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Abstract
By moving brood combs between colonies infested and non-infested by Varroa destructor we have investigated whether deformed wing virus (DWV) can be transmitted between the mite and honey bee pupae and if nurse bees can transmit the virus to larvae. The results demonstrate that mites regularly transmit virus to pupae. Pupal parasitism is important for the proportions of overt DWV infections and wing-deformity in newly emerged bees. All mite-infested bees with wing-deformities had high titres of DWV in this study whereas about one third of infested bees without visible damage also had high DWV titres. Thus, high virus titres appear to be a necessary but not sufficient condition for the development of wing-deformity. The mite increases the overall transmission of the virus within colonies, but the presence of this virus in pupae may not always be the result of mite-vectored transmission since the virus also can be found at low frequencies in non-parasitized pupae fed as larvae in DVW infected colonies. Once the virus is widespread among the bees, the results strongly suggest that virus transmission occurs also from nurse bees to larvae.

Introduction

Several viruses are suspected to be transmitted by V. destructor — including KBV, acute paralysis virus (APV), slow paralysis virus (SPV) and deformed wing virus (DWV) — since they have been detected in lethal amounts in both worker bees and brood of severely mite-infested colonies (Allen and Ball, 1996; Hung et al., 1996a). It has been demonstrated experimentally that V. destructor can transmit APV (Batuev, 1979; Wiegers, 1988; Ball, 1989) but the mite vector mechanism has not yet been studied in detail under natural conditions. Ball (1985) suggested that the feeding behaviour of V. destructor somehow induces APV replication and that the virus then is mechanically transferred between adults or to brood with the mite as a vector. Induction of replication of some honey bee viruses by a number of different stimuli that may mimic the feeding behaviour of the mite has been demonstrated (Bailey and Gibbs, 1964; Dall, 1985; Anderson and Gibbs, 1988; Hung et al., 1996b; Denholm, 1999). It has not yet been possible to directly demonstrate that the mite itself induces virus replication, but there are some indications that virus can be induced to multiply in a greater proportion of bees collected from severely infested colonies (Hung et al., 1996b; Denholm, 1999).

DWV was first detected in adult A. mellifera with malformed wings collected in Japanese colonies infested with V. destructor (Ball, 1983) and it has been suggested that this virus can be vectored by the mite (Ball, 1989, Bowen-Walker et al., 1999). Recently, newly emerged bees with malformed wings in British mite-infested colonies have been shown to be strongly correlated with DWV infection (Bowen-Walker et al., 1999) and DWV infections have been linked to the collapse of honey bee colonies from mite infestations (Martin et al., 1998; Nordström et al., 1999). This virus could be detected several weeks before colony death (Martin et al., 1998; Nordström et al., 1999) and may be well-established among all mite-infested colonies within an apiary when symptoms appear (Topolska et al., 1995; Nordström et al., 1999). DWV is probably a widespread infection, but there is very limited information about the incidence of DWV in honey bee colonies uninfested by V. destructor (Allen and Ball, 1996). We also know very little about the natural history of DWV and the interactions between V. destructor infestation and DWV infection.

The aim of this field study was to investigate the transmission of DWV from nurse bees to larvae and between V. destructor and pupae in severely mite-infested honey bee colonies. 

Material and Methods

Experimental set up

The experiment, which was repeated for two consecutive years, was designed to provide two different conditions for larval development (Fig. 1). 

Two groups of honey bee colonies were used in the experiment; one group was infested with V. destructor (recipient colonies) and another was uninfested (donor colonies). These donor colonies had never been in contact with V. destructor and had no contact with mites or with bees from other honey bee colonies throughout the experiment. The experiment was repeated for two consecutive years.

The recipient colonies (N=2 and N=3 for each year respectively) were severely mite-infested with many damaged adult bees (malformed wings and shortened abdomen) and some brood mortality.
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Figure 1. Experimental setup. The donor colony was manipulated to produce brood of known age. The brood was then moved either as eggs or as larvae to the recipient colony. Larvae were fed in donor colonies or in recipient colonies, but all cells on the frames that were moved were capped in the recipient colonies. As a control one frame was left in the donor colony throughout the experiment. The recipient colonies (n=5) were severely infested with V. destructor, while the donor colonies (n=5) were from an uninfested area. The numbers denote the treatment groups defined in materials & methods.

