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The parasitic mite Varroa destructor is the most significant single driver of the global honey bee
health decline. Better understanding of the association of this parasite and its host is critical to
developing sustainable management practices. This work shows that Varroa is not consuming
hemolymph as has been the accepted view, but damages host bees by consuming fat body.
Feeding wounds in adult bees were imaged for the first time showing that Varroa feed on the
underside of the abdomen where fat body is the immediate underlying tissue. Fat body at the
wound site showed evidence of external digestion. Hemolymph and fat body in honey bees
were then marked with fluorescent biostains. Fluorescence associated with the fat body was
consistently detected in the gut of mites fed on these bees while comparatively little
fluorescence was detected from the hemolymph biostain. Mites were then fed a diet composed
of one or both tissues. Mites fed fat body tissue survived longer and produced more eggs than
those fed hemolymph. Mites fed hemolymph showed fithess metrics no different from the
starved control group. Collectively, these findings show that Varroa are exploiting the fat body
as their primary source of sustenance; a tissue integral to proper immune function, pesticide
detoxification, overwinter survival and several other essential processes in healthy adult and
immature bees. Additional study was undertaken to better understand how the Varroa
accelerates its reproductive rate. Via gel electrophoresis and immunodetection, undigested
honey bee vitellogenin was found in Varroa eggs. The presence and identity of these host
proteins was confirmed via HPLC MS/MS. This particular cleavage of vitellogenin is found only
in the fat body. These findings fundamentally alter our understanding of the etiology of varroosis
and underscore a need to revisit our understanding of this parasite and its impacts, both direct
and indirect, on honey bee health. Further study of Varroa adaptations focused on expanding
knowledge of Varroa morphology with the aim of determining features that can distinguish
between Varroa species. Using low temperature scanning electron microscopy, we were able
to provide better resolution of key morphological features, detail variability within traits, and
provide novel descriptions of certain characters.
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Preface

Symbiosis is among the most fascinating and convoluted phenomena in science.
However, this term is often used as if it encompasses only mutualistic interactions
between organisms ignoring the captivating and ecologically salient interactions
defined broadly as parasitism. It is already an impressive feat to make a meal of a
creature that does not wish to be food but to adapt one’s self to live on or in that
unwilling food resource is that much more of an exploit. This lifecycle has such distinct
benefits that it is seen in some of the earliest lifeforms on the planet. It involves such
unrelenting evolutionary pressure that it demands ever more extreme adaptation.
Lifecycles may involve behavioral manipulation, castration, resource thievery,
chemical mimicry, biological warfare, sacrificial siblings, induction of tumors or
superfluous limbs, secondary, tertiary, or even quaternary parasitism, amputation and
replacement of a body part, or something akin to induced zombification. Researchers
have suggested that there may well be a parasite of every single insect species with
many being species specific parasites of insect eggs. The heterogeneity evinced in these
relationships is truly astonishing; diversity of a level that | hope one day is reflected in

the researchers studying this riveting facet of the sciences.
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Figure 1.1

List of Figures
11

Figure 1.1 Varroa destructor shows consistent preference for the underside of the metasoma
of adult host bees, an area predominated by fat body tissue just beneath the cuticle.

Figure 1.2

a, Diagram showing frequency of dispersing Varroa found in each location on 104
parasitized worker bees in five trials (tg=tergite, st=sternite). Varroa were found on
the underside of metasoma as opposed to locations on the mesosoma or head (GLM):
x22=6.5, P<0.001. Mites strongly preferred the third segment of the metasoma to any
of the other 23 locations (GLM: yx: 2 = 4.5, P<0.001). Mites were also found
preferentially on the left side of the host (Chi): x2=24.02, P<0.001.

12

Figure 1.2 Feeding site of Varroa in dispersal phase imaged on adult honey bee via Low
Temperature Scanning Electron Microscopy (LT-SEM).

Figure 1.3

Figure

a-e, Colorized image of a worker bee parasitized by Varroa (white arrow) (a & b).
The mite is wedged beneath the third tergite of the metasoma. When removed, a wound
can be observed (c, d) matching the modified chelicera of the mite mouthparts (e).
Image ¢ colorized to show the impression of the mite left in the soft tissue of the bee.

f, Freeze fracture image showing a cross section of a mite at feeding site; note the thin
intersegmental membrane (white arrow) and fat body and muscle tissue just on the
other side. In the process of creating the fracture, the mite (black asterisk) was pushed
away from the membrane.

13

1.3 Dispersing Varroa attached to worker bees were used to pinpoint the precise

location of the feeding site, revealing the ultrastructural morphology of the feeding site wound,
bacteria at the feeding site, and details of the fat body.

a,b, Histological cross section of a worker bee with Varroa attached in the feeding
position at the third metasomal segment, arrows showing position of the fat body tissue
lying directly beneath the intersegmental membrane (a). The feeding site wound in the
membrane of the bee is clearly visible as a large mound with a hole intersecting the
membrane, arrow indicating the hole (b).

c-e Transmission electron microscopy (TEM) images of the feeding site wound in the
intersegmental membrane of the bee, showing a hole with irregular edges where the
chelicera of the mite have penetrated the membrane. The black arrow indicates
bacteria at the feeding site beneath the intersegmental membrane, and the white arrow
indicates degraded fat body cells likely due to the extra-oral digestion. (c) Higher
magnification reveals two species of morphologically distinct bacteria (d) and greater
detail of irregularly shaped cell contents of the degraded fat body tissue (e).

f, TEM image of the fat body tissue showing a trophocyte with numerous vacuoles
filled with electron dense lipid globules and an irregularly shaped nucleus.
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Figure 2.1 24

Figure 2.1 Host tissue collected from bees with fluorescently stained internal tissues showing the fidelity
of each biostain (Nile Red and Uranine) for each host tissue (fat body and hemolymph respectively).

a-d, Hemolymph tissue shown in brightfield (a), and with fluorescent imaging (b). Fat body
tissue shown in brightfield (c), and with fluorescent imaging (d).

