenylcarbinol, acetamide, isobutyramide, butyramide, isovaleramide, caproamide, benzeneacetamide, anteisovaleric acid, caproic acid, methyl 3-methyl-2-oxopentanoate, 2,5-dimethylpyrazine, γ-caprolactone, dl-pantolactone and unknown: C5H10O2, C5H10O2, C5H11NO, and C6H11NO2 [34].



In the conducted research we tried to establish the composition of VOCs released by put to death by freezing A. mellifera brood collected from control and infected colonies. The aim of the study, therefore, was to check whether the composition and relative concentrations of respective VOCs released by brood collected from control colonies differ statistically significantly from those released by brood collected from colonies infected with AFB. The brood used for research from the infected colonies showed no signs of infection.




2. Material and Methods


2.1. Sampling


A total of 14 brood samples were collected from colonies infected with P. larvae (in each case clinical signs of infection, such as dead larvae with a specific brown color, a viscous consistency, and a characteristic smell of carpenter’s glue, arranged on the bottom of the cells, were found) and from 11 uninfected colonies (control ones). Only live larvae were collected each time. The collected brood was placed in a transport refrigerator (−4 °C), and within 40 min of collection, at the temperature of −20 °C. They were stored in these conditions until the extraction. The infected colonies (in each case the colonies were infected with the genotype ERIC II, dominant in Poland) came from the apiaries located in Kamionka (Ropczycko-Sędziszowski district), Domatków and Lipnica (Kolbuszowa district) and the city of Rzeszow (Rzeszow district), while the control colonies (in which no P. larvae was found) from the apiaries located in Werynia and Nowa Wieś (Kolbuszowa district), Nowiny (Stalowa Wola district) and Ostrów (Ropczycko-Sędziszowski district) (in each case, the Podkarpackie Voivodship). All apiaries were located in agricultural and forest areas composed of small areas of varied crops. The apiaries were at least 6 km apart (determined with the use of Google Maps [36]), which, assuming that 75% of bees forage within 1 km of the hive [37], significantly reduces the possibility of using the same food source by colonies. The colonies used for the study had however free contact with colonies from other apiaries and with wild bees (only in the case of registered bee colonies in the Podkarpackie District in 2019, there were 9.24 of them per 1 km2, which indicates the presence of too many A. mellifera families in this area; Central Statistical Office, 2021 [38]).



The samples were obtained in the period of May to September 2020, which ensured the dietary diversity of bees. Only the strong colonies with a large (>50,000) number of individuals on each frame in the nesting area and a large supply of food accumulated by bees in the hives (“strong” colonies were indicated by both veterinarians and social representatives of the beekeeping club during the valuation of apiaries intended for liquidation) were selected for the study (in the case of colonies with AFB infection, the strong colonies with clinical signs of P. larvae infection were selected). For formal and legal reasons (also related to the necessity to exterminate infected colonies and the ensuing payment of compensation for apiary owners) the presence or lack of P. larvae in the brood was confirmed, according to the GIWpr 02010-23/2016 method [39], each time in an accredited laboratory of the Veterinary Hygiene Department in Krosno (Podkarpackie Province, Poland). The presence of P. larvae was confirmed by Veterinary Services (potentially healthy third and fourth instar larvae were collected both from healthy colonies and from the colonies with clinical signs of infection). In the case of Eric II infection at this stage of development, the potential signs of AFB should already be visible [40]. No such changes were observed in any larvae from the colonies infected with AFB. Since we relied on the information obtained from Veterinary Inspections, and additionally we do not have a microbiologist on the team, we did not re-evaluate the samples to be analyzed by microbiological tests for P. larvae. We assessed the absence of P. larvae infection by chromatographic analysis. We did not detect the presence of AFB markers reported by other researchers [32,33,34,35], which indicates that the brood was not infected or the amount of bacteria present in it turned out to be too small to cause the symptoms of infection detectable with the methods we used. We also found no visual signs of infection which, in case of infection with ERIC II, should be visible. This means that there were probably no individuals infected with the bacterium in the prepared samples or the bacterium was present in the broods’ digestive tract below the limit of detection (<LOD) the methods we used. Oleic acid was also not found in the samples, which indicates the presence of a dead, decaying brood [32] that could occur after the death of brood before freezing due to a lethal bacterial infection of brood.