In each donor colony the queen was confined to a frame with a newly built comb between two vertical queen excluders. Every second day for ten days the frame was changed, thus yielding a total of five frames with brood of known age. The first two frames were moved as eggs, after the two days of queen confinement, to the mite-infested recipient colonies (Fig. 1). The next two frames were moved into recipient colonies on day nine, just before the cells were about to be sealed, i. e. just prior to when mites enter cells. The fifth frame was left in the donor colony as a control. In this way we had brood from the same queens reared under two different conditions; in uninfested colonies or in severely infested colonies. During the pupal stage the bees in the recipient colonies became either uninfested or infested with V. destructor. Thus, this design yielded five possible groups of emerging bees:

1) larvae fed in uninfested donor colonies, uninfested as pupae [fed (-) inf. (-)]

2) larvae fed in infested recipient colonies, uninfested as pupae [fed (+) inf. (-)]
3) larvae fed in uninfested donor colonies, infested as pupae [fed (-) inf. (+)]
4) larvae fed in infested recipient colonies, infested as pupae [fed (+) inf. (+)]
5) control; larvae fed and remained until emergence in uninfested donor colonies

The brood was allowed to develop in the respective colonies and the frames were brought to the laboratory 21 days after queen confinement. Individual bees were collected as they began to emerge from the cells. Physical damage of the emerging bee, bee mortality and mite infestation were noted from each cell. Damage was defined as malformed wings or shortened abdomen or both, in addition to pupal mortality. Bees were placed individually into Eppendorf tubes and were immediately frozen for later virus analysis (ELISA). Data on the proportion of damaged individuals were collected from totally 6814 cells in the recipient colonies and from 100 cells in each donor colony.

Samples for virus analysis

Newly emerged bees from all groups from recipient colonies (n=410) and their respective donor colonies (n=130) were analysed for deformed wing virus (DWV) by ELISA. The proportion of damaged bees analysed for DWV in each treatment group and in each colony, was representative of the observed proportion of damaged bees. In addition, all damaged individuals (n=30) found in the second treatment group [(fed (+) inf. (-)] were analysed. A number of additional damaged or undamaged individuals, irrespective of colonies, were also analysed. In total, 512 newly emerged bees collected on frames transferred to the recipient colonies and 152 newly emerged bees collected in the donor colonies were analysed for DWV by ELISA. 

The ELISA procedure was modified after Allen et al. (1986) and Barbara and Clark (1982). A clearly positive reaction was determined as 10 times the mean plate background value (mpb). Suspected positive reactions were determined as above 3 and below 10 mpb but are not considered because the risk of carry over of virus particles from previous samples irrespective of careful precautions. A negative value was below 3 mpb. Low level, inapparent infections are not detected by ELISA.

Statistics

The data on proportions of damaged bees and proportions of DWV-infected bees were analysed separately by using arcsin transformed percentage values in analysis of variance and least squares means (proc. GLM, SAS Inst. Inc.). Frequency distributions were analysed for associations by chi-square tests applied with Yates’ correction in 2 x 2 contingency tables.

Results

The proportions of damaged bees were dependent on both pupal mite parasitism (F=208.5; P<0.001) and on larval rearing condition (F=9.22; P=0.0079) (Table 1). Among bees that were uninfested during the pupal stage ([fed (-) inf. (-)]; [fed (+) inf. (-)]), there was a significantly higher proportion of damaged bees if they had also been fed in the recipient colonies (P=0.0236). The same trend of increased proportion of damage was seen among infested bees ([fed (-) inf. (+)]; [fed (+) inf. (+)]) if bees were fed as larvae in the recipient colonies, however this was only close to being significant (P=0.0919) (Fig. 2). No bees fed in the uninfested donor colonies as larvae and collected from uninfested cells in the recipient colonies were damaged [fed (-) inf. (-)] (n=2336), and no damage was detected in the control bees (n=500) (Fig. 2). Of bees fed in recipient colonies and uninfested in the pupal stage [fed (+) inf. (-)], only few were damaged (30 out of 2332).

The proportions of DWV-infected newly emerged bees (Table 2), as detected by ELISA, followed the same trend as damage to the bees (Table 1) and were dependent on pupal mite infestation (F=89.66; P<0.001) and probably on larval rearing condition (F=5.28; P=0.0552). Among bees that were uninfested during the pupal stage, there was a significantly higher proportion of DWV-infected bees if they had also been fed in the recipient colonies (P=0.0450). However, there was no significant difference in the proportions of DWV-infected bees infested as pupae irrespective of larval rearing condition (P=0.3965) (Fig. 2).
TABLE 1. Number of opened cells, mite infestation level, and proportion of damaged newly emerged bees in each recipient colony. Observed damage is shown for groups of bees; fed (+) or (-) denotes larvae fed in colonies with or without V. destructor and inf. (+) or (-) denotes parasitized or non-parasitized pupae respectively.

