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The social insect honey bees and their heritable trait for
the hygienic behavior for combating biotic threats: A
review
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Abstract

It has often been said that bees are responsible for one out of every three bites of food we eat. Most crops
grown for their fruits (including vegetables such as squash, cucumber, tomato and eggplant), nuts, seeds,
fiber (such as cotton), and hay (alfalfa grown to feed livestock), require pollination by insects. Pollinating
insects also play a critical role in maintaining natural plant communities and ensuring production of seeds
in most flowering plants. Pollination is the transfer of pollen from the male parts of a flower to the female
parts of a flower of the same species, which results in fertilization of plant ovaries and the production of
seeds. The main insect pollinators, by far, are bees, and while European honey bees are the best known
and widely managed pollinators, there are also hundreds of other species of bees, mostly solitary ground
nesting species, that contribute some level of pollination services to crops and are very important in
natural plant communities. Hygienic behavior of honeybees involves inspection, uncapping and removal
of diseased and dead brood from the colony. The objective of this review is to study the activities
involved in hygienic behavior of individually tagged bees from selected hygienic (H) and non-hygienic
(NH) colonies in the presence of chalk brood infected brood (Ascosphaera apis) or pin-killed brood or
varroa infected brood. The hygienic behavior of honey bee workers contributes to the social immunity of
colonies. The ability of workers to detect and remove unhealthy or dead brood prevents the transmission
of brood diseases inside the colony. Over the last five decades, this trait has been extensively studied and
improved in several research and breeding programs. Given the strong interest for hygienic behavior, we
here review the costs and benefits associated with this trait, extending preceding reviews on this subject
from the late 1990s. Since the 1990s, there have been no major new insights on the efficiency of this
behavior against American foulbrood and chalk brood. However, the number of publications on hygienic
behavior against the mite Varroa destructor has considerably increased, fueling the debate regarding the
efficiency of hygienic behavior against this parasite. Breeding programs have shown that selection for a
specific trait might also impact other traits. Thus, we also review the cost of trade-offs between hygienic
behavior and other economically important traits for bee breeders. Overall, the benefits of hygienic
behavior seem to largely outweigh its costs for both colonies and bee breeders. Hygienic behavior is a
heritable genetic trait, which is commonly taken into account in A. Mellifera breeding programs in order
to improve the vitality of the stocks. Such programs have been running for several years and the hygienic
abilities and disease resistance of breeding A. mellifera colonies have largely been strengthened. The
assay consisting in monitoring the removal of freeze-killed brood from a comb section has been
acknowledged as the most conservative and reliable screening procedure to quantify the hygienic
behavior of a colony.

Keywords: Traits, Hygenic Behaviour, Honey Bees, Social Insect

Introduction

Hygienic behavior in honey bees is a heritable trait of individual workers that confers
colony-level resistance against various brood diseases. Hygienic workers detect and
remove dead or diseased brood from sealed cells

Hygienic behavior is an important form of social immunity (Cremer et al. 2007) 2 for a
number of social insect species. The term hygienic behavior was coined by Rothenbuhler
(1964) 781 to describe the process of detection and elimination of diseased brood by adult
honey bees (Apis mellifera). The term “Varroa-sensitive hygiene” (VSH) was coined more
recently (Harris 2007) 2 to describe the detection and removal of brood infested with the
parasitic mite Varroa destructor by honey bees (Harbo and Harris 2005) ?°1. The behavioral
sequence of uncapping and removing the brood, as first described (Rothenbuhler 1964) 81, is
the same whether the brood is diseased, mite-infested, or dead,
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But this motor pattern may be triggered by the detection of
different odorants associated with the health status of the
brood. In honey bee colonies, elimination of brood consists of
adult bees removing and/or cannibalizing the abnormal brood
from individual cells, either intact or in pieces, and discarding
remains outside the hive; in Reticulitermes termites, it
consists of cannibalization (Davis et al. 2018) ™ and
in Lasius ants of destructive disinfection by dismembering the
infected pupa and then disinfecting with venom (Pull et
al. 2018) [, Hygienic behavior helps maintain the health of
densely populated insect societies by limiting horizontal
transmission of pathogens and population growth of parasites.
Workers that destructively eliminate already infected or
infested individuals protect the colony, or super organism, in
a similar way to immune cells that protect an organism from
pathogen spread throughout the body (Cremer and Sixt 2009)
(131 In recent years, research on hygienic behavior in honey
bees has increased with the aim of understanding and
restoring colony health. The early research on this behavior
was in relation to honey bee resistance to American foulbrood
(caused by Paenibacillus larvae) and to chalk brood (caused
by Ascosphaera apis) diseases. Focus shifted to the
relationship between hygienic behavior and resistance to the
parasitic mite, Varroa in the 1990s (Leclercq et al. 2018a l;
Mondet et al.2020) 71, This review emphasizes the
underlying behavioral mechanisms of hygienic behavior in
honey bees and when known, in other social insects. The
goals of this review are to (1) explore the relationship
between honey bee hygienic behavior toward diseased brood
and Varroa-parasitized brood and (2) provide avenues for
future research that would benefit honey bee health and
survivorship.

Three recommended methods to test for hygienic behavior
1. The freeze killed brood assay

In this assay, a comb section of sealed brood containing
approximately 100 cells on each side (2 inches by 2.5 inches,
or 5 centimeters by 6 centimeters) is cut from a frame and
frozen for 24 hours at -10°F (-20°C). The frozen comb section
is inserted into a frame of sealed brood in the colony being
tested (Figure 2). Tests have shown that it does not matter if
the frozen section comes from the same colony from which it
was removed or from a different colony. The frame with the
freeze-killed brood insert is placed in the center of the brood
nest. One day (24 hours) later the frame is removed and the
number of sealed cells remaining is recorded. A hygienic
colony will have uncapped and removed over 95% of the
frozen brood within 24 hours. A non-hygienic colony will
take over six days to completely remove the frozen brood.

2. Liquid nitrogen

Freezing the brood with liquid nitrogen is more efficient and
less destructive to the combs than cutting, freezing and
replacing comb inserts. Liquid nitrogen is relatively
inexpensive and easy to obtain; check with your local gas and
welding suppliers, veterinary practice or livestock artificial
insemination firm. There are no laws in any state restricting
the use of industrial grade liquid nitrogen by individuals. It
must be kept in an appropriate tank (e.g., a Dewar tank, which
can be purchased through gas and welding supply houses),
and the tank should be securely fastened to the truck during
travel to avoid spillage.
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Common sense and several precautions must be used when
handling liquid nitrogen. It has a boiling temperature of -
195°C (-320°F), which means that it is extremely cold and
will kill skin (causing severe frostbite) on contact. We
recommend that users read the material safety data sheet on
liquid nitrogen from the supplier.

You will need to construct (or find) a hollow cylinder into
which you will pour the liquid nitrogen to freeze a circular
section of sealed brood. We have been using a 3-inch (75
millimeter) diameter PVC pipe. The cylinder must be at least
4 inches (100 millimeters) long because the nitrogen will boil
on contact with the brood.

A minimum of 10 ounces (300 milliliters) of liquid nitrogen is
needed to freeze-kill all the brood (approximately 160 cells)
within a 3-inch diameter cylinder. A smaller amount will not
kill all of the brood, leading to erroneous results. Use a 10-
ounce or larger polystyrene foam coffee cup for measuring
and pouring. Other materials may shatter on contact with the
liquid nitrogen.

Select a frame with at least a 3-inch diameter circle of sealed
brood containing fewer than 30 unsealed cells within the
circle. Lay the frame horizontally across a support (e.g., an
empty super). Twist the cylinder into the sealed brood until it
reaches the midrib. Record the number of unsealed cells
inside the cylinder. Pour 50-60 milliliters of the liquid
nitrogen into the cylinder and wait for it to freeze the edges or
evaporate. Then pour the remainder of the liquid nitrogen into
the cylinder. Wait to remove the cylinder until it thaws, which
may take three to 10 minutes (Figure 3). If you have
additional cylinders, you can start the next test while you are
waiting for previous ones to thaw. We put a drawing pin
(thumbtack) in the top of the frame to mark the frame and the
location of the test on the frame. Some hygienic colonies
clean and repair the comb so quickly that it is hard to locate
the test when you return. Place the frame in the center of the
brood nest (Figure 4). Remove the frame containing the
frozen brood 24 hours later and record the number of sealed
cells remaining within the circle. When testing a colony that
has been required, six to eight weeks must elapse after
requiring for the bees in the colony to be daughters of the new
queen.
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Fig 1: Nitrogen Killing and Freez killing Techniques of Bee Brood

3 Pin Killing Brood technique

This technique is done in which section of Brood on frame is
killed by Pinning on sealed brood and the frame is given back
to the colony and the removal of dead brood timing is
measured.

Hygienic Behaviour

Hygienic behavior in honey bees isa heritable trait of
individual workers that confers colony-level resistance against
various brood diseases. Hygienic workers detect and remove
dead or diseased brood from sealed cells.

Varroa sensitive hygiene (VSH) is a behavioral trait of honey
bees (Apis mellifera) in which bees detect and remove
bee pupae that are infested by the parasitic mite Varroa
destructor. V. destructor is considered to be the most
dangerous pest problem for honey bees worldwide. VSH
activity results in significant resistance to the mites.

Timing of hygienic removal of diseased brood

The most serious disease of honey bees was American
foulbrood. Beekeepers and researchers (Park 1937) noted that
some colonies did not succumb to this disease and they
considered these colonies to be resistant. They observed that
“the bees sometimes remove and dispose of larvae very soon
after they die, thus eliminating the evidence.” Following these
observations, it was determined that first instar larvae derived
either from resistant or from susceptible colonies were equally
susceptible to American foulbrood, but larvae inoculated
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more than 2 days and 5 h after hatching from the egg did not
become infected (Woodrow 1942). It was later observed that
the adult bees from resistant colonies removed the majority of
the diseased brood from the cells whereas bees from
susceptible colonies did not, and concluded that colony
resistance depended on behavioral removal of diseased brood
by adult bees, rather than physiological resistance of the
brood (Woodrow and Holst 1942) 9, These findings were
later confirmed by Rothenbuler and others (Spivak and
Gilliam 1998a) 871,

The experiments by Woodrow and Holst also revealed that
the timing of adult bees’ removal of the infected brood was
key to understanding the apparent resistance (Woodrow and
Holst 1942) 99, After suspending known quantities of P.
larvae spores in the food surrounding individual first instar
larvae, they noted that the resistant colonies started
eliminating the infected larvae on the sixth day after
inoculation (the day the cell containing a 5th instar is capped
with wax) and had removed all of infected brood by day 11.
They collected intact brood that was removed from the hive
by the bees and found the brood had only the non-infectious
rod form of P. larvae, indicating the bees were removing the
brood from the nest while the non-infectious rods were
multiplying within them. In contrast, bees in a susceptible
colony did not begin removing infected brood until day 9 after
inoculation, and not all of the diseased brood was removed
from the cells; some was uncapped but later recapped with
wax. The bacterium reached the highly infectious spore stage
in the remaining brood of the susceptible colonies, and bees
from susceptible colonies were sometimes removing the
brood while bacteria were infectious, potentially spreading the
disease. Woodrow and Holst concluded that “...resistance to
American foulbrood in the honey bee colony consists in its
ability to detect and remove diseased brood before the
causative organism... reaches the infectious spore stage in the
diseased larvae.” Observations of hygienic activity against
brood infected with Mellisococcus plutonius prompted J. 1.
Hambleton to report that “American foulbrood resistant
strains are highly susceptible to European foulbrood”
(Root 1966) ™. The apparent susceptibility may have been
because the bees were actively handling younger honey bee
larvae  which have infectious M. plutoniusbut non-
infectious P. larvae; this possibility requires further study.
The timely detection and removal of brood was demonstrated
after bees were challenged with a different pathogen, the
chalkbrood fungus (Invernizzi et al. 2011) B, The most
hygienic colonies, those that uncapped pin-killed brood (see
section on “Assays” below), also tended to uncap cells and
cannibalize the chalk brood-infected brood before the brood
was consumed by fungal mycelia and became infectious
“mummies.” Colonies with numerous intact chalk brood
mummies on the bottom board of the colony indicated that
bees were not hygienic because the infected brood was
removed after it reached the spore stage, increasing the risk of
horizontal transmission.

The timely elimination of infected brood is important for
other social insects, such as colonies of the invasive garden
ant, Lasius neglectus (Tragust et al. 2013 [€1; Pull et al. 2018)
1 and the subterranean termite, Reticulitermes flavipes
(Davis et al. 2018) 1], These social insect colonies nest in the
soil where they may become exposed to the soil-borne fungal
entomopathogens such as Metarhizium. Adult ants in the
genus Lasius groom infectious conidiospores of Metarhizium
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from the brood into infrabuccal pouches and disinfect the
fungal pellets in their pouches with their antimicrobial venom
(Tragust et al. 2013) 88, If the fungus is undetected on the
cuticle of some ants and germinates into the pupal body, upon
detection of the infected pupa, the adult ants unpack it from
its cocoon, dismember it, and disinfect the pupal remains with
venom (Pull et al. 2018) ™. The detection and destructive
disinfection of the infected pupa occurs when the pathogen is
in the non-infectious incubation period, similar to how honey
bees detect and remove infected, but not infectious pupae
from the nest. The destructive disinfection prevented the
pathogen from completing its life cycle, thus preventing intra-
colony disease transmission (Pull et al. 2018) "™, InR.
flavipes termite colonies, Metarhizium conidiospores are
groomed from infected individuals, but once the fungus enters
the body, termites cannibalize the infected nest mate (Davis et
al. 2018) [71. It was not determined if cannibalism occurred
during the non-infectious incubation period; however, the
switch from sanitary prevention (allo-grooming) to
elimination (cannibalism) was clear, suggesting that termites
also are able to detect the stage of infection (Davis et
al. 2018) [*71,

In sum, the timing of detection and elimination of the diseased
brood by adult social insects seems to be a critical component
in preventing pathogen transmission within these social insect
colonies, and thus in colony-level resistance. It would be to
the pathogen’s advantage for individuals within the colony to
handle diseased brood when infectious because it would
increase the risk of pathogen transmission, whereas it would
be to the colony’s advantage if individuals eliminate the
brood before it is infectious because it would limit pathogen
spread. Whether the timing of the elimination of brood when
mite-infested is similarly important is discussed below.

Assays for honey bee hygienic behavior

Bioassays for hygienic behavior were recently reviewed in
depth (Leclercq et al. 2018a) 8 and thus, only some points
are highlighted here. The best way to determine if a colony of
honey bees (or other social insects) can detect and remove
diseased brood is to challenge individual bees or larvae, or an
entire colony, with a known dose of a pathogen and observe
the response of adult nest mates to infected individuals. Due
to the risks involved in challenging honey bee colonies with
potentially lethal and highly infectious pathogens such as P.
larvae, researchers began exploring assays that would not
involve inoculating larvae with a pathogen. As a proxy for
diseased brood, cyanide-killed brood was presented in
colonies to facilitate experiments using lines of bees already
selected for resistance and susceptibility to American
foulbrood (Jones and Rothenbuhler 1964) [76l. Later,
researchers began screening unselected colonies for hygienic
behavior  using  freeze-killed brood (Spivak and
Gilliam 1998b) [ or pin-killed brood (Newton and
Ostasiewski 1986) [611,

How quickly a colony could detect and remove the
experimentally killed brood did not always correspond with
the colony’s ability to remove diseased brood (Gilliam et
al. 1983) %1, Thus, after screening colonies using a freeze-
killed (or pin-killed) brood assay, it is important to
subsequently challenge colonies with a pathogen to determine
if they are behaviorally resistant (Spivak and Reuter 2001a)
84, As a recent example, an imperfect correspondence was
found between the removal of freeze-killed brood and
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physiological resistance to chalk brood in Australian honey
bee colonies (Gerdts et al. 2018) 4. Of 649 colonies tested
for hygienic behavior using the freeze-killed brood assay,
16% were considered highly hygienic (removed 95% of the
freeze-killed brood within 24 h), suggesting they should not
have signs of disease within the colony, but in fact, 23% of
these highly hygienic colonies presented signs of chalk brood
disease. These results provide an example of how the freeze-
killed brood assay does not fully predict behavioral resistance
in the test population.

Of note is that colonies that remove less than 95% of the
freeze-killed brood within 24 or 48 h tend to remove little, if
any, pathogen infected brood after challenge; they tend not to
be resistant to American foulbrood or chalk brood (M Spivak,
unpublished data). This observation begs the question of why
highly hygienic colonies are rare in nature and whether there
are associated fitness costs with the trait (Mondragon et
al. 2005 ; Bigio et al. 2014 BI; Leclercq et al. 2017 [471). We
speculate that resistance does not depend solely on hygienic
behavior but likely involves a combination of other
physiological factors in honey bees, including the immune
response (Evans and Spivak 2010) Y, trans generational
immune priming (Hernandez Lopez et al. 2014) ¥, micro
biome community (Raymannand Moran 2018) [2,
antimicrobial activity of larval food (Rose and Briggs 1969
[7%1), presence of propolis in the nest (Borba et al. 2015) &,
and other factors yet to be discovered.

In sum, and as pointed out previously (Leclercq et al. 2018b)
1461 assays for hygienic behavior, like the freeze-killed or pin-
killed brood assays, are not necessarily useful predictors of
pathogen resistance in a colony or population of colonies.
They are useful to screen colonies for the ability of the adult
bees to quickly remove dead brood (e.g., >95% removal
within 24 h for the freeze-killed brood test) and these colonies
can be subsequently challenged to quantify pathogen
resistance. In other words, the assays are used to narrow down
the number of colonies to be challenged, to increase the
chances of finding resistant colonies.

Hygienic behavior in relation to Varroa

Although some ant and termite colonies have brood parasites
(Korb and Fuchs 2006; Lachaud et al. 2016), studies of their
hygienic response are limited; e.g., the antEcatomma
tuberculatum detects and removes parasitic wasps (Perez-
Lachaud et al. 2015) %8 and other nest intruders (Perez-
Lachaud et al. 2019) 8%, Thus, this section will concentrate
on honey bees’ response to Varroa destructor. When V.
destructor spread through A. mellifera colonies in Europe and
North America, researchers looked to this mite’s original host
species, A. cerana, to determine how it survived without
succumbing to the parasite. A number of potential resistance
mechanisms were described, hygienic behavior being one of
them (Peng et al. 1987a; Peng et al. 1987b) [6. 671 In Apis
cerana, Varroa reproduces only on seasonally produced drone
brood and does not reproduce on worker brood. If the mite
infests worker brood (or are experimentally introduced onto
worker pupae), the pupa dies, due to a toxic salivary gland
secretion injected by mite (Zhang and Han 2018) 1% and the
bees hygienically remove the dead brood from the nest (Page
et al. 2016) Page. The signal or cue from the dying pupa was
termed “altruistic suicide” and the removal “social apoptosis™;
the combination was hypothesized to increase inclusive
fitness benefits to the colony (Page et al. 2016) 4. In A.
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mellifera, Varroa reproduces successfully on both drone and
worker brood, and worker pupae do not die if infested with
the mites, although they could if also infected with high
enough virus levels.

After Varroa spread through Europe, A. m. carnica colonies
in Germany were tested for their ability to detect and
remove Varroa-infested brood (Boecking and Drescher 1992)
1. The removal of infested brood would be a form of mite
resistance because it would increase mite mortality or disrupt
mite reproductive success (Leclercq et al. 2018a) 61, In the
Boecking and Drescher study (Boecking and Drescher 1992)
(61 the colonies were not previously selected for hygienic
behavior or mite resistance. After experimentally introducing
mites into recently capped brood cells, 29% of the infested
brood were removed after 10 days when one mite per cell was
introduced and 55% were removed when two mites per cell
were introduced, indicating that in fact, someA.
mellifera colonies could detect and remove some mite-
infested pupae, even though they were naive hosts to this
parasite.

A significant negative relationship between the results of the
freeze-killed brood assay and mite population growth over
one season was found in the UK (Toufailia et al. 2014) 7,
The statistical significance was driven by eight of the 42
colonies that removed > 95% of the freeze-Killed brood within
48 h and were thus highly hygienic, again confirming that
screening for these highly hygienic colonies based on the
freeze-killed brood assay will help locate colonies with a
relatively higher potential of removing mite-infested brood.
Colonies that removed less than 95% of the freeze-killed
brood showed no significant relationship between hygienic
behavior and mite growth (Toufailia et al. 2014) 71, which
was also observed in Mexico (Mondragon et al. 2005) 59,

A large population derived from diverse sources of colonies
in western Canada was selected over three generations for
hygienic behavior using either the freeze-killed brood test or
peptide biomarkers from bees’ antennae, with the goal of
testing the utility of marker-assisted selection for hygienic
behavior (Guarna et al. 2017) 1. Eleven of the 13 protein
markers were linked to hygienic behavior (including two
linked to VSH, see section below), and two were linked to
grooming behavior. This remarkable study showed two
things: that protein biomarkers can be used successfully in
breeding bees (and possibly other livestock) and that
compared to unselected stocks, colonies selected using either
the freeze-killed brood assay or peptide biomarkers had
increased hygienic behavior, showed no loss of honey
production, and had increased survival when challenged with
either P. larvae or Varroa.

Researchers in Germany have used the pin-killed brood assay
in breeding programs to successfully reduce mite loads. Other
researchers reported no correlation between the removal of
freeze-killed or pin-killed brood and the mite infestation of
colonies, reviewed in Locke (2016) 19, However, the latter
studies used these assays to try to determine the mechanism of
resistance of a population, not to screen and narrow down the
number of colonies for subsequent challenge to quantify
potential resistance, or to use in breeding programs.

In sum, the freeze-killed and pin-killed brood assays for
hygienic behavior are useful screening tools to find colonies
that may remove diseased and mite-infested brood upon
subsequent challenge. For Varroa in particular, selecting bees
based on these assays will yield colonies with lower mite
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loads relative to unselected colonies (Spivak and Reuter 1998;
Spivak and Reuter 2001b; Biichler et al. 2010 ['4; Guarna et
al. 2016; Guarna et al. 2017 [?.271) put to date, selection using
these assays has not resulted in populations resistant to mites;
that is, populations that do not require treatment to survive.
Thus, these field assays should not be used as sole tests or
indicators of Varroa resistance, as other traits contribute to
various degrees to this resistance, reviewed in Mondet et al.
(2020) 571,

Varroa -sensitive hygiene

Varroa-sensitive hygiene is a specialized term for the
hygienic trait in which honey bees detect and remove brood
specifically infested with Varroa. VSH activity is largely the
same as that of the hygienic trait; the bees perform the
hygienic behavioral sequence of uncapping and removing
brood, but the removal in this case is triggered by the
detection of mite-infested brood, rather than diseased or dead
brood. Note that the term VSH also is often used for lines of
bees bred for enhanced expression of the trait. Bees that
express high levels of VSH show clear resistance to Varroa in
that they do not require treatments to survive mite
infestations, as has been demonstrated by USDA researchers
in Baton Rouge, LA, USA. Of note, a critical experiment has
not been conducted which could clarify the relationship
between colonies selected for VSH and those selected for
hygienic behavior based on the freeze-killed or pin-killed
brood assay. It would be informative to challenge colonies
that express VSH with P. larvae or A. apis pathogen to
determine if bees that express VSH only respond to mite-
infested brood, or if they also detect and remove diseased
brood and thus, are hygienic in general.

This history of bees with VSH-based mite resistance, and how
it has been selected over the years is somewhat convoluted.
Harbo and Hoopinger began by searching for colonies that
displayed resistance to Varroa with no a priori assumptions
about which traits would be involved (Harbo and
Hoopingarner 1997) B4, They inoculated 43 colonies with
known quantities of Varroa at the beginning of the season and
quantified mite loads after ~10 weeks. They found three
colonies with fewer mites at the end of the test than were
originally inoculated. After running a number of tests to
determine the mechanism for active resistance against the
mites, they concluded that the factor that best explained the
apparent resistance was the low reproductive success of the
mites on worker brood. They selectively bred a line from
several of the highest-performing colonies and gave it the
name suppression of mite reproduction or SMR. The
mechanism for how bees or brood from the SMR colonies
could reduce mite reproductive success was unknown. The
mites entered worker brood cells to feed and reproduce;
however, the authors reported that the mites died in the cell
without reproducing, produced no progeny, produced males
only, or produced progeny too late to mature.

SMR colonies removed >95% of the freeze-killed brood
within 48 h, which indicated that the bees were expressing a
high level of hygienic behavior (Ibrahim and Spivak 2006)
1361, These results were surprising because the SMR line was
selectively bred for reduced mite reproduction, not for
hygienic behavior (Harbo and Harris 1999) 28 It was
hypothesized that the SMR bees could be detecting and
removing pupae on which the mites were reproducing,
leaving pupae with mites that did not reproduce successfully.
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This hypothesis was tested in two ways. In one test, recently
capped brood combs with known percentages of mite
infestation were introduced into colonies with and without the
SMR trait (Harbo and Harris 2005). After 8 days, the SMR
colonies had significantly lower mite infestation (2%)
compared to the controls (9%). Of the mites that remained,
the SMR colonies had a lower proportion of reproductive
mites, 20% vs. 71%, suggesting the SMR bees were targeting
pupae with reproductive mites. In a second test, mites were
experimentally introduced onto individual pupae of two types
of colonies: SMR bees and Minnesota Hygienic bees that had
been selected using the freeze-killed brood assay (Ibrahim and
Spivak 2006) 381, The SMR colonies removed significantly
more mite-infested pupae than colonies from the hygienic
line. Together, these findings indicated that bees bred for
SMR express hygienic behavior and that adult bees may
selectively remove pupae infested with reproductive mites. In
addition, hygienic activity may disrupt the reproduction of
mites on targeted pupae and some of these mites may re-
invade other open brood cells and later be counted as non-
reproductive. In 2007, Harris renamed the line from SMR to
VSH to reflect that the main mechanism that leads to non-
reproductive mites (and thus mite resistance) apparently is
hygienic behavior rather than the ability of the brood to
somehow reduce mite reproductive success.

A further finding was that the reproductive success (fertility
and number of viable female offspring) of Varroa on pupae
not hygienically removed by bees was significantly lower in
VSH colonies than in Minnesota Hygienic colonies (Ibrahim
and Spivak 2006) [, This suggests an additional effect of
VSH pupae that reduced mite reproductive success, indicating
that hygienic behavior alone was not completely responsible
for the mite resistance in this line. Recent studies also suggest
a brood effect that suppresses mite reproduction (Wagoner et
al. 2019) %%, Such an effect originating from brood could be a
valuable trait to support mite resistance. However, a brood-
based effect was not increased reliably in an attempt to select
and breed for it.

The methods used for selecting Varroa-resistant bees by the
USDA researchers in Baton Rouge has varied through time.

https://www.thepharmajournal.com

Progress originally came by quantifying the relative
population growth of the mites over a short period, typically
~ 10 weeks (Harbo and Hoopingarner 1997) B4, Colonies later
were selected based on the frequency of non-reproductive
mites in them, after this factor was determined to be the
principal determinant of resistance. The frequency of non-
reproductive mites has been the most extensively used
criterion for selection and continues to be used today. After
the role of hygiene was discovered, some selection involved
introducing combs containing known percentages of mite-
infested brood and quantifying the decrease in infestation
after 1 week. This method requires more replication to be
accurate when colonies being tested have low mite resistance.
Experience with these three methods suggests that highly
mite-resistant colonies (i.e., those that require no treatment
against Varroa) generally have mite population growth of
< 1.0 per reproductive cycle and > 60% of mites that are non-
reproductive, and remove >80% of mite-infested brood after
1 week (Danka et al. 2016) [*21,

Measuring mite population growth, the frequency of non-
reproductive mites or the removal of mite-infested brood is
technically difficult and tedious, and these issues have limited
bee breeders’ selection for the VSH trait. To date, there is no
simple field assay that will yield the high Varroa resistance of
the bees selected with these technical methods. Selection
based on the freeze-killed brood assay will not be sufficient
(and discussed earlier). Some resistant populations,
particularly the “survivor” stocks that thrive without treatment
indicate that hygienic behavior, however assayed, may not be
the main mechanism for all populations, e.g., African
populations in Africa and the neotropics, plus populations in
Sweden, France, and the Arnot Forest in New York
(Locke 2016; Mondet et al. 2020 149 571), Populations of highly
resistant bees, including survivor populations (Locke 2016)
1 and Russian bees (Rinderer et al. 2001), display non-
reproduction of mites or low mite population growth, but the
lack of, or slow, mite increase may be due to a combination of
inter-related factors that range from life-history traits (e.g.,
high swarming frequency) to distinct behavioral traits (VSH
or grooming).
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Timing of removal of Varroa-infested and virus-infected
brood

It is not known if the timing of detection and removal
of Varroa-infested brood is as critical of a component in
preventing parasite transmission as it is for pathogen
transmission during removal of diseased brood. This issue has
not been studied. The timing of hygiene may not depend on
the presence of the mite per se but on the virus levels in the
pupae, such as deformed wing virus (DWV), which are
induced to replicate and vectored by the mites as the mite
feeds. The bees’ removal of mite-infested brood tends to
increase 72h after the larvae is capped with wax
(Spivak 1996 [8: Harris 2007), which is when the larva
initiates metamorphosis into a pupa and when the mite feeds
and begins reproducing in the cell (Donzé and Guerin 1994
(19 Martin 1995 D% Donzé and Guerin 1997 ), The
removal process can continue for the duration of pupal
development (Vandame et al. 2002) [*%, Hygienic handling of
the virus-infested brood could either increase or decrease
transmission of the pathogen. The risk of increasing
transmission would depend on the type and level of the virus
infection, which could depend on the stage of bee pupal
development, and the relative infectivity and virulence of the
virus to the bees. This area requires testing because these
factors are only beginning to be understood in honey bees
(Brutscher et al. 2016 [%: Grozinger and Flenniken 2019[%°),

A few studies have shown a link between hygienic behavior
and reduction in virus-infested brood. Hygienic colonies,
determined based on the pin-killed brood assay, tended to
remove worker pupae infected with DWV (Schoning et
al. 2012) I'1, Highly hygienic colonies, determined based on
the freeze-killed brood assay, also had significantly lower
levels of DWYV in addition to lower mite population growth
over the season (Toufailia et al. 2014) ©7, Brood infected

with DWV produced chemical compounds that when
experimentally applied to brood elicited hygienic behavior
(Wagoner et al. 2019) I, The correspondence between mite
infestation, virus load, and stimulus intensity has not been
explored relative to the timing of hygienic detection and
removal by honey bees. Understanding the relationship
among these factors will not be easy, nor necessarily robust
from one population of bees to the next, but is worthy of
study.

Mechanisms of detection of diseased and Varroa-infested
brood by adult bees

To study the mechanisms underlying how adult honey bees
detect diseased brood before the pathogen reaches the
infectious spore stage, it was hypothesized that hygiene was
mediated by olfactory stimuli emitted from diseased brood
(Spivak et al. 2003) 24, 1t was not known if the odorant was
passively or actively emitted, i.e., whether it was a cue or
signal (Maynard Smith and Harper 2003 %I; Leonhardt et al.
2016) 8. A number of neuroethological methods were
employed to test the olfactory hypothesis, using chalk brood
as the test pathogen, and the line of honey bees selectively
bred for hygienic behavior based on the colony response to a
freeze-killed brood assay (Arathi et al. 2000 [XI; Masterman et
al. 2000 B4, Gramacho and Spivak 2003 [4; Spivak et
al. 2003 [?4), Based on the results of these experiments, it was
concluded that bees from hygienic colonies were able to
detect and discriminate between odors of diseased and healthy
brood at a lower stimulus level compared to bees from non-
hygienic colonies. Non-hygienic bees would, and do, detect
and remove diseased brood, but only when the pathogen is
infectious and the stimulus level is very high (Figure 2),
increasing the risk of pathogen transmission.
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Testing Honey Bee Colonies for Hygienic Behavior It is
relatively easy to determine if a colony of bees displays
hygienic behavior. If you are curious whether your bees
express the behavior, you can test them using one of these
methods. (Also see Spivak and Reuter, 1998b) . They
involve presenting bees with freeze killed or pin-killed brood
and determining the colony’s rate of removal of the dead
brood. The ability of a colony to quickly remove freeze-killed
or pin-killed brood corresponds generally with how quickly
the colony detects and removes diseased or mite-infested
brood. These methods are used as an initial screen to find
colonies with hygienic tendencies. This initial assay should be
followed by more detailed tests of a colony’s ability to detect
and remove actual diseased or mite-infested brood. Two
Recommended Methods to Test for Hygienic Behavior 1. The
Freeze Killed Brood Assay In this assay, a comb section of
sealed brood containing approximately 100 cells on each side
(2 inches by 2.5 inches. which you will pour the liquid
nitrogen to freeze a circular section of sealed brood. We have
been using a 3-inch (75 millimeter) diameter PVC pipe. The
cylinder must be at least 4 inches (100 millimeters) long
because the nitrogen will boil on contact with the brood. A
minimum of 10 ounces (300 milliliters) of liquid nitrogen is
needed to freeze-kill all the brood (approximately 160 cells)
within a 3-inch diameter cylinder. A smaller amount will not
kill all of the brood, leading to erroneous results. Use a 10-
ounce or larger polystyrene foam coffee cup for measuring
and pouring. Other materials may shatter on contact with the
liquid nitrogen. Select a frame with at least a 3-inch diameter
circle of sealed brood containing fewer than 30 unsealed cells
within the circle. Lay the frame horizontally across a support
(e.g., an empty super). Twist the cylinder into the sealed
brood until it reaches the midrib. Record the number of
unsealed cells inside the cylinder. Pour 50-60 milliliters of
the liquid nitrogen into the cylinder and wait for it to freeze
the edges or evaporate. Then pour the remainder of the liquid
nitrogen into the cylinder. Wait to remove the cylinder until it
thaws, which may take three to 10 minutes (Figure 3). If you
have additional cylinders, you can start the next test while you
are waiting for previous ones to thaw. We put a drawing pin
(thumbtack) in the top of the frame to mark the frame and the
location of the test on the frame. Some hygienic colonies
clean and repair the comb so quickly that it is hard to locate
the test when you return. Place the frame in the center of the
brood nest. Remove the frame containing the frozen brood 24
hours later and record the number of sealed cells remaining
within the circle. When testing a colony that has been
required.
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