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ABSTRACT

The Varroa destructor Anderson & Trueman, 2000 (Mesostigmata: Varroidae) is one of the most detrimental pests for
the physiology and productivity of Apis mellifera (Hymenoptera: Apidae) in the international context. To study its
reproductive behavior, different rearing protocols have been developed over the years under semi-natural or laboratory
conditions. However, V. destructor has low survival capacity and does not reproduce successfully outside its natural
environment and hosts. As a result, the availability of these mites for experimental purposes is limited. This research
aimed to evaluate the reproductive viability of V. destructor mites under laboratory conditions, using gelatin capsules
with single and double infestation by bee pupae (5" instar). All data were analyzed using generalized linear mixed
models implemented in Proc GLIMMIX using the binary distribution function with the default logit link function. For
both treatments (capsule with 1 and 2 mother mites), a significant effect was shown for the mean number of broods (p
< 0.0001). The reproduction of mother mites in both treatments showed significant effects (p < 0.05). Males were
observed more frequently in capsules infested with two V. destructor mother mites (p = 0.001). For the case of pupae
mortality with two mites a significant value of p < 0.0007 was reported, as well as with the presence of one mite p <
0.0040, however, no significant differences between them were demonstrated. In conclusion, these results showed that
in vitro V. destructor rearing using gelatin capsules is a useful tool for future research work. However, it is intended to
continue modifying this protocol to find higher values of survival and reproductive success of mites, to analyze the
biological parameters of V. destructor in studies involving a high number of adult mites, several generations, and
reproductive cycles.
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INTRODUCTION

Honeybees (Apis mellifera L., 1758) play a significant role in biodiversity conservation and food
supply, as they pollinate both crops and wild plant species (Abro et al. 2022). Additionally, they serve
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as a source of income through the sale of hive products (Gratzer et al. 2021), such as propolis, wax,
royal jelly, pollen, and bee venom, which have various cosmetic and domestic applications (Kurek-
Gorecka et al. 2020). Recently, beekeeping has faced a global decline in honeybee populations due
to colony losses (Gray et al. 2023). The loss of honeybees can lead to unforeseen consequences, such
as the increase in pests and invasive plant species (Hristov et al. 2020; Bartlett 2021). Factors like
climate changes affect the thermoregulation, homeostasis, growth, and survival of the colonies (Becsi
et al. 2021; Popovska Stojanov et al. 2021; Cunningham et al. 2022). Additionally, habitat loss and
pesticide exposure have contributed to the global decline in honeybee populations. However, the
presence of pests and diseases is one of the most threatening stressors for A. mellifera. Varroa
destructor Anderson & Trueman, 2000 mite poses the greatest threat to honeybee health, as it feeds
on the host's fat body and hemolymph, consuming nearly one microliter daily (Rosenkranz et al.
2010; Ramsey et al. 2019). It also interferes with the physiology of 4. mellifera (Arrese and Soulages
2010), as it reduces the lifespan of bees by up to 25% (Wegener et al. 2016). The life cycle of V.
destructor consists of two phases: the dispersal or phoretic phase, during which it parasitizes adult
bees, and the reproductive phase, which is associated with bee development (metamorphosis)
(Traynor et al. 2020). High levels of infestation by V. destructor leads to decreases in the productive
levels of bee colonies, and poor management of control methods can cause colony collapse within no
more than two years. This mite acts synergistically with various pathogens, primarily as a vector of
viruses in bee colonies (Chen et al. 2021). However, whether the viruses transmitted by V. destructor
infestation and actively replicate within the mites, thereby facilitating increased transmission, is
unclear (Damayo et al. 2023). To date, no health protocol has been able to eradicate V. destructor
mites completely; it has only allowed to manage its population (Jack and Ellis, 2021), and this may
vary based on the used compounds, as well as the methodology and management by beekeepers. To
minimize the use of chemical pesticides, plant-derived products are advocated as a sustainable
strategy for managing V. destructor infestations in beekeeping. These products contain compounds
that degrade readily in the environment and are generally safe for non-target organisms, including
bees (Ramzi et al. 2017; Roy et al. 2018; Potrich et al. 2020; Catania et al. 2023).

The development of an in vitro rearing method for V. destructor poses a significant challenge
due to the physiological requirements of its life cycle (Rosenkranz et al. 2010). Since the 1980s,
numerous attempts have been made to establish in vitro protocols. Nazzi and Milani (1994) utilized
gelatin capsules containing freshly sealed bee larvae, while Bruce et al. (1991) developed an artificial
diet based on homogenized larvae to feed mites. Although these techniques demonstrated some
potential, all failed to produce reproductively mature mites in the second generation (Abbas and
Engels 1988; Chiesa ef al. 1989). Similarly, Donzé and Guérin (1997) employed controlled brood
frame transfer, and Tabart et al. (2013) focused on developing artificial feeding chambers. However,
the system developed by Nazzi and Milani (1994), used in recent studies (Piou et al. 2016; Annoscia
et al. 2017; Mondet et al. 2018), stands out for its ability to control parameters and observe the mite's
life cycle daily without altering its physiology, albeit limited to a single generation. The priority
remains to optimize the reproductive success of founder mites reared in the laboratory to ensure the
production of fertile daughters and achieve a functional multigenerational system. Recent studies
(Vilarem et al. 2021) highlight advances in vitro and semi-in vitro methods developed by various
authors (Bruce ef al. 1988; Chiesa et al. 1989; Beetsma and Zonneveld 1992; Donzé and Guérin,
1997), emphasizing both the challenges and potential of this research area. Progress in this field would
be pivotal for experiments requiring large numbers of mites, such as acaricide screening, studies of
molecular resistance, and mite biology. Additionally, it would facilitate year-round research and
improve reproducibility across laboratories.

The analysis of treatments involving phytochemical compounds has been ongoing, as the goal is
to mitigate the negative effects of the V. destructor mite. Moreover, the procurement of these
compounds for experimental purposes can vary depending on the regions, seasons, and climatic
conditions, and it is often time consuming and can be costly (Dietemann et al. 2013). Therefore, the
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present study aimed to evaluate the viability and reproductive behavior of the V. destructor mite under
laboratory conditions, using gelatin capsules with single and double infestations of bee pupae (5%
instar).

MATERIALS AND METHODS

Brood frames from Apis mellifera colonies heavily infested with V. destructor (infestation rates >
6%) and untreated for at least six months were collected. Phoretic infestation levels in adult bees were
assessed following the de Jong (1997) method. After infestation confirmation, sealed brood frames
(pupae) were transported to the laboratory for mite collection. Cells were opened using entomological
forceps, and mites were collected with a fine brush and transferred to Falcon Petri dishes (50 x 9
mm). Simultaneously, brood frames containing a high proportion of fifth-instar larvae were selected.
Gelatin capsules (size 7 mm external diameter; Now Foods, Bloomingdale, IL, USA) were placed
over the larval cells before sealing. The frames were then arranged horizontally, with the capsules
pointing down, in a 34.5 °C incubator for 2 to 5 h. The transfer of larvae in the capsules thus only
relied on the spinning movements and did not involve any handling.

To evaluate the reproductive success of V. destructor, 90 female foundress mites were introduced
into experimental treatments: 30 mites for the single-foundress group (T1; one mite per capsule) and
60 for the dual-foundress group (T2; two mites per capsule). Female mites were individually
introduced into gelatin capsules containing either one (T1) or two mites (T2). Ventilation holes were
created in the capsules using a size 2 insect pin (BioQuip, Rancho Dominguez, CA, USA). Capsules
were placed vertically into an empty micro-pipette tip container and incubated at 34.5 °C and 75%
RH until bee emergence (day 12). After 12 days, the capsules were opened and examined under a
dissecting microscope. The viability of both the bee and the female mite was recorded, along with the
presence, number, and developmental stages of mite offspring.

Data analysis

All data were analyzed using generalized linear mixed models implemented in Proc GLIMMIX
(SAS/STAT v.14.1; SAS Institute, Cary, NC, USA) with the default logit link function and binary
distribution. Survival and reproduction proportions were analyzed as binary variables (with Yes/No
responses), while brood data were treated as count data. The response variables included: Varroa sp.
offsprings, presence of males in the capsule, number of daughters (Varroa) per capsule, and pupal
(bee) mortality.

RESULTS

After confirming that the response variables did not meet the assumptions of normality (Shapiro-Wilk
test, Table 1) or homoscedasticity (Table 2), the offspring production of V. destructor mites was
analyzed using Poisson distribution models for single and double infestation treatments. For these
analyses, a total of 90 foundress mites were introduced: 60 mites were assigned to the two-foundress-
per-capsule treatment, while 30 mites were assigned to the one-foundress-per-capsule treatment. The
results revealed a significant effect of infestation treatment on the mean number of offspring produced
(p < 0.0001). The proportion of capsules in which reproduction occurred also differed significantly
between treatments: in the two-foundress-per-capsule group, 56.66% of the capsules produced
offspring, yielding a total of 51 offspring, whereas in the one-foundress-per-capsule group,
reproduction was observed in 6.66% more capsules than expected based on the number of mites
introduced, producing 32 offspring (GLMMIX y? = 3.76; df = 1; p < 0.05). However, no statistically
significant differences in the total offspring numbers were detected between the two treatments (Table
3).
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Table 1. Varroa destructor mite offspring, through single and double infestation (Poisson model).

Response variable (No. of mites) Mean SEM Pvalue
1 1.40° 0.01 <0.0001
2 2.022 0.01 <0.0001

Means in each column with different literals are significant (p < 0.05). SEM. Standard error of the sample mean.

Table 2. Evaluation of pupae mortality with two treatments.

Apis mellifera pupae mortality

Response variable (pupa alive) Mean SEM Pvalue
1 mite 0.732 0.03 0.0040
2 mite 0.86* 0.02 0.0007
Pupa without mites 0.40° 0.04 0.09
Odds Ratio 3.25
x2 0.0003

Means in each column with different literals are significant (p < 0.05). SEM. Standard error of the sample mean.

Table 3. Reproductive evaluation of V. destructor with one or two mother mites.

Foundress mite reproduction

Response variable (foundress mite) Mean SEM Pvalue
1 mite 0.80° 0.05 0.016
2 mites 0.932 0.03 0.009
Odds Ratio 3.50
x2 0.14

Means in each column with different literals are significant (p < 0.05). SEM. Standard error of the sample mean.

The mortality rate of Apis mellifera pupae was significantly affected by the presence of V.
destructor mites. Specifically, pupa mortality rates were significant in the presence of two mites (p <
0.0007) and one mite (p < 0.0040); however, no significant differences were observed between these
two treatments. In contrast, the absence of mites did not result in a significant pupa mortality rate (p
> 0.05). The analysis indicated that the presence of one or two V. destructor mites increases the
likelihood of pupa mortality to more than 30% (32.5%; 95% CI: 3.2, 1.1-6.1) (GLIMMIX y* =
0.0003; df = 6; p = 0.0014). This difference in pupa survival can be attributed to the increased
competition within the capsule environment when more than one mite is present, leading to a higher
probability of pupa mortality in the natural setting of these organisms (Table 4).

The reproduction of foundress mites was significantly influenced in both treatments (p < 0.05).
However, no significant differences were observed in the proportion of reproduction between
treatments (GLMMIX y? = 0.14; df = 4; p > 0.05). Notably, the introduction of two mites per capsule
increased the probability of observing reproduction within the cells by 35% (35%; 95% CI: 3.5, 0.64—
18.97) by the end of the 12-day reproductive cycle (Table 3).

The presence of male mites serves as an indicator of the relationship between mating and
offspring production. The results reveal that male mites are observed significantly more frequently in
capsules infested with two Varroa destructor foundress mites (p = 0.001). Furthermore, the
proportion of male mites differs significantly between treatments (GLMMIX > =0.0001; df=1;p =
0.0191). The addition of two founding mites per capsule increases the probability of successful
reproduction in vivo by over 30% (32.5%; 95% CI: 0.88—11.89).
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Table 4. Presence of male V. destructor in gelatine capsules.

Male mite presence

Variable (male mite) Mean SEM Pvalue
1 mite 0.66° 0.04 0.018
2 mite 0.86* 0.02 0.001
Odds Ratio 3.25
x2 0.07

Means in each column with different literals are significant (p < 0.05). SEM. Standard error of the sample mean.