	Colony
	Cells (n)
	Infested cells %
	
	Damaged bees %
	

	
	
	
	fed (-) inf. (-)
	fed (+) inf. (-)
	fed (-) inf. (+)
	fed (+) inf. (+)

	1 
	899
	19.7
	0 (n=423)
	5.02 (n=299)
	50.0 (n=112)
	67.7 (n=65)

	2 
	755
	38.8
	0 (n=271)
	2.09 (n=191)
	40.1 (n=142)
	76.2 (n=151)

	3 
	1420
	47.9
	0 (n=203)
	2.73 (n=220)
	25.4 (n=519)
	83.1 (n=478)

	4 
	997
	43.7
	0 (n=315)
	1.63 (n=246)
	62.0 (n=200)
	60.2 (n=236)

	5 
	2743
	8.86
	0 (n=1124)
	0.07 (n=1376)
	60.5 (n=86)
	41.4 (n=157)
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Figure 2. Mean proportion of damaged and DWV-infected newly emerged bees depending on where they were fed as larvae and on pupal infestation. Data on damaged bees from five recipient colonies. Data on virus infections from three recipient colonies. (+) or fed (-) designates larvae fed in colonies with or without V. destructor and inf. (+) or (-) denotes pupae parasitized or non-parasitized respectively. Vertical bars show standard error of the means.

Bees that were mite-infested as pupae were significantly more often DWV-infected compared to uninfested bees irrespective of colony and larval rearing condition (2=205.42, P<0.001, n=512) (Table 3). High titres of DWV were detected in all infested damaged bees analysed (n=156) and in 24 out of 30 uninfested damaged bees (Table 3). Of all bees analysed, 55 % of infested undamaged individuals were clearly positive for DWV (Table 3). Using the data in table 3, significantly more uninfested bees without damage reared in infested recipient colonies [fed (+) inf. (-)] were clearly DWV positive compared to uninfested bees without damage reared in uninfested donor colonies [fed (-) inf. (-)] (2=8.78, P<0.01, n=183; values less than 10 mbg omitted). When comparing all analysed undamaged infested bees in the same way no significant difference was found (2=1.88, P>0.05, n=95). Adult bees (n=158) and newly emerged bees (n=152) collected in donor colonies were all clearly negative for DWV. 

All analysed mites collected in recipient colonies were strongly positive for DWV in ELISA, both phoretic mites (n=18) and dead mites collected on the bottom boards (n=50). The latter group of mites was also analysed for three other viruses (APV, SPV, CWV) without any positive reactions. viruses by immunodiffusion, DWV was detected in 61 and no other virus 

TABLE 2. Proportions of newly emerged bees with DWV infections in three recipient colonies. Clearly positive reactions in ELISA are shown for groups of bees; fed (+) or (-) denotes larvae fed in colonies with or without V. destructor and inf. (+) or (-) denotes parasitized or non-parasitized pupae respectively. The proportion of damaged bees in each experimental group is the same as the observed.

	Colony
	Bees (n)
	DWV-infected bees %

	
	
	fed (-) inf. (-)
	fed (+) inf. (-)
	fed (-) inf. (+)
	fed (+) inf. (+)

	1
	86
	0 (n=20)
	19.0 (n=21)
	56.7 (n=30)
	80.0 (n=15)

	3 
	278
	0 (n=58)
	8.8 (n=91)
	91.8 (n=73)
	98.2 (n=56)

	4 
	46
	0 (n=16)
	5.9 (n=17)
	-*
	76.9 (n=13)


-*only damaged bees analyzed (n=26, 100 % DWV-infected)

Discussion

The occurrence of wing-deformity and overt DWV infections in newly emerged bees was dependent on both pupal parasitism and larval rearing condition in this study. The results clearly demonstrate that it is the mite parasitism during the pupal stage that primarily determines whether or not wing-deformity or high titres of DWV occur in newly emerged bees from severely infested colonies. However, the results also suggest that transmission of DWV from nurse bees to larvae, most likely through feeding, may also occur. This suggests that the spread of DWV, at least in severely mite-infested colonies where DWV infections are well-established, is not only due to V. destructor acting as a virus vector but may also involve transmission of virus from DWV-infected nurse bees to larvae via the food. Our results corroborate laboratory observations in which injection of DWV into bee pupae can cause wing-deformity in emerging bees (Bailey and Ball, 1991).

In this investigation, all mite-infested bees with wing-deformities were positive for DWV (Table 3) and 98 % of these bees had very high virus titres (absorbance values above 1.0). Of infested bees without damage 55 % were DWV-infected and the proportion with very high virus titres among these bees was 32 %. Hence, high virus titres seem to be a necessary but not sufficient condition for wing-deformity. This result is in contrast to the study of Bowen-Walker et al., (1999), who reported no high virus titres in bees without damage. 

Our results show that DWV infections can be widespread within honey bee colonies that are severely infested with V. destructor. In all recipient colonies DWV was the only virus detected, both in bees and mites. In fact all mites were clearly positive for DWV and in the investigated recipient colony a lot of virus was circulating since a high proportion of adult bees had an overt DWV infection. No overt DWV infection was detected in adult, newly emerged or pupal bees from any of the donor colonies. 

The results demonstrate both the crucial role of the mite for explaining DWV infections in newly emerged bees, but also that nurse bees may contribute to the spread of DWV by transferring virus to larvae. Furthermore, we clearly show that the specific symptom of deformed wings in adult bees in a mite-infested colony is strongly correlated to an overt DWV infection in the colony.
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