We did not analyze the volatile fraction secreted by the entire colony or the broods with clear signs of infection for the content of chemical markers of P. larvae’s presence.




2.2. Extraction and Chromatographic Analysis of VOCs Emitted by Brood


The brood (25 individuals in each sample) were placed in a sealed 40 mL Erlenmeyer glass flask made of borosilicate glass (Glassco, Manglai, India) where the VOCs were released and then isolated and concentrated, on a surface of 100 µm of polydimethylsiloxane (PDMS) by Supelco Ltd. (Bellefonte, PA, USA) for 30 min at 45 °C (the flask with the sample and the SPME fiber placed on the sample was put in a water bath). The fiber used in research is dedicated to the analysis of samples with a low content of analytes (low pressure of VOCs). The same SPME fiber was used for all analyses. Then, the SPME fiber was introduced into a GC-MS dispenser (Varian 450 GC coupled with 240 MS, Palo Alto, California, USA. Software: Varian MS Data Review) at 250 °C for 5 min for desorption and determination.



The separation of VOCs was carried out on a capillary column with dimensions of 30 m × 0.25 mm × 0.25 μm with a moderately polar stationary phase HP-5 (Agilent Technologies, Inc., San-ta Clara, CA, USA), in the following temperature program: 50 °C and 5 min isotherm initially, then the temperature was increased at a rate of 10 °C per min to 300 °C, and finally, a 10 min isotherm was performed. The analysis was carried out for 35 min. The flow rate of the carrier gas (He) was 1 cm3 per min. The qualitative and quantitative composition of the VOCs profiles was established.



The content of identified compounds was expressed in % per standardized area. The relative share of the individual components of the VOCs profile containing between LOD and limit of quantification (LOQ) were accepted as trace levels (T). The LOQ is marked by Signal-to-noise ratio (slop sensitivity S/N 20) and based on minimum peak widths (4 s). The LOD was determined on the basis of peak size reject level (2000 counts) and probability factor (more than 90%) from NIST 08 database during the compound identification process. The compounds were identified on the basis of the MS spectrum library NIST 08 and calculated Kováts indexes (Table 1).




2.3. Statistical Analysis of the Obtained Results


The obtained results were analyzed statistically. Statistical analysis was performed with Statistica TIBCO 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA) and R programme (version 3.6.1). The statistical significance of the differences between the quantitative feature in groups characterized by a binary variable (based on the presence or absence of VOCs) was assessed using the Mann-Whitney U test, receiver operating characteristic (ROC)—cut point analysis and the Od Ratio. The relationship between the qualitative characteristics was examined using the χ2 test, with corrections associated with, for example, the tables of dimension   2 × 2   (conditional probability was also used). Multiple correspondence analysis (MCA) was used to check the interdependence of qualitative variables.



The results with p-value lower than 0.05 were considered statistically significant.





3. Results


In the tested samples, seven volatile compounds were detected, 6 of them could be quantified and qualitatively determined, and one only qualitatively (Table 2, Figure 1 and Figure 2).



Since there are many missing percentage results in various preparations, in order to be able to draw conclusions with appropriate statistical power, the presence or absence of compounds was taken as binary values (qualitative analysis) (Table 3). The % data were classified as binary variables by creating a percentage table representing the odds of an event occurring provided that the VOC was present in the sample. The obtained results indicate that in the tested samples the presence of 3-carene and limonene statistically significantly differentiate samples from the colonies with known absence and confirmed presence of P. larvae infection.



Using the MCA analysis and conditional probability, we showed that in the absence of 3-carene or limonene (although in this case, these compounds have always co-existed) in the sample, the chance of AFB infection in the colony is 90.9%, in the presence of any of them, only 28.6%. These compounds in samples from control colonies were always in combination with hexyl octyl ether (although its presence was also found in many samples from colonies infected with P. larvae).



In order to test whether the amount of preparations used had a statistically significant effect on the occurrence or absence of foulbrood, a new ranking feature was created, being the sum of the preparations used in the sample. Finally, for the Mann-Whitney U test and the Ratio analysis, brood samples were divided for the evaluation of differences in total VOC content in brood samples from control colonies and those infected with P. larvae. The Mann–Whitney U test showed a significant difference in the number of VOCs between both types of samples (p = 0.003). Using the presence of AFB in the colonies from which the samples were taken as a stimulant, the cut-point = 5 (ROC analysis) was determined. The ratio analysis (infected brood: median = 4 VOCs, q1 = 3, q3 = 4; uninfected brood: median = 5 VOCs, q1 = 5, q3 = 6) indicates that in the case of 5 or more VOCs in the brood, the chance of AFB occurrence is 5.2 times lower than in the case if there were a smaller number of these compounds (p = 0.003).



3-Carene, limonene, ocimene, 2-pinen-10-ol, hexyl octyl ether, phthalic acid and isobutyl octadecyl ester were described with quantitative parameters (the results based on relative concentration [%] of VOCs) (Table 4). In order to check whether their relative concentrations were statistically significantly different, the Mann–Whitney U test was used.



As a result of this analysis, it was found that only two of the tested compounds statistically significantly differentiated the control and the groups infected with P. larvae (Table 5, Figure 3). These were the same compounds that distinguished the samples in the qualitative analysis: 3-carene and limonene. In both cases, higher values were found in the control group.



Finally, to perform the Od Ratio analysis, brood samples were divided into groups according to 3-carene and limonene content (group one: 3-carene <2.617 and limonene <9.5; group two: 3-carene ≥2.617 and limonene ≥9.5). For both VOC components, one case was found in group 3-carene <2.617 and limonene <9.5, respectively.




4. Discussion


The bee feeding range is 9.5 km from the nest [41]. However, if possible, bees forage in the immediate vicinity of the hives [37], which may impoverish the brood diet and thus negatively affect its health and development [42,43,44,45]. The youngest worker bee larvae are fed with royal jelly, which is a product of the hypopharyngeal glands of young adult worker bees, but its composition is also influenced by the current diet of worker bees producing this royal jelly, including pollen grains present in the royal jelly [46] and other components that may release VOCs. Royal jelly also contains active microorganisms such as bacteria: Clostridium botulinum, Bacillus cereus, Bacillus wakoensis and Micrococcus luteus, and fungi: Aspergillus niger, Penicillium sp. and Saccharomyces cerevisiae [47], that later colonize the intestinal flora of the brood. The digestive tract of bee larvae contains a microbiome consisting of a relatively small and cohesive set of bacteria [48]. Despite this, the limited access to microorganisms and brood diet (not only young but also older, eating mainly the food processed by workers) may affect the fact that only 7 VOCs were detected in the brood samples at >LOD concentration. This was significantly less than our adult bee study, where we found 21 VOCs (unpublished data). Another reason for the small number of VOCs in the samples may be the small number of samples (25 individuals/sample) and the fact that the tests were carried out on dead organisms, in which the course of natural metabolic processes and gas exchange was stopped. Probably for this reason, we did not detect any of the natural semiochemicals emitted by the brood in the samples to communicate with other hive inhabitants, such as palmitic acid, linoleic acid, linolenic acid, stearic acid, and oleic acid, [49], methyl palmitate, methyl oleate, methyl stearate, methyl linoleate, methyl linolenate, ethyl palmitate, ethyl oleate, ethyl stearate, ethyl linoleate, ethyl linolenate and E-β-ocymen [50,51], including those related to the activation of hygienic behavior in worker bees, such as (Z)-10-tritriacontene (Z10-C33), (Z)-8-hentriacontene (Z8-C31), (Z)-8-heptadecene (Z8- C17) and (Z)-6-pentadecene (Z6-C15) [52].



The results of the binary analysis confirm that tested samples containing more VOCs (≥5) have over 5 times greater chance for no infection with P. larvae than those with a smaller number of compounds. This may indicate a protective effect of either the VOCs themselves or the various microorganisms that secrete them. This is in line with previous research that indicates that if the brood’s diet is more varied, brood develops better [28,29]. The undifferentiated composition of the nectar and pollen brought by bees to the hives may result in the lack of exogenous chemical compounds that could potentially limit the development of P. larvae in A. mellifera colonies. Such antibacterial compounds, apart from royal jelly, are also present in propolis (a bee product used to seal the nest, characterized by antibacterial properties), which is lined with the cells in which the brood develops [28,53,54]. The greater the diversity of the diet, the greater chance of the presence of beneficial bacteria in the colony brought along with the feed to the colonies [55], including bacteria inhabiting the gastrointestinal tract and protecting it against infection with pathogens [56,57].



Sabaté et al. [58], indicate that compounds with bactericidal activity may additively and synergistically interact with each other, increasing their effectiveness in combating P. larvae, and the chances of such interactions will grow with an increase in the number of interacting compounds. It is possible that similar interactions occurred in these studies. In order to clearly state this, however, more detailed analyzes are required, in which a diverse selection of compounds and their concentrations would be used.



Of the seven compounds detected and assessed qualitatively (Table 2) and quantitatively (Table 4), it can be said that only limonene and 3-carene differentiate brood from foulbrood-infected colonies and from uninfected (control) brood. The presence of these compounds was detected in 10 out of 11 uninfected P. larvae samples and in only 4 out of 14 infected samples.



Limonene, a monocyclic monoterpene, just like m-pinene, is commonly found in nature and is produced by over 300 plants. Hence, it is a component of many essential oils of some plants (including citrus, fennel, caraway, walnut, pistachio, and celery) [59]. It is also produced by numerous microorganisms, including: Calothrix spp., Carnobacterium divergens, Nannocystis exedens, Phormidium spp., Plectonema spp., Pseudomonas fragi, Serratia proteamaculans, Streptomyces caviscabies, Tolypothrix distorta, Aspergillus flavus, Penicillium brevicompactum, Penicillium clavigerum, Penicillium commune, Trichoderma pseudokoningii and Saccharomyces cerevisiae [60] (given after other authors). Limonene, as we have already mentioned, occurs naturally in bacteria present in royal jelly [47]. This compound is also produced by bees themselves, as it is a component of bee venom [61]. This compound has been shown to have antifungal and antibacterial properties [62]. In vitro studies have shown that also the development of P. larvae is inhibited by limonene [63,64].



3-Carene, a dicyclic monoterpene, is a VOC released by some plants that gives them a specific smell. However, the occurrence of 3-carene in plants is very rare. In greater amounts, it is found only in Juniperus oxycedrus [65]. This may indicate the zoonotic origin of the compound detected in the samples. However, we did not find any information about its production by bees or brood. It is found in some species of termites, in which it acts as an alarm pheromone [66]. It is also attractive to bark beetles, such as Dendroctonus brevicomis and Ips paraconfusus, which use it to biosynthesize their own pheromones [67]. It can also be produced by microorganisms, such as Penicillium roqueforti [60]. In in vitro studies, the compounds such as limonene show activity against gram-positive and gram-negative bacteria [68,69].



We also detected compounds in the samples that could be of anthropogenic origin. Hexyl octyl ether is one of them. It has been shown that it is released into the environment under the influence of high temperatures [70]. At the same time, it has been shown that it is also naturally produced by Pseudomonas sp. bacteria (in the composition of VOCs with a bactericidal effect) [71] or also by Enterococcus faecalis [72]. It is also one of the metabolites in the process of natural fermentation [73]. Hexyl octyl ether is also found in plants, such as Ellettaria cardamomum [74], Strobilanthes crispus [75], Catha edulis [76], is very common also in Poland Solanum sp. [77] or Spinach oleracea [78].



Phthalates are used in a wide variety of products and applications with no chemical bound resulting in their migration to the environment [79]. Phthalic acid esters have been used as a plasticizer to improve the flexibility, adhesion, and solubility of polymers. They are present in cosmetics, pharmaceutical coatings, medical devices, food containers, paints, floors, and wall coverings. As a result, they are common in the environment from which they are taken up by the root system of plants [80]. In many studies describing the detection of phthalic acid, isobutyl octadecyl ester in plants, no anthropogenic origin of this compound is indicated [76,81,82,83,84]. As indicated by Shaheed et al. [81], Bhagat and Bhuktar [82] and Sharma [84] plants in which they detected the presence of phthalic acid, isobutyl octadecyl ester, were characterized by anti-microbial activity.



Based on the above information, it is difficult to determine both the route of transfer and the origin of the hexyl octyl ether and phthalic acid, isobutyl octadecyl ester found in the colony.



m-Phenylenediamine is produced by the reduction of metadinitrobenzene or nitroaniline with iron and hydrochloric acid. This compound is used to make diisocyanates for the production of polyurethane foams and other resins and polymers, used as a corrosion inhibitor, curing agent, photographic developer, and intermediate for other chemical products, also used to make dyes, to develop dyes, to dye hair, and to cure epoxy resins [85,86]. We have not found any information regarding the natural origin of m-phenylenediamine. Since it is a common ingredient in hair dyes, we can assume that it found its way into the colony as a result of bringing drinking water and cooling the nest by bees from reservoirs and watercourses contaminated with this ingredient. It could also be found in brood bodies indirectly as a result of contact of worker bees with microplastics or comes from parts of hives constructed from colored plastic [86].



Our research shows that VOCs can qualitatively and quantitatively differentiate between the brood from control colonies and the brood from colonies with the presence of P. larvae. At the same time, the chosen methodology does not allow one to draw unambiguous conclusions. Obtaining more specific data indicating whether the obtained results are related to the mere presence of specific compounds at a certain concentration, interactions between them, or other environmental factors requires further extensive laboratory research.




5. Conclusions


Using the SPME technique, the composition of VOCs released by bee brood collected from control colonies and infected with the P. larvae was determined.



Seven VOCs were found to be released from the samples tested: m-phenylenediamine, 3-carene, limonene, ocimene, 2-pinen-10-ol, hexyl octyl ether, and phthalic acid isobutyl octadecyl ester.



Statistical analysis of the obtained results of the chemical analyses showed that both the mere presence (above LOD) and the relatively high concentrations (above LOQ) of 3-carene and limonene statistically significantly distinguished uninfected brood from the brood infected with P. larvae.



The number of VOCs in the sample statistically differentiated bee brood from healthy colonies from those infected with P. larvae.
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Figure 1. Chromatograms of the VOCs isolated from sample from control colony. The unlabelled peaks are typical degradation products of silane from polydimethylsiloxane fibre used in solid phase microextraction. 
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Figure 2. Chromatograms of the VOCs isolated from sample from infected with P. larvae colony. The unlabelled peaks are typical degradation products of silane from polydimethylsiloxane fibre used in solid phase microextraction. 






Figure 2. Chromatograms of the VOCs isolated from sample from infected with P. larvae colony. The unlabelled peaks are typical degradation products of silane from polydimethylsiloxane fibre used in solid phase microextraction.
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Figure 3. Statistical evaluation of the differences between concentrations of VOCs emitted by brood taken from healthy and infected with P. larvae colonies. ROC analysis. Number of VOCs in brood. Green line: change in sensitivity, blue line: change in specificity, red line: division of a square for field counting. 
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Table 1. Common names of detected VOCs and their Kováts retention indices.
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	Compound Name
	m-Phenylene

Diamine
	3-Carene
	Limonene
	Ocimene
	2-Pinen-10-ol
	Hexyl Octyl ether
	Phthalic Acid, Isobutyl Octadecyl Ester





	Molecular weight (g/mol)
	108
	136
	136
	136
	152
	214
	474



	Calculated Kováts retention index *
	212
	1016
	1034
	1052
	1105
	1325
	1520



	Reference Kováts retention index
	200–220
	1004–1017
	1031–1056
	1043–1097
	1106
	1302
	-







* Reference Kováts retention index from: https://www.pherobase.com/ (accessed on 11 November 2022).
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Table 2. Relative concentrations [%] of VOCs in emission brood samples taken from control (-) and infected (+) colonies. In both types of samples, the brood showed no clinical signs of P. larvae infection.
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	Order Number
	P. larvae

Infection
	m-Phenylene

Diamine
	3-Carene
	Limonene
	Ocimene
	2-Pinen-10-ol
	Hexyl Octyl Ether
	Phthalic Acid,

Isobutyl

Octadecyl Ester





	1
	-
	<LOD *
	6.543
	19.468
	59.351
	0.824
	2.075
	<LOD



	2
	-
	<LOD
	8.800
	45.525
	<LOD
	<LOD
	5.252
	3.375



	3
	-
	<LOD
	6.131
	15.363
	59.926
	0.817
	1.535
	<LOD



	4
	-
	<LOD
	7.908
	17.470
	67.981
	0.691
	1.212
	<LOD



	5
	-
	<LOD
	5.228
	13.233
	73.066
	0.836
	0.771
	<LOD



	6
	-
	<LOD
	<LOD
	<LOD
	14.288
	<LOD
	12.728
	Trace



	7
	-
	<LOD
	6.668
	16.213
	49.362
	1.503
	2.648
	1.524



	8
	-
	<LOD
	5.810
	18.133
	32.959
	1.150
	2.834
	Trace



	9
	-
	Trace **
	2.617
	9.500
	53.577
	0.290
	0.773
	0.480



	10
	-
	<LOD
	5.432
	18.000
	46.589
	<LOD
	4.280
	Trace



	11
	-
	<LOD
	7.069
	39.625
	9.021
	<LOD
	4.661
	Trace



	12
	+
	Trace
	9.702
	53.232
	<LOD
	<LOD
	3.933
	2.079



	13
	+
	<LOD
	3.650
	12.827
	44.854
	1.971
	4.781
	Trace



	14
	+
	<LOD
	1.188
	19.502
	50.843
	<LOD
	2.848
	<LOD



	15
	+
	<LOD
	8.687
	47.592
	<LOD
	<LOD
	2.954
	3.418



	16
	+
	<LOD
	<LOD
	<LOD
	19.330
	<LOD
	2.944
	6.667



	17
	+
	<LOD
	<LOD
	<LOD
	81.000
	0.753
	2.115
	Trace



	18
	+
	Trace
	<LOD
	<LOD
	42.099
	<LOD
	4.181
	2.949



	19
	+
	Trace
	<LOD
	<LOD
	71.145
	0.639
	<LOD
	Trace



	20
	+
	<LOD
	<LOD
	<LOD
	59.698
	Trace
	5.891
	<LOD



	21
	+
	<LOD
	<LOD
	<LOD
	87.240
	0.767
	<LOD
	<LOD



	22
	+
	<LOD
	<LOD
	<LOD
	77.311
	Trace
	<LOD
	<LOD



	23
	+
	Trace
	<LOD
	<LOD
	46.623
	0.672
	<LOD
	<LOD



	24
	+
	<LOD
	<LOD
	<LOD
	23.191
	<LOD
	12.923
	<LOD



	25
	+
	<LOD
	<LOD
	<LOD
	53.884
	Trace
	2.699
	Trace










[image: Table] 





Table 3. Statistical evaluation of the differences between concentrations of VOCs emitted by brood taken from healthy and infected with P. larvae colonies. In both types of samples, the brood showed no clinical signs of P. larvae infection. Qualitative analysis.
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	Compound
	p-Value for χ2 Test *





	m-phenylenediamine
	0.481



	3-Carene
	0.007 **



	Limonene
	0.007 **



	Ocimene
	0.823



	2-pinen-10-ol
	0.934



	hexyl octyl ether
	0.167



	phthalic acid, isobutyl octadecyl ester
	0.934







* χ2 test with Yates correction applicable to 2 by 2 tables, ** statistically significant differences.
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Table 4. Statistical evaluation of the differences between concentrations of VOCs emitted by brood taken from healthy and infected with P. larvae colonies. In both types of samples, the brood showed no clinical signs of P. larvae infection. Results of the U Mann-Whitney test with stimulant.






Table 4. Statistical evaluation of the differences between concentrations of VOCs emitted by brood taken from healthy and infected with P. larvae colonies. In both types of samples, the brood showed no clinical signs of P. larvae infection. Results of the U Mann-Whitney test with stimulant.





	Compound
	U Mann–Whitney Statistics
	p
	Stimulant





	3-Carene
	2.72
	0.007 *
	n **



	Limonene
	2.20
	0.028 *
	n



	Ocimene
	−0.36
	0.722
	-



	2-Pinen-10-ol
	1.10
	0.270
	-



	Hexyl octyl ether
	0.03
	0.978
	-



	Phthalic acid, isobutyl octadecyl ester
	−0.03
	0.977
	-







* statistically significant differences, ** samples from colonies free of P. larvae (n). 
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Table 5. Statistical evaluation of the differences between concentrations of VOCs emitted by brood taken from healthy and infected with P. larvae colonies. In both types of samples, the brood showed no clinical signs of P. larvae infection. Results for the ROC analysis.






Table 5. Statistical evaluation of the differences between concentrations of VOCs emitted by brood taken from healthy and infected with P. larvae colonies. In both types of samples, the brood showed no clinical signs of P. larvae infection. Results for the ROC analysis.





	Compound
	Cut Point
	AUC *
	SE **
	AUC Lower 95%
	AUC Upper 95%
	p





	3-Carene
	2.617
	0.812
	0.098
	0.619
	1.000
	0.0015



	Limonene
	9.5
	0.753
	0.108
	0.541
	0.965
	0.0191







* area under the ROC curve (AUC), ** standard error (SE) of AUC estimation.
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