Figure 2.2 24

Figure 2.2 Varroa fed on nurse bees with fluorescently stained hemolymph and fat body tissue primarily
showed fluorescence associated with fat tissue.

a,b, Varroa after having innate fluorescence (autofluorescence) of the integument reduced via
hydrogen peroxide bath (a). Bright red fluorescence (associated with fat body biostain) can
clearly be observed in its multi-lobed digestive system without dissection (b). Note,
fluorescence associated with the hemolymph (yellow) is very low and virtually indiscernible
when imaged.

c,d,e, Confocal microscopy images of dissected Varroa fed only one of the fluorescent
biostains. Mites fed on bees with fluorescently stained fat body show such high levels of Nile
Red in the digestive system that the shape of the gut can be clearly observed via fluorescence
imaging. Mites that fed exclusively on bees with biostained hemolymph (d) showed
fluorescence only marginally above the control ().

Figure 2.3 24

Figure 2.3 Mean biostain levels detected in Varroa and in biostain honey bee tissues. Fluorescence
values reported in arbitrary fluorescence units (AFU).

a-c, Mean biostain levels detected in Varroa after 24 hours of exposure to stained host bees (a).
Levels of the fat biostain (Nile Red) are higher than that of the hemolymph (Uranine) biostain
and appear in the same proportion as in the fat body of the host bees (b), Proportion Test (prop
test): (x2=3.62e-28, P=1). This proportion differs significantly from that of the hemolymph of
these bees (c) providing further evidence that mites are not consuming this tissue in significant
amounts (prop test: x2=197.33, P<0.001).

Figure 3 32

Figure 3 Mites fed honey bee fat body tissue survived longer and produced more eggs than mites provisioned
hemolymph. High mortality was observed across treatments; likely owing to the artificial setting. After
3 days, mites receiving 0%:100% and 25%:75% hemolymph:fat body as their diet maintained
survivorship at 60% while the 100%:0% hemolymph:fat body and the starvation control had already
exhibited full mortality.

a,b, Survivorship curve showing starvation control and all five host tissue diets (a). b, represents the
same data with levels combined that show no difference in survivorship. Note, mites provisioned
hemolymph and mites given no food showed no difference in survivorship. However, survivorship
differed substantially between the hemolymph treatment and all treatments given any level of fat
body (x2=16.1, P<0.001).



¢, Average survivorship of mites differed by diet. Survivorship and the ratio of fat body by volume
adhere to a strong positive linear relationship (R?=0.9634).

d, Egg production differed between treatment diets (ANOVA: P<.004). A positive linear
relationship was observed between egg production and the amount of fat body in the diet of the mite
(R?=0.7894).

Figure 4.1 42

Figure 4.1 SDS reducing gel and associated western blot comparing proteins present in mite and honey
bee tissues. Lane 1 is blank, followed by a pooled sample of hemolymph and fat body from white-eyed
drone pupae, hemolymph and fat body from white-eyed worker pupae, homogenate of honey bee eggs,
blank, homogenate of Varroa mite eggs, full body homogenate of gravid Varroa mites, blank, and a
molecular weight marker.

a, SDS reducing gel showing several proteins present in different honey bee and Varroa mite
tissues. Note the well-defined, conserved bands of the molecular weight corresponding to honey
bee vitellogenin and a cleaved fragment found only in honey bee fat body tissue.

b, Western blot identifying vitellogenin at two distinct molecular weights using a custom
polyclonal antibody. These bands correspond to the full-length fragment of vitellogenin just
below 200 kDa and the N-terminus fragment just above 40 kDa. As is to be expected the honey
bee egg produced the most intense immunological response to the antibody with vitellogenin
and the biochemically similar vitellin being the primary constituents of early stage eggs.

Figure 4.2 43

Figure 4.2 Details of Varroa reproduction studied via LT-SEM. Late stage gravid Varroa produce an
egg comprising a substantial portion of their body volume every 30 hours representing an accelerated
reproductive capacity. The volume of the developing oocyte is so large that it results in conspicuous
differences in appearance between late and early stage gravid females.

a, b, showing fine details of a Varroa egg at 200x (a) and a size comparison between an egg
and a gravid female 40x (b). The egg is oviposited by the female with an already well-developed
protonymph inside. Note the distinctive imprint of legs and palps visible through the thin
chorion.

c¢,d, Oviposition is imminent for the female imaged in panel (c); a state characterized by a
generally bloated appearance and taut interscutellar membrane most conspicuously visible
posterior to the anal plate. Compare with panel (d) in which the female shows appearance
characteristic of early stage or suspended oocyte development.

Figure 5.1 53

Figure 5.1 LT-SEM comparison of two distinct morphotypes and three observed sizes of Varroa
destructor collected from the same honey bee colony.

a, b, showing typical (a), atypical (c), intermediate form of Varroa destructor. The atypical
specimen was substantially smaller than even the smallest recorded specimens of Varroa
jacobsoni. In addition, it possessed a pentagonally shaped anal plate rather than the typical
triangular appearance and a distinct, strongly spiculated cribrum. The intermediate specimen
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was within the size range of Varroa jacobsoni (b). All specimens were identified as Varroa
destructor based on genetic analysis.

Figure 5.2 55

Figure 5.2 LT-SEM observation of the setae arising from the dorsal shield of Varroa destructor.

a-f showing pilose setae of the dorsum of Varroa (a) and the venter of a honey bee (b).
Morphological similarity between them may be an adaptation to establish tactile camouflage to
avoