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The honey bee (Apis mellifera) parasitic mite, Varroa destructor, is considered one of the main causes of colony losses in European honey bee (EHB) populations around the world. However, some EHB and Africanized honey bee (AHB) populations (derived from the African subspecies A. m. scutellata) that inhabit tropical and subtropical regions of the Americas, have survived varroa mite infestations in the absence of acaricide treatments. It is conceivable to expect that these honey bee populations, which have been subjected to natural selection over decades, would have developed resistance against V. destructor or possess pre-existing adaptations that allow them to survive mite parasitism. Here, we present a comprehensive literature review describing the spread of V. destructor and the honey bee populations occurring in Latin America (LA), and summarize the evidence of resistance of those populations to V. destructor. We also analyze reports describing the potential mechanisms of mite resistance and how they operate in those honey bee populations. Studies of a few EHB, as well as of numerous AHB populations exhibiting resistance to V. destructor in LA, unveil the existence of evolutionary adaptations that restrain V. destructor population growth and provide insight into the current host-parasite relationship. This review supports the notion that selective breeding of local honey bee populations from LA could be a viable strategy to manage varroa mite infestations in colonies.
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1 Introduction

Western honey bees (Apis mellifera L.) are among the most important pollinators of flowering plants, playing a key role in food production and natural ecosystem maintenance (Klein et al., 2007; Lorenzo-Felipe et al., 2020). However, honey bees are exposed to a wide range of biotic and abiotic stressors such as pathogens and parasites, habitat fragmentation, pesticides, and environmental stressors, which have led to the loss of a significant number of colonies (Vanengelsdorp et al., 2009; Neumann and Carreck, 2010; Guzman-Novoa, 2016; Maggi et al., 2016; Requier et al., 2018). Currently, it is generally accepted that losses of honey bee colonies are a consequence of the synergy and interaction of multiple contributing factors, with the ectoparasitic mite Varroa destructor playing a major role (Guzman-Novoa et al., 2010; Nazzi et al., 2012; Hristov et al., 2020).

Varroa destructor (Anderson and Trueman, 2000) is an obligate parasite of two bee species, the Asian honey bee, Apis cerana, and the Western honey bee, A. mellifera. The Asian honey bee is the original host of V. destructor that has coexisted with the mite for a long time, which resulted in the development of mechanisms of defense in A. cerana that confer resistance to the bees against the parasite (Peng et al., 1987; Oldroyd, 1999; Rath, 1999). However, with the movement of European honey bees (EHB) to Asia, V. destructor switched hosts by the late 1950s (Delfinado, 1963), and rapidly spread throughout the world, which has led to high mite infestations and colony losses of its new host, particularly in countries of the Northern hemisphere where EHB populations are managed (Oldroyd, 1999; Rosenkranz et al., 2010; Morfin et al., 2023b).

Varroa destructor reproduces on honey bee brood and feeds mainly on bee fat body (Ramsey et al., 2019). The mite inhibits immune responses of parasitized bees (Koleoglu et al., 2017, Koleoglu et al., 2018) and is also known to be a very efficient vector of several honey bee viruses that are harmful to the bees, such as deformed wing virus (DWV) and others (Kevan et al., 2006; Martin et al., 2012; Wilfert et al., 2016; Reyes-Quintana et al., 2019; Beaurepaire et al., 2020). This association has led to parasite-pathogen synergistic effects on the health of parasitized bees (Gisder et al., 2009; Desai and Currie, 2016), a key cause of global colony losses (Dainat et al., 2012).

Most EHB populations are considered vulnerable to V. destructor and need chemical treatments to survive (Rosenkranz et al., 2010). Consequently, beekeepers rely heavily on the application of acaricides in their hives (Gregorc et al., 2018). However, the long-term use of these chemicals has resulted in widespread cases of mite-resistance to most of the compounds used (Milani, 1999; Elzen et al., 2000; Maggi et al., 2009; Medici et al., 2015; Mitton et al., 2022). Moreover, residues of acaricides are also frequently found in hive products like beeswax and honey (Mullin et al., 2010; Medici et al., 2020). Because of these acaricide-associated issues, an increasing number of researchers have focused their interest on the search for new mite management alternatives that promote sustainable beekeeping (Dietemann et al., 2012; Gregorc and Sampson, 2019). Thus, researchers shifted their interest to studying honey bee populations exhibiting natural resistance to V. destructor infestations in Europe and the Americas (Seeley, 2007; Locke, 2016; Le Conte et al., 2020; Mendoza et al., 2020; Mondet et al., 2020; Grindrod and Martin, 2021).

It has been shown that some honey bee populations that are not chemically-treated cope with V. destructor infestations through tolerance or resistance (Mondet et al., 2020). Resistance implies that a honey bee colony is able to restrain the population growth of V. destructor to a level that does not cause mortality or severe effects on the host health (Guzman-Novoa and Morfin, 2019). Tolerance for the case of this review is defined as the ability of host bees to withstand and survive high levels of mite parasitism. Accordingly, although some reports may use the term “tolerant bees”, most of the cases of Varroa-honey bee interaction studied demonstrate bee resistance. One potential problem associated with tolerant bees, is that they could endure a higher parasite load and could serve as a parasite reservoir for non-tolerant bees of susceptible colonies in the vicinity (Mitton et al., 2022).

Even though some honey bee populations have survived V. destructor infestations without treatment in many countries, one of the world’s largest populations of honey bees surviving varroa mite parasitism are the so-called Africanized honey bees (AHBs, derived from the African subspecies, A. m. scutellata) that are widespread in Latin America (LA). Furthermore, examples of EHB populations surviving the mite without treatment also occur in LA. These populations are therefore good models to investigate potential natural resistance mechanisms that allow the survival of honey bee colonies infested with V. destructor. Studies of this nature are valuable for the scientific community because they may shed light on matters regarding host-parasite interactions. They are also valuable for the beekeeping community because the knowledge generated from them may be applied to better design selective breeding programs to develop honey bee stocks resistant to the varroa mite.

This comprehensive review aims to describe the natural history of parasitism by V. destructor on A. mellifera in LA. Specifically, we have strived to summarize and analyze reports of honey bee populations that have survived mite parasitism in the absence of acaricide treatments, describing their potential mechanisms of resistance against the mite and how they operate.




2 Varroa destructor history and presence in Latin America

The Varroa genus comprises four different species of ecto-parasitic mites: Varroa jacobsoni, Varroa underwoodi, Varroa rindereri, and Varroa destructor (formerly known as Varroa jacobsoni), that originated in Southern Asia and have been parasitizing Apis cerana, the Asiatic honey bee, for centuries (Anderson and Trueman, 2000).

Varroa destructor spread from Asia and is now parasitizing honey bees in all continents. The Japanese haplotype of the mite was first introduced to the Americas when queen bees from Japan were imported into Paraguay in 1971 (De Jong and Gonçalves, 1981; De Jong et al., 1982). From Paraguay, varroa mites spread to Brazil by 1972 (Alves et al., 1978; De Jong et al., 1982; Castilhos et al., 2023) and to other South American countries shortly after that (Maggi et al., 2016). It is suspected that following the introduction from Japan, V. destructor was introduced multiple times to South America from Europe, but there is little documentation supporting this assumption (Maggi et al., 2016). In Central America, varroa mites were first detected in 1996 in Nicaragua (Düttmann et al., 2021), although they were probably introduced much earlier to that region since V. destructor had been found in Mexico in 1992 (Rodriguez et al., 1992), and in the Dominican Republic in 1995 (Serra et al., 2003). The mite was also introduced into Puerto Rico via swarms accidentally traveling on ships or through shipments of queens and bee packages (de Guzman et al., 1997). Figure 1 shows the dates of the first detection of V. destructor in different LA countries. Besides the Japanese haplotype of V. destructor, the more common Korean haplotype of the mite is also present in the Americas. The current distribution of V. destructor haplotypes in the Americas is fragmented, but recently published articles reported the Korean haplotype as the most prevalent in LA countries, suggesting that it may have been replacing the Japanese haplotype (Guerra et al., 2010; Maggi et al., 2012; Mendoza et al., 2020; Muntaabski et al., 2020; Düttmann et al., 2021; Reyes-Quintana et al., 2023). Nowadays, it appears that the distribution of the mite’s Japanese haplotype in LA is restricted to the Brazilian island of Fernando do Noronha and to Chile (Strapazzon et al., 2009; Guerra et al., 2010; Traynor et al., 2020). It is unknown how mites of the Korean haplotype reached the Americas, but they were first identified in Wisconsin, USA in 1987 (de Guzman et al., 1997), probably due to importations of queens from Europe.




Figure 1 | Year of introduction or first detection of Varroa destructor in different Latin American (LA) countries. Argentina (Montiel and Piola, 1976), Bolivia (Stearman, 1981), Brazil (Alves et al., 1978), Chile (Hinojosa and González, 2004), Colombia (Tibatá et al., 2017), Costa Rica (van Veen et al., 1998), Cuba (Demedio et al., 2002), Dominican Republic (Serra et al., 2003), Mexico (Rodriguez et al., 1992), Nicaragua (Düttmann et al., 2021), Panamá (Calderón et al., 2000) Paraguay (De Jong et al., 1982), Perú (Dávila et al., 1987), Puerto Rico (de Guzman et al., 1997), Uruguay (Invernizzi et al., 2011), Venezuela (Casanova and Perruolo, 1992). Countries of LA with no year in the map mean that no references indicating year of mite discovery or introduction could be found.



The association of V. destructor and honey bees in LA occurs under a complex scenario in which different haplotypes of the mite parasitize honey bee populations of different subspecies and ecotypes, that inhabit different climates and geographical landscapes. Biological traits of V. destructor from surviving colonies across LA have been documented in addition to the haplotype of the mite (see below). Moreover, many studies of varroa mite parasitism have been conducted in populations of different honey bee genotypes in which numerous health and productivity parameters have been measured (see below). Most of these studies have been carried out in Brazil, Argentina, Uruguay, and Mexico, as well as in a few other LA countries.

The varying impact of V. destructor on honey bee populations across the Americas might be in part explained by possible differences in virulence between different mite haplotypes. Researchers have postulated that the Korean haplotype of V. destructor is more virulent than the Japanese haplotype of the mite (de Guzman et al., 1997, de Guzman et al., 1998). However, to the best of our knowledge, no studies have clearly proven that the Korean haplotype of V. destructor is more virulent than the Japanese haplotype of the mite. Nevertheless, there is no doubt that geographic and historical data prove that mites characterized as Korean haplotype have more successfully spread and established in honey bee populations around the world than the Japanese one (Reyes-Quintana et al., 2023; Morfin et al., 2023b).

Very little is known about the genetic variability of V. destructor populations in LA. Most studies conducted in the past have used markers such as mitochondrial DNA fragment polymorphisms and sequences, as well as microsatellites (Morfin et al., 2023b). These markers are not very informative because of the quasi-clone nature of the mites, since they mate between siblings, resulting in reduced genetic variability. Ultimately, the best way to learn more about mite variants infesting honey bees in LA, will be through the use of full genome sequence comparisons. By analyzing full genomes, it will be possible to identify variants of V. destructor and compare them for their impact on different honey bee populations established in different environments. Therefore, the outcome of parasitism (level of damage to the colony or capability to survive to mite parasitism) should be analyzed considering the characteristics of the mite, the bee, and if possible, the environment in which the mite-bee interaction occurs.




3 Honey bee populations in Latin America

Apis mellifera is not native to the Americas; it was introduced to North and South America by European settlers about 250 years ago (Sheppard, 1989; Moritz et al., 2005). Therefore, the populations of EHBs found in the Americas descend from several subspecies of A. mellifera, including A. m. mellifera, A. m. ligustica, A. m. carnica, and A. m. caucasica, that were introduced from distinct European regions, and thus belong to different honey bee evolutionary lineages (Magnus and Szalanski, 2010; Bouga et al., 2011).

Honey bees descended from African subspecies exist in the Americas too. In LA, in particular, AHB populations descend from the African subspecies A. m. scutellata, which was introduced to Brazil in 1956 (Kerr, 1957) and later interbred with local populations of EHBs. This admixture led to the generation of a new hybrid bee (tropically adapted) that spread rapidly to all continental LA countries except Chile, and that has maintained its predominantly African genotype rather than its European genotype. Nevertheless, variation in Africanization levels exist in honey bee populations from different LA regions (Smith et al., 1989; Rinderer and Hellmich, 1991; Sheppard et al., 1991; Schneider et al., 2004; Domínguez-Ayala et al., 2016; Guzman-Novoa et al., 2020; Harpur et al., 2020). Populations of AHBs are not limited to the continental territories since they have been also found in Caribbean islands like Puerto Rico (Acevedo-Gonzalez et al., 2019) and the Dominican Republic (Nikaido et al., 2018).

Even though the tropically adapted AHB populations have spread throughout most of the Americas, their distribution and predominance, as well as their degree of Africanization, are not homogeneous across the different territories. For instance, the frequency of colonies having African mitochondrial DNA found in several comprehensive studies conducted relatively recently in different LA countries indicates that the Africanization of honey bee populations varies widely. It has been found to range from 5 to13% in one region of Argentina, south of 35° N latitude, to 80-100% in regions of Uruguay, Brazil, and Colombia. Intermediate Africanization frequency (25-70%) was found in colonies from several regions of Mexico (Table 1). Variation in Africanization frequency is also affected by climate and altitude, even within the same country. For example, Medina-Flores et al. (2015) and Ramos-Cuellar et al. (2023) reported that the Africanization frequency of honey bee colonies as determined by mitochondrial DNA varied between 12% and 87%. Colonies located at higher altitudes and in temperate climates were less frequently Africanized (temperate adapted) than colonies located in subtropical (tropically adapted) and low altitude regions (Medina-Flores et al., 2015; Ramos-Cuellar et al., 2023).


Table 1 | Mean or range percentage of honey bee colonies classified as having African maternal descent by mitochondrial DNA haplotype (% Am) from comprehensive studies conducted in Latin American countries.



Despite the aforementioned studies, detailed, wide, and interregional molecular studies for AHB populations are lacking in LA. The majority of the studies on the ancestry of honey bees so far conducted in LA have been carried out in a few countries, and many of them are regional, which does not provide the range of Africanization that can be found in different areas of the same country. Additionally, a comprehensive genetic map of honey bee populations in LA remains to be completed, since most of the studies have been focused on the origin of the maternal lineages through the determination of mitochondrial haplotypes, ignoring the contribution of paternal heredity. This is because the use of nuclear markers of paternal inheritance is currently technically challenging (Chapman et al., 2015; Harpur et al., 2020). However, the combined use of mitotype determination and morphometric measurements provides a rough estimate of the degree of Africanization of honey bee populations.

As with other introduced and invasive species, A. mellifera adapted and established populations in different habitats in the Americas independently of human intervention. In fact, feral honey bee colonies, in particular those of AHBs, have had a strong impact on biodiversity and ecosystem services in the Americas because of their natural ability to adapt to tropical environments and to resist V. destructor parasitism (Guzman-Novoa et al., 2020). Nevertheless, despite their contribution to boost agricultural production in South and Central America by providing pollination services, AHBs also represent a threat to native bee populations (either by competing for resources or by the potential transmission of pathogens), and thus, indirectly affect pollination and plant diversity in the landscape (Roubik and Villanueva-Gutierrez, 2009; Portman et al., 2018; Guzman-Novoa et al., 2020).




4 Resistance of honey bee populations to Varroa destructor in Latin America

Several studies have concluded that chemical treatments to control V. destructor are not necessarily required to keep honey bee colonies alive in regions of LA because they show natural resistance to the mite. These regions generally coincide with areas where the majority of honey bee colonies are Africanized, although there are also examples of EHB populations that have survived without chemical treatments. Nevertheless, there is debate among researchers and beekeepers as to whether honey bee colonies surviving mite infestations in LA should be treated to maintain them as productive units.



4.1 Resistance of AHBs to Varroa destructor in Latin America

Studies so far conducted on V. destructor parasitism of honey bee colonies in LA have generally found that AHB colonies have lower varroa infestation levels (VIL) compared to other honey bee populations (e.g. EHBs), and that AHBs can survive V. destructor infestations without treatment (Rosenkranz et al., 2010; Castilhos et al., 2023; Morfin et al., 2023b).

High VIL of honey bee colonies were reported during the first years of the arrival of V. destructor in Brazil (Morse and Gonçalves, 1979). However, numerous studies conducted decades later in South America, Central America, and Mexico, reported low VIL, supporting the view that honey bee populations of primarily African descent are resistant to varroa mite infestations (Moretto et al., 1991, Moretto et al., 1995; Guzman-Novoa et al., 1999; Moretto and Mello, 1999; Rosenkranz, 1999; Calderón et al., 2000; Martin and Medina, 2004; Mondragón et al., 2005; Medina-Flores et al., 2014a; Giménez-Martínez et al., 2017; Tapia-González et al., 2019; Mendoza et al., 2020; Peixoto et al., 2021; Tibatá et al., 2021; Mendoza et al., 2022; Ramos-Cuellar et al., 2022; Castilhos et al., 2023).

The many AHB populations studied have consistently demonstrated low VIL (<5% on adult bees) in colonies of different countries, different environments, and in different seasons, which agrees with the definition of resistance to parasitism by V. destructor. Nevertheless, a few other studies conducted at the beginning of this century reported that in some regions of Brazil, the rates of varroa mite fertility, as well as the infestation rates of colonies, increased after 20 years of mite parasitism (Garrido et al., 2003; Carneiro et al., 2007). The results of these studies should be taken cautiously and not as a general representation of AHB populations in Brazil, because they were conducted with a limited number of colonies and in a few locations. Additionally, the VIL of those studies do not resemble the consistently low VIL of AHBs in other LA countries and in Brazil itself, in more recent studies, showing mean VIL lower than 5% (Santos et al., 2014; Peixoto et al., 2021). Furthermore, a comprehensive study analyzing VIL in AHB populations in Brazil from 1977 to 2020 concluded that despite regional variation in VIL, the mean mite infestation rate of AHB colonies has remained around 4.5% with a median of 3.8% in adult bees, during the last 45 years (Castilhos et al., 2023).

Varroa destructor is highly prevalent in colonies of countries with mostly EHB populations like the USA (97%) (Traynor et al., 2016; Abban et al., 2024), but also in those with predominantly AHB populations like Brazil (95.7%) (Santos et al., 2014), Colombia (92%) (Tibatá et al., 2021), and Mexico (84%) (Correa-Benítez et al., 2023). By comparison, lower V. destructor prevalence rates have been reported from countries with predominant EHB populations, such as Argentina (74%) and other LA countries (Maggi et al., 2016). Therefore, it seems that there is no association between the degree of Africanization of honey bee colonies and varroa mite prevalence, suggesting that other factors, including management practices (e.g., acaricide treatments, distance between hives and apiaries, migratory beekeeping, etc.) and climate, may be potentially affecting the mite’s prevalence (Goodwin et al., 2006; Nolan and Delaplane, 2017). Conversely, available evidence suggests a negative association between degree of Africanization and VIL. Regions where most colonies have African mitotype also have low VIL, as exemplified by the case of Colombia with more than 82% of colonies having African mitotype and 4.5% VIL (Tibatá et al., 2017, Tibatá et al., 2021). In Uruguay, it was demonstrated that the African morphometry of honey bees is negatively and significantly correlated with VIL of colonies (Giménez-Martínez et al., 2017). Furthermore, parallel studies conducted in Mexico demonstrated that colonies classified as Africanized by mitotype and morphotype, had significantly lower VIL than colonies classified as European. In one study, AHB colonies had VIL of 3.5%, compared to 5% of EHB colonies (Medina-Flores et al., 2014a). In a more recent study, colonies of African descent had 3% VIL vs. 8% for colonies of European descent in the same region (Ramos-Cuellar et al., 2023). Similarly, in a recent and large-scale (n = 4,039) study, a national VIL of 8.21% was reported in the USA, which overwhelmingly comprises EHBs (Abban et al., 2024).




4.2 Resistance of EHBs to Varroa destructor in Latin America

Although V. destructor is the main driver of colony losses in South American countries having a high proportion of temperate adapted EHB colonies such as Argentina, Uruguay, and Chile (Maggi et al., 2016), there are a few examples of EHB populations surviving varroa mite infestations in LA. Marcangeli et al. (1992) reported a population of Italian bees (A. m. ligustica) that had survived without acaricide treatment in a temperate climate South of Buenos Aires, Argentina. Reduced mite reproduction in this population was associated with low VIL. Later, Eguaras et al. (1995) studied another population of EHBs in the same region, and showed that colonies of that population maintained a constant low mite parasitism. More than twenty years later, Russo et al. (2020) reported a population of EHBs from Northern Argentina that has maintained low VIL and has survived mite infestations without treatment.

In the Dominican Republic, EHB populations that co-existed for several decades with V. destructor before the arrival of AHBs, showed varroa mite infestation levels not requiring acaricide treatment. Since these bees had been established in the Dominican Republic for a long time, with very few subsequent introductions, and with no artificial selection by the beekeepers, their presumed resistance to V. destructor seems to be the result of natural selection (Vandame and Palacio, 2010). A similar scenario was found in a population of EHBs from western Cuba. Rodríguez-Luis et al. (2022) characterized the population and claimed that the bees are resistant to V. destructor because their colonies have survived without treatments for over two decades.

Another example of EHB colonies that for decades have survived V. destructor parasitism without treatment is that of colonies from the Fernando de Noronha island in Brazil. A population of Italian honey bees parasitized with varroa mites was established in 1984 on the island (De Jong and Soares, 1997). These colonies were not treated with acaricides but had higher VIL and higher rates of mite fertility compared to colonies of AHBs kept in mainland Brazil (De Jong and Soares, 1997). It has been proposed that the ability of this Italian-derived honey bee population to survive despite having high VIL, is that they have developed tolerance to mite infestations, or that the mites on the island are less virulent than those parasitizing honey bees in mainland Brazil. The mites of Japanese haplotype that infest the bees on the island are considered less virulent than those found in mainland Brazil, which are of the Korean haplotype (Corrêa-Marques et al., 2002; Strapazzon et al., 2009). However, more studies on this population of EHBs are necessary to better understand why they have survived high loads of varroa mites.

Despite the above examples of EHB populations showing a degree of resistance to V. destructor, most colonies of European descent in parts of Uruguay, Argentina, and Chile, require chemical treatments to keep the colonies alive (Maggi et al., 2016).




4.3 Resistance to Varroa destructor vs. colony productivity in Latin America

Despite the abundant evidence of relative resistance of honey bee populations to V. destructor in LA, and that many populations survive without chemical treatments, the level of resistance to the mite does not seem to be high enough to prevent the reduction of colony honey yields as a consequence of varroa mite infestations, as has been demonstrated in several studies (Arechavaleta-Velasco and Guzman-Novoa, 2000; Uribe-Rubio et al., 2003; Medina-Flores et al., 2014b). Furthermore, it has been shown that acaricide treatment may additionally improve survival of mite-infested AHB colonies in Uruguay and Brazil (Invernizzi et al., 2011; Medici de Mattos and Chaud-Netto, 2012). Clearly, although natural resistance of honey bee populations to V. destructor in LA allows many colonies to survive, the level of resistance may not be sufficient to keep them as optimal productive units. However, despite being challenging, the approach of further selecting for Varroa-resistance in honey bee populations that have undergone natural selection, like those in LA, remains a promising non-chemical control of this harmful parasite that can be used together with other control measures.





5 Mechanisms of Varroa-resistance in honey bee populations in Latin America

Regardless of their tolerance or resistance adaptations, honey bees must cope with the two developmental phases of the mite. In the phoretic (dispersion) phase, female mites parasitize adult bees by feeding primarily on their fat body tissue and hemolymph (Ramsey et al., 2019), and use worker bees as transport vehicles to spread within the hive and between hives (Goodwin et al., 2006). In the reproductive phase, foundress female mites enter brood cells prior to being sealed and reproduce inside them, feeding on the brood within a protected environment (Rosenkranz et al., 2010; Traynor et al., 2020). So, under the phoretic phase, bees can resist mites by performing grooming behavior or by just tolerating them on their bodies (Mondet et al., 2020). Under the reproductive phase, adult bees may remove mites from cells through several mechanisms (e.g., hygienic behavior, recapping, etc.), or brood may resist them through mechanisms that inhibit or restrain mite reproduction (e.g., suppressed mite reproduction, short post-capping duration, low brood attractiveness, etc.), or simply tolerate the mites (Mondet et al., 2020). Given the severe damage that V. destructor inflicts to honey bee individuals and colonies, it would be expected that natural selection would quickly result in increased expression of different resistance traits, particularly in populations producing many generations of bees a year, and where beekeepers rely less on chemical treatments like in tropical regions of LA. The following mechanisms of resistance and their effects have been studied in honey bee populations in LA.



5.1 Hygienic behavior, Varroa sensitive hygiene, and recapping

The term hygienic behavior has been used to describe the ability of adult honey bees to detect and remove dead or diseased brood from capped cells (Guzman-Novoa and Morfin, 2019). The behavioral sequence of uncapping and removing the brood is the same whether the brood is diseased, mite-infested, or dead (Boecking and Dreschner, 1991; Spivak and Danka, 2021), and this motor pattern may be triggered by the detection of different odorants associated with the health status of the brood (Mondet et al., 2015; Wagoner et al., 2019). Hygienic behavior is a trait highly influenced by genetic effects, and therefore, heritable (Rothenbuhler, 1964; Lapidge et al., 2002; Scannapieco et al., 2017; Harpur et al., 2019).

Hygienic behavior may be associated to resistance of honey bees against V. destructor. However, the scientific reports about the relationship between hygienic behavior, VIL, and V. destructor population growth in honey bee populations in LA, are somewhat inconsistent. For example, Aumeier et al. (2000) reported a higher between-colony variation for removal behavior of Varroa-infested brood in AHB colonies than in Carniolan honey bee (A. m. carnica) colonies, and concluded that hygienic behavior might not be a factor associated with resistance to varroa mites. Similarly, Medina-Flores et al. (2014b) did not find significant differences in VIL between colonies of AHBs that expressed high and low rates of hygienic behavior. Nevertheless, numerous other studies conducted in LA have shown that in general, AHBs are more hygienic than EHBs. For example, Guerra et al. (2000) reported that in their study, AHB colonies removed 51% of artificially mite-infested brood, while Italian-Africanized hybrid colonies removed only 25% of the parasitized brood. In another study with AHB colonies, Moretto et al. (2006) found that the uncapping rate of brood cells naturally infested with varroa mites was 3.5-fold higher than that of non-infested cells. These results suggest that AHBs are able to recognize, open, and remove brood from cells infested with V. destructor. It is possible that the AHB populations of the studies by Guerra et al. (2000) and Moretto et al. (2006) had displayed Varroa-sensitive hygiene (VSH), which is a specialized type of hygienic behavior (see below). Similarly, when AHB colonies were compared with colonies of Italian bees from Fernando de Noronha island in Brazil, the former colonies were found to be significantly more efficient at removing infested brood (61% vs. 35%, respectively), even though the population of Italian bees on the island had been exposed to, and had survived V. destructor infestations without treatment for more than a decade (Guerra et al., 2000; Corrêa-Marques et al., 2002). Vandame et al. (2002) also reported that in their study conducted in Mexico, EHBs removed 8% of mite-infested brood, while AHBs removed 32.5% of infested brood. In a more recent study, Tapia-González et al. (2021) found that the highest frequency of colonies expressing elevated rates of hygienic behavior occurred in areas where honey bee populations were highly Africanized.

Based on the notion that AHBs appear to be more hygienic than EHBs, several studies conducted in LA have analyzed the hypothesis that AHBs express a degree of hygienic behavior high enough to maintain V. destructor populations below damage thresholds, which could in part explain their relative resistance to the mite. For example, Schafaschek et al. (2019) found high correlations between hygienic behavior and low mite reproduction rates in AHB colonies and proposed that hygienic behavior interferes with V. destructor population dynamics (Schafaschek et al., 2019). Nevertheless, other studies have concluded that hygienic behavior is insufficient to significantly restrain V. destructor infestations. For instance, Vandame et al. (2002) proposed that hygienic behavior represents a heavy cost for AHB colonies, as removing pupae results in a lower number of adult bees. The authors of the study speculated that the removal of infested brood is beneficial to the colonies up to a threshold, above which, the cost of removal becomes greater than the benefit. Similar conclusions were reached by Mondragón et al. (2005), who claimed that hygienic behavior could not explain well the mite population dynamics in AHB colonies in Mexico. Although it is evident that in general AHB colonies express higher rates of hygienic behavior than EHB colonies, the relative contribution of hygienic behavior to the resistance of AHBs against V. destructor is still unclear.

Less than two decades ago, a new term was coined to describe a specialized type of hygienic behavior, “Varroa-sensitive hygiene” (VSH) (Harris, 2007). This behavior is performed by worker bees that are highly sensitive to the presence of varroa mites under capped cells, particularly those that are undergoing reproduction (Ibrahim and Spivak, 2004; Harbo and Harris, 2005). Bees expressing VSH readily uncap infested cells and remove mites and the parasitized brood (Harris, 2007), thus, restraining V. destructor reproduction and population growth. Several candidate genes have been identified for VSH (Tsuruda et al., 2012), which further indicates that this trait is heritable. Hygienic bees are more sensitive to odorant compounds from mite-parasitized brood than non-hygienic bees, and that triggers their uncapping and removal behaviors (Chakroborty et al., 2015). Some of these compounds include oleic acid, tritriacontene, and brood ester pheromone (Mondet et al., 2016; McAfee et al., 2018).

To our knowledge, there are no studies specifically aimed at analyzing VSH in LA honey bee populations, although research conducted before the behavior was characterized, probably recorded the effect of VSH bees in AHB populations in Brazil (Corrêa-Marques and De Jong, 1998; Guerra et al., 2000; Moretto et al., 2006). This is not a minor point, considering the inconsistent results reported on general hygienic behavior as previously described. Also, different results from different studies may arise as a consequence of using different methods of evaluating the behavior. The freeze-killed brood or pin-test methods used to score general hygienic behavior fail to identify colonies that may display VSH, which is measured differently (Danka et al., 2013; Mondet et al., 2020). Some studies conducted with EHBs confirmed that honey bee populations selected and bred for high hygienic behavior using the freeze-killed method, displayed lower mite levels than control colonies (Spivak and Reuter, 1998; Ibrahim and Spivak, 2006). However, new studies have concluded that the sole use of the freeze-killed brood or pin-test assays does not appear to be sufficiently selective for Varroa-resistance (Mondet et al., 2020). In this context, studies on VSH in honey bee populations in LA and other regions are warranted.

Recapping is a worker bee behavior that involves the re-sealing of Varroa-infested cells that are previously uncapped without injure to the host brood (Villa et al., 2009). This behavior could alter mite fertility and fecundity, particularly because the mortality of mite offspring is higher in recapped cells than in normally mite-infested, but otherwise not opened cells (Harris et al., 2012). Recapping of cells has been observed at high frequency in honey bee colonies selected for VSH (Harris, 2008), which suggests that it may be a component of VSH. However, other studies have shown that bees of unselected populations recapped a higher proportion of Varroa-infested cells than bees displaying high rates of VSH (de Guzman et al., 2015). Recently, Martin et al. (2020) reported high levels of cell opening and re-capping in AHB and A. m. capensis colonies than in EHB colonies, and proposed that this behavior could be a mechanism of resistance against V. destructor in different honey bee populations. In addition to AHBs, a few EHB colonies from western Cuba that had survived V. destructor parasitism for more than 20 years, demonstrated high rates of recapping behavior of mite infested cells (77%). Moreover, the bees of these colonies removed 80% of mites from parasitized cells and mite fertility was low. These traits were found in a naturally evolved population of honey bees that had not been treated with acaricides, indicating the potential effect of natural selection (Rodríguez-Luis et al., 2022). Nevertheless, despite the studies that suggest that recapping behavior may be a relevant mechanism of mite resistance, the relative contribution of recapping to varroa mite resistance in honey bee colonies warrants further studies. Very few studies on this matter have been conducted and thus, knowledge about the relationship of the behavior and VIL in honey bee colonies is still needed to determine its relative contribution to Varroa-resistance, particularly for honey bee populations in LA.




5.2 Grooming behavior

Grooming behavior, the ability of bees to remove dust or pollen, as well as mites from their own bodies (auto-grooming) or from the body of other bees (allo-grooming), using legs and mandibles (Boecking and Spivak, 1999), is a trait that contributes to varroa mite resistance in the Asiatic honey bee, A. cerana (Peng et al., 1987; Büchler et al., 1992). Grooming behavior is also expressed in A. mellifera, but at a lower frequency than in A. cerana (Fries et al., 1996). Bees from colonies that are resistant to V. destructor tend to perform intense grooming instances when exposed to the mite and are more successful at removing and injuring mites than bees from mite-susceptible colonies (Guzman-Novoa et al., 2012; Invernizzi et al., 2016; Morfin et al., 2020a).

Grooming behavior is influenced by genetic effects and therefore, presumed to be heritable. Moretto et al. (1993) using direct observation of grooming instances of mite-parasitized bees calculated a heritability index of 0.71 for this trait (Moretto et al., 1993). Moreover, candidate genes influencing grooming behavior have been pinpointed in AHB and EHB populations in different countries of the Americas (Arechavaleta-Velasco et al., 2012; Hamiduzzaman et al., 2017; Morfin et al., 2023a), which indicates genetic and heritable effects on the behavior.

Populations of AHBs from Brazil (Moretto et al., 1993, Moretto et al., 1995; Moretto and Mello, 1999; Corrêa-Marques et al., 2000), Mexico (Arechavaleta-Velasco and Guzman-Novoa, 2001; Mondragón et al., 2005; Guzman-Novoa et al., 2012), Puerto Rico (Rivera-Marchand et al., 2012), and Uruguay (Invernizzi et al., 2016; Mendoza et al., 2020), have shown low VIL associated to high proportions of damaged mites recovered from the bottom board of hives, suggesting an effect of grooming behavior on the resistance of honey bee colonies to V. destructor in LA. For example, one study conducted in Mexico found indirect evidence of grooming superiority of AHBs over EHBs. The proportion of injured mites collected from sticky papers installed on the bottom board of hives, explained most of the variation in V. destructor population growth, and there was a high negative correlation between V. destructor population growth and number of injured mites (r = - 0.76) (Arechavaleta-Velasco and Guzman-Novoa, 2001). Mondragón et al. (2005) also reported a significant negative correlation between VIL and proportion of injured mites (r= - 0.51) in the AHB colonies of their one-year study. In another study, Guzman-Novoa et al. (2012) compared AHB and EHB colonies for injured mites. In EHB colonies, 16% of the mites collected from sticky boards were injured, whereas more than 26% of them were damaged in AHB colonies (Guzman-Novoa et al., 2012). Likewise, Invernizzi et al. (2016) reported rates of mutilated mites recovered from hive bottom boards of 18% and 29% for Italian and AHB colonies, respectively. Moreover, Junkes et al. (2007) found a continuously increasing number of live and dead mites dropped on the bottom board of hives as the amount of brood of AHB colonies decreased over time, suggesting the effect of bees’ grooming behavior. Furthermore, Moretto (2002) analyzed rates of live and dead mite drop in broodless AHB and Carniolan honey bee colonies. The daily proportion of fallen mites was three times higher in AHB colonies than in Carniolan honey bee colonies, further supporting the conclusion that grooming behavior was responsible for the differences in mite drop since the total mite population of the tested colonies was parasitizing adult bees (Moretto, 2002). Grooming behavior assessed by the proportion of injured mites has also been associated to low VIL in a few EHB populations in LA. For example, Eguaras et al. (1995) and Russo et al. (2020) found evidence of high expression of grooming behavior as the main mechanism involved in the low VIL and survival of EHB colonies in Argentina.

Clearly, grooming behavior as determined by the proportion of injured mites, seems to be a robust trait to select for honey bee resistance against V. destructor. Therefore, researchers in LA have recommended evaluating this trait for breeding programs aimed at increasing resistance of A. mellifera to V. destructor infestations (Moretto et al., 1995; Guzman-Novoa et al., 1996, Guzman-Novoa et al., 2012; Russo et al., 2020). In fact, selecting honey bees for increased varroa mite mutilation has been very successful in a breeding program conducted in the USA (Andino and Hunt, 2011; Morfin et al., 2020b). This breeding program produced a honey bee genotype that has demonstrated resistance to V. destructor and has resulted in significantly higher colony survival rates than those of control colonies in the studies. Vandame et al. (2002) also found that grooming behavior was more intense in AHBs than in EHBs, but the authors considered this difference insufficient to maintain V. destructor infestations below colony treatment thresholds.

Most of the above-mentioned studies were conducted in colonies where grooming behavior was evaluated by estimating body damage rates of mites recovered from the bottom board of hives. This is an indirect method for evaluating grooming behavior (Guzman-Novoa et al., 2024) that not only indicates active grooming by adult bees but may also indicate VSH performed by bees that damage and drop mites when uncapping parasitized cells (Boecking and Spivak, 1999; Kirrane et al., 2018). For example, Corrêa-Marques et al. (2000) found a significant and negative correlation between mite leg mutilation and VIL in bee brood, but not in VIL of adult bees, suggesting a VSH effect. Mite damage may also be caused by wax moths and other pests (Boecking and Spivak, 1999). Consequently, researchers must be cautious when using indirect methods to evaluate honey bee grooming behavior at the colony level, because a number of the mites collected from hive bottom boards actually come from brood cells (Lobb and Martin, 1997; Rosenkranz et al., 1997) rather than from active bee grooming. It is therefore likely that a portion of the damaged mites found in mite-resistant honey bee colonies result from the cleaning of mite-parasitized cells by hygienic bees, or caused by wax moth infestations, or by other pests.

Despite the drawbacks of indirect methods for assessing the grooming behavior of honey bees, significant correlations have been found between mite removal rates in laboratory tests and mutilated mites collected from hive bottom boards. These correlations have been found in both EHB and AHB populations (Andino and Hunt, 2011; Guzman-Novoa et al., 2012; Invernizzi et al., 2016; Morfin et al., 2020b), indicating that mite mutilation may be an acceptable proxy for partially evaluating grooming behavior of honey bees, as well as other potential mechanisms of resistance such as VSH working in synergy with grooming behavior.

Direct methods of evaluating grooming behavior have been used in studies conducted with workers of EHB and AHB colonies. Most methods imply direct observation of the bees confined in Petri dishes or observation hives (Moretto et al., 1993; Aumeier, 2001; Invernizzi et al., 2016; Morfin et al., 2020a), which is time consuming but more reliable than using indirect methods. When AHBs have been evaluated for grooming behavior using direct methods, they have shown to be more efficient groomers than EHBs in terms of mite removal success in some studies (Moretto et al., 1993; Aumeier, 2001; Guzman-Novoa et al., 2012). For example, higher proportions of AHBs groomed, and initiated grooming instances significantly faster than EHBs in studies conducted in Mexico (Guzman-Novoa et al., 2012; Morfin et al., 2020a). These results agree with findings from a study conducted in Brazil, in which AHBs removed seven times more mites from their bodies than Italian bees (Moretto et al., 1993). Conversely, a study conducted in Uruguay reported no differences in the proportion of dislodged mites between AHBs and EHBs, but AHBs performed more grooming instances than EHBs (Invernizzi et al., 2016). The rate of mite removal success in AHBs has been attributed to a more frequent and intense grooming compared to Varroa-susceptible or EHB genotypes (Aumeier, 2001; Guzman-Novoa et al., 2012; Hamiduzzaman et al., 2017; Morfin et al., 2020a).




5.3 Mite non-reproduction related mechanisms

Mite non-reproduction (MNR) was initially called suppressed mite reproduction (SMR) because it was believed that traits expressed by honey bee brood had an inhibitory effect on the ability of V. destructor to reproduce (Harbo and Harris, 1999). This trait was measured by determining the proportion of mites that were infertile (Harbo and Harris, 2003). Ritter and De Jong (1984) compared reproductive parameters of V. destructor in EHB colonies kept in Europe and in AHB colonies kept in Brazil. They found that a proportion of foundress female mites did not reproduce when infesting brood of the two bee genotypes, but the rate of MNR was twice as high in AHB colonies compared to EHB colonies. Also in Brazil, Camazine (1986) analyzed varroa mite reproduction on AHB and EHB brood by introducing combs containing larvae of both bee types in mite-infested colonies. He found that in a common environment, 35% less mites reproduced on AHB brood, compared to EHB brood. Additional studies also reported that reduced V. destructor fertility appears to be an important factor involved in the resistance of AHBs to this mite in Brazil (Rosenkranz and Engels, 1994; Rosenkranz, 1999). Conversely, studies conducted in Mexico reported mite fertility rates above 80% and up to 96% in AHB colonies (Guzman-Novoa et al., 1999; Medina and Martin, 1999; Vandame et al., 1999; Medina et al., 2002; Mondragón et al., 2005), which are similar to those of EHB colonies. However, VIL were lower in AHB colonies than in EHB colonies in those studies.

Many hypotheses have been proposed to explain why a percentage of varroa mites do not reproduce in parasitized brood. One explanation is that VSH bees quickly remove mites actively reproducing in cells, leaving a few of them that do not reproduce. However, VSH cannot explain all NMR. Brood effects may inhibit mite reproduction too, as shown in some studies (Behrens et al., 2011; Broeckx et al., 2019). This trait is shared by several honey bee populations that demonstrate resistance to V. destructor (Rosenkranz et al., 2010; Nganso et al., 2018). One of the mechanisms involved in inhibiting mite reproduction on the brood of some honey bee genotypes appears to be linked to larval ecdysone titers. The mite requires ecdysone obtained from the larva to initiate vitellogenesis. If the larva does not produce enough ecdysone, this could affect mite reproduction (Conlon et al., 2019; Mondet et al., 2020). Additionally, other larval compounds could also be involved in inhibiting mite reproduction (Frey et al., 2013; Broeckx et al., 2019).

Low mite fecundity is consistently found in presumed Varroa-resistant populations of honey bees across LA countries. The low mite fecundity rates found in these bee populations are mainly associated to a reduced production of viable female mite progeny in colonies of the resistant bees. Viable female mites are those that can reach the adult stage and are able to mate (Medina and Martin, 1999; Corrêa-Marques et al., 2003). The reduced number of viable offspring per reproductive female mite is similarly low in honey bee colonies from several LA countries. For example, the proportion of viable female offspring of V. destructor in AHB colonies in Mexico, Costa Rica, and Brazil, ranged between 0.30 and 0.40 in different studies (Medina and Martin, 1999; Calderón et al., 2003; Corrêa-Marques et al., 2003). Fewer viable female mites are produced in AHB colonies compared to EHB colonies, mainly because higher mite progeny mortality, particularly of males, occurs in AHB colonies (Medina and Martin, 1999; Medina et al., 2002). Similarly, Mondragón et al., 2006) concluded that mite offspring mortality is an important component in the resistance of AHBs to V. destructor because it reduces the number of mated female offspring produced per mother mite. In Costa Rica, Calderón et al. (2012) found that less than 38% of female mites invading cells containing AHB larvae produced viable offspring, compared to 65% in drone cells. They also found that almost 24% of the male mite offspring died in worker cells. The authors concluded that male mite mortality and absence of male mites in infested cells, are among the major factors contributing to the production of many unviable female mites in AHB colonies, and therefore to the resistance of these bees to V. destructor. A study conducted in Kenya further confirmed that low levels of V. destructor infestations are associated with low rates of viable mite offspring in A. m. scutellata colonies (Nganso et al., 2018).

The reasons why many mites’ progeny die in presumed Varroa-resistant honey bee colonies are not well understood. It has been proposed that larvae movements during pupation injure or reduce the feeding activity of mites on the host, or that mite eggs are damaged due to movements when the prepupa molts into a pupa (Calderón et al., 2009; Calderón et al., 2012). Mite population growth may be limited by these potential mechanisms, but there is still growth because foundress mites are able to complete up to three reproductive cycles (Martin and Kemp, 1997), and because mites produce more progeny in drone brood than in worker brood (Calderón et al., 2007).




5.4 Brood attractiveness

Another factor that may affect the reproductive potential and abundance of varroa mites in AHB and EHB colonies is the relative attractiveness of their larvae to the parasites. Varroa mites are attracted to cells about to be capped by pheromones and cuticular hydrocarbons produced by the larvae (Le Conte et al., 1989; Trouiller et al., 1991). In a study in which larvae and bees of the two genotypes were co-fostered in common colonies that were heavily infested with V. destructor, mite infestation rates were twice as high in EHB brood than in AHB brood, although mite reproduction did not vary between EHB and AHB infested brood (Guzman-Novoa et al., 1996). Similar results were reported by Aumeier et al. (2002) after comparing the attractiveness of AHB and EHB worker larvae to varroa mites. These results suggest that the attractiveness of AHB larvae may not have a direct impact on V. destructor reproductive rate. However, it may affect the reproductive potential of V. destructor by modifying the choice of the mite to infest a given cell, which could slow down the mite’s population growth in AHB colonies (Junqueira et al., 2004).




5.5 Other mechanisms of resistance

Other potential mechanisms of resistance to varroa mites in AHB populations have been suggested, but the results of studies comparing AHBs and EHBs are insufficient, inconclusive, or contradictory. One such presumed mechanism is brood cell size. Some studies have concluded that the narrower brood cells of AHBs reduce the infestation and reproductive rates of V. destructor (Message and Gonçalves, 1995; Piccirillo and De Jong, 2003, Piccirillo and De Jong, 2004; Maggi et al., 2010). However, studies with EHBs have not found an effect of cell size on V. destructor population growth (Berry et al., 2010; Coffey et al., 2010). Another such mechanism is short brood capping duration, but studies conducted in LA have not demonstrated a significant relationship between length of the brood capping stage and varroa mite resistance in honey bee populations (Guzman-Novoa et al., 1996). Similarly, in Africa, the post-capping period of A. m. scutellata in worker brood was in average, less than 15 hours shorter than that of A. m. carnica (Moritz, 1985), which may not be long enough to have a significant impact on restraining V. destructor population growth. Swarming frequency affects V. destructor population levels and growth in honey bee colonies because the bees leaving the original nest carry more than one third of the colony’s mites (Fries et al., 2003; Loftus et al., 2016). Additionally, swarmed colonies with no brood, expose mites to the grooming behavior of bees, and the same occurs with the original colony when it experiences brood interruption due to the swarming event. Colonies of AHBs tend to swarm significantly more frequently than EHB colonies (Schneider et al., 2004) and thus, this is a factor contributing to lower rates of varroa mite infestations in AHB colonies compared with EHB colonies in LA. Absconding behavior, the abandoning of a nest by most of the adults of a honey bee colony, is frequently observed in bees of A. m. scutellata descent (Schneider et al., 2004). This behavior might also reduce to some degree mite infestation levels of the absconding swarm. However, the absconding bees likely carry most of the mites with them when they leave, because nests are abandoned with few brood cells present in them (Winston et al., 1979; Cheruiyot et al., 2020). There are not LA studies analyzing the effect of this bee behavior on varroa mite populations, something that warrants further investigation. Similarly, no studies in LA have analyzed the population growth of V. destructor in honey bee colonies of different genotypes during times of the year of reduced brood production. In addition to the above, colony size could affect varroa mite population dynamics, however, studies conducted in several LA regions have found that colonies of African and European descent that are established in hives in the same locations do not significantly vary in size (Medina-Flores et al., 2014a, Medina-Flores et al., 2019). Table 2 summarizes the mechanisms that are thought to confer resistance against V. destructor to honey bee populations in LA.


Table 2 | Traits and effects associated to Varroa destructor resistance in European (EHB) and Africanized (AHB) honey bee populations in Latin America.







6 Final remarks and future research

In this review, aspects of V. destructor haplotypes and A. mellifera populations interacting in LA, as well as evidence of resistance to the mite, and mechanisms of resistance of some honey bee genotypes, are discussed. The Korean haplotype of V. destructor predominates infesting populations of honey bees in LA, but not much more is known about other variants of the mite, and how they differ in virulence in honey bee populations in the Americas. Accordingly, more genetic studies of the mite are needed, particularly using full genome sequence comparisons. By analyzing full genomes, it will be possible to compare different populations of V. destructor and correlate them with their impact on honey bee colonies in different regions of LA.

The existing populations of honey bees in LA are mainly derived from several subspecies of EHBs, as well as from the African subspecies A. m. scutellata that admixed with the existing population of EHB subspecies, which resulted in the generation of a hybrid population of neotropical bees (AHBs). These tropically adapted bees have demonstrated resistance to V. destructor by maintaining low VIL in their colonies. Evidence of resistance to the mite in some temperate adapted bees (EHB populations) has also been documented in several LA countries.

The main mechanisms known to be involved in providing resistance to honey bee populations against V. destructor in LA, include hygienic and grooming behavior, as well as MNR related mechanisms, mainly low mite fecundity, and more specifically, reduced production of fertile, mite female progeny. Other mechanisms that could be associated to V. destructor-resistance in populations of honey bees in LA may include VSH and recapping behavior of the bees. However, these mechanisms are still poorly understood and studied in LA scenarios. Therefore, research on these potential mechanisms of resistance of honey bees to varroa mites is warranted. Although it is known that some mechanisms are important contributors to the overall resistance of honey bees to V. destructor (Figure 2), it is critical that future research unveils the relative contribution of each of the several mechanism that confer Varroa-resistance to honey bees. Researchers have wondered about whether the traits that seem to confer resistance to honey bee populations in LA are pre-existing adaptations that allowed the bees to cope with the mites, or whether they evolved and increased in expression with time after honey bees interacted with V. destructor in regions where colonies have not been treated with acaricides for many years. The comparison of different honey bee populations from LA (mainly EHB and AHB populations), suggests the existence of conserved evolutionary pre-adaptations that restrain V. destructor population growth, especially in AHBs. Since AHB populations have successfully thrived over decades with no treatments against V. destructor, it is conceivable to presume that these populations have successfully used pre-adaptations to confront V. destructor parasitism. Populations of AHBs have consistently demonstrated lower VIL across years and seasons compared with EHBs in different LA countries. Therefore, it is probable that some characteristics inherited from A. m. scutellata, such as increased grooming and Varroa-specific hygienic behavior could have made AHBs initially more resistant to the mite (Moretto et al., 1993; Guerra et al., 2000; Cheruiyot et al., 2018). Moreover, it also would be expected that AHB and EHB populations developed further adaptations or increased the expression of pre-existing adaptations to counteract V. destructor parasitism if not treated with acaricides for a long time.




Figure 2 | Predominant mechanisms of resistance to the parasitic mite Varroa destructor in honey bee populations in Latin America, and whether they operate on the brood or adult bees. The thickness of the arrows indicates whether a mechanism has a high, or a moderate or unknown contribution to mite resistance as arbitrarily inferred from an extensive review of the currently available literature. A thick line indicates a high contribution, while a thin line indicates moderate or unknown (?) contribution. The mechanisms depicted are mite non reproduction affecting fertility (MNR Fert), mite non reproduction affecting fecundity (MNR Fec), hygienic behavior (Hyg), cell recapping (Rec), brood attractiveness (B Attract), frequent swarming (Swarm), and grooming behavior (Groom).



It is likely that the alleles for resistance traits such as grooming and hygienic behaviors, as well as brood effects on MNR, were pre-adaptations that existed at higher frequencies in bees of African ancestry than in bees of European ancestry, which has resulted in honey bee populations in LA that are relatively more resistant to V. destructor compared to populations in Europe or North America. However, very few studies using genomic techniques have been carried out to identify candidate genes associated with resistance traits to V. destructor in honey bee populations. Examples of such studies conducted with honey bee populations in LA, include the discovery of Neurexin, a gene highly associated with intense grooming behavior (Arechavaleta-Velasco et al., 2012), and genes associated with hygienic behavior (Scannapieco et al., 2017). Nevertheless, more studies on the genetic basis of Varroa-resistance mechanisms, particularly genomic studies in honey bee populations of LA are warranted. These studies could lead to the identification of molecular markers that could be used for marker-assisted selection (MAS) in selective breeding programs. Additionally, it is critical to more accurately measure the heritability of traits involved in providing mite resistance to honey bees.

Except for hygienic and grooming behavior, other mechanisms of resistance to V. destructor that have been studied in honey bee populations surviving mite infestations in LA are still poorly understood. A better understanding about how different mechanisms provide resistance to honey bee populations is important for the scientific and beekeeping communities. For the scientific community, unraveling how natural selection has operated to select certain resistance traits will shed light in the complex parasite-host interaction between honey bees and a harmful parasitic mite. For the beekeeping community, understanding how and how much different mechanisms provide resistance to the bees against V. destructor, and whether or not these traits are heritable, is relevant to establish the basis of selective breeding programs aimed at developing resistant stocks of honey bees for the control of V. destructor infestations.

Many questions remain to be answered regarding the reproductive biology of V. destructor parasitizing honey bee populations in LA and other regions of the world. For example, is there a difference in the number of mite reproductive cycles occurring in resistant and susceptible bee genotypes?, is there a difference in the time that varroa mites spend during their phoretic phase when parasitizing resistant or susceptible bee genotypes?, what causes mite offspring to die in brood cells?, when measuring NMR related traits like mite fertility and fecundity, are we also indirectly measuring other traits conferring resistance to honey bees against the mite like VSH or cell recapping?, what proportion of the fallen and mutilated mites recovered from the bottom board of hives are a consequence of natural mortality, grooming behavior, VSH, or other causes?, how much colony swarming or absconding frequency affects the population dynamics of V. destructor in mite resistant and susceptible honey bee genotypes?

The honey bee populations showing resistance to V. destructor in LA have traits that seem to work additively or synergistically to allow colony survival without acaricide treatments. However, the relative contribution of each of the mechanisms of resistance should be investigated to strategically incorporate them into selective breeding programs. This review supports the notion that selective breeding of local honey bee populations from LA could be a viable strategy to manage varroa mite infestations in their colonies.
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EHB Argentina Mite non-reproduction Reduced mite fecundity and (Marcangeli et al,, 1992)
low VIL*
EHB Argentina Grooming behavior Low VIL and increased (Eguaras et al., 1995)
colony survival
EHB Argentina Grooming behavior Low VIL and increased (Russo et al., 2020)
colony survival
EHB Cuba Cell recapping Reduced mite fecundity and low VIL | (Rodriguez-Luis et al,, 2022)
AHB Brazil Hygienic behavior Low VIL (Guerra et al., 2000)
AHB Brazil Hygienic behavior Increased removal of Varroa (Moretto et al., 2006)
parasitized cells
AHB Brazil Hygienic behavior and Mite Reduced mite fecundity and low VIL  (Schafaschek et al., 2019)
non-reproduction
AHB Brazil Cell recapping Low VIL (Martin et al,, 2020)
AHB Brazil Grooming behavior Low VIL (Moretto et al., 1993)
AHB Brazil Grooming behavior Low VIL (Moretto et al., 1995)
AHB Uruguay Grooming behavior Low VIL (Invernizzi et al., 2016)
AHB Uruguay Grooming and hygienic behavior Low VIL (Mendoza et al., 2020)
AHB/EHB Mexico Grooming and hygienic behavior Low VIL (Arechavaleta-Velasco and Guzman-
Novoa, 2001)
AHB Mexico Grooming behavior Low VIL (Mondragdn et al., 2005)
AHB Mexico Grooming behavior Low VIL (Guzman-Novoa et al., 2012)
AHB Puerto Rico  Grooming behavior Low VIL (Rivera-Marchand et al., 2012)
AHB Brazil Mite non-reproduction Low mite fertility (Ritter and De Jong, 1984)
AHB Brazil Mite non-reproduction Low mite fertility (Camazine, 1986)
AHB Brazil Mite non-reproduction Low mite fertility (Rosenkranz, 1999)
AHB Brazil Mite non-reproduction Reduced mite fecundity and low VIL  (Corréa-Marques et al., 2003)
AHB Mexico Mite non-reproduction Reduced mite fecundity and low VIL = (Medina and Martin, 1999)
AHB Mexico Mite non-reproduction Reduced mite fecundity and low VIL  (Medina et al., 2002)
AHB Mexico Mite non-reproduction Reduced mite fecundity and low VIL  (Mondragon et al., 2006)
AHB Costa Rica Mite non-reproduction Reduced mite fecundity and low VIL  (Calderon et al., 2003)
AHB Costa Rica Mite non-reproduction Reduced mite fecundity and low VIL  (Calderon et al, 2012)
AHB Mexico Brood attractiveness Low mite parasitism (Guzman-Novoa et al., 1996)
AHB Brazil Brood attractiveness Low mite parasitism (Aumeier et al., 2002)

*Varroa infestation levels of honey bee colonies.
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