DISCUSION

This study provides a foundation for the development of future in vitro rearing protocols for Varroa
spp. mites. In Mexico, it is the first study to analyze the reproduction of Varroa destructor under
laboratory conditions, comparing single and double mite infestations on Apis mellifera pupae.
Initially, the reproduction of this mite was analyzed in 7 mm gelatin capsules, where the addition of
two V. destructor founding mites resulted in greater offspring (p < 0.0001). Nazzi and Milani (1994)
reported similar results using the same capsule size. However, they described the average oviposition
of founding mites as 3.5 eggs per capsule, which differs from the present study, where the average
offspring in double-infested capsules was 1.97 mites, and 1.32 in capsules with a single founding
mite. On the other hand, Piou and Vétillard (2020) reported differences between single and double
infestations. The mean offspring per founder was higher in capsules infested with two parasites (2.74
+ 0.15) than in those infected with a single parasite (2.23 + 0.21). These results are similar to those
of the present study, as the rearing conditions were similar. Similarly, Jack et al. (2020) reported in
vitro rearing of V. destructor using 6, and 7 mm gelatin capsules with relative humidities of 35%,
65%, 75%, and 85%. The 7 mm capsules with 75% RH stood out in terms of mite survival and
offspring. Multiple infestations of 4. mellifera larval cells by V. destructor are common, with up to
six founding mites found in a single worker or drone cell (Eguaras et al. 1994; Martin 1995).
However, Anderson and Fuchs (1989) and Boot et al. (1997) describe decreases and increases in the
number of daughters per female in the presence of a second mite. On the other hand, Donz¢é et al.
(1997) reported results similar to those presented in this study, where the number of daughters was
higher in cells infected with two mites (1.07) compared to cells infested individually (0.83).
Additionally, the reproduction of V. destructor mites is associated with the survival of Apis
mellifera pupae, as this mite is heavily dependent on bee reproduction (Rosenkranz et al. 2010).
Consequently, the survival rate and offspring of V. destructor increased as A. mellifera larvae
survived. The mortality rate of bee pupae did not show significant differences when a second mite
was introduced into the capsules. This finding aligns with Piou and Vétillard (2020), who reported
mortality rates ranging from 84.3% to 98.8% with the addition of two founding mites. However,
mortality rates with the presence of a single mite ranged around 87%. Mortensen ef al. (2018) and
Mortensen et al. (2023) noted that bees reared in vitro exhibit physiological and morphological
behaviors different from naturally reared bees. Therefore, it is concluded that bee pheromones
significantly influence mite behavior (Calderone and Lin 2001; Aumeier et al. 2002; Nazzi and Le
Conte 2016). The proportion of capsules in which reproduction was initiated was significantly
different between the two infestation treatments. The present results are consistent with those
described by Piou and Vétillard (2020), who reported a 94.3% reproduction rate of founding mites
with the addition of two mites and a 75.9% reproduction rate with the presence of a single mite. The
reproductive parameters observed with one mite per cell were similar to those reported by Muntaabski
et al. (2023), where a 79.6% fertility rate of founding mites was documented. Similarly, Hiuermann
et al. (2020) described fertility ranges of 75-95%. These results align with the natural reproductive
behavior of V. destructor in temperate climates (Locke and Fries 2011; Frey et al. 2013). On the other
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hand, they differ from those described by Beetsma and Zonneveld (1992), who reported mite fertility
rates below 24%. In conclusion, the addition of one mite in the capsules increases the likelihood of
observing reproduction in the cells at the end of the cycle (12 days). Therefore, the fertility rate of the
mite could be influenced by the physiological state of A. mellifera pupae, due to the release of
pheromones, which indicates an interaction between the optimal physiological state for the
reproduction of V. destructor (Kirrane et al. 2011).

Finally, an interaction between the reproduction of the founding mite and the proportion of males
in the capsules is demonstrated. The results show significant differences between the treatments, with
males being observed more frequently in capsules with double mite infestation. This is consistent
with the findings of Piou and Vétillard (2020), who reported male mite presence ranges of 61.7—
86.2% with the addition of two founding mites. However, for capsules with a single infestation, our
findings differ from those authors, who reported ranges below 52%. In conclusion, the percentage of
capsules containing males on day 12 was higher in the case of double infestation compared to single
mite infestation, indicating a higher proportion of fertilized mites. Thus, we confirm that the number
of mated mites per female is also affected by the low survival rate of male offspring, which is similar
to the survival rate of males in Africanized bees (Medina and Martin 1999).

CONCLUSION

This research provides information for the methodological development of V. destructor mite rearing,
aiming to obtain experimental mites with greater ease, especially during periods when they are
difficult to find. These results demonstrate that in vitro rearing of V. destructor using gelatin capsules
is a useful tool for future research, with potential for additional modifications such as the management
of relative humidity and the addition of substrates that enhance the viability of 4. mellifera larvae,
among others. Furthermore, it is concluded that artificially infesting the capsules with two mites
increases the number of mated females per founding mite, due to the probability of having at least
one live founding mite that sustains the offspring. In conclusion, the recorded survival and
reproductive success rates of the mites indicate that this rearing method is suitable for analyzing the
biological parameters of V. destructor in studies involving a large number of adult mites, multiple
generations, and reproductive cycles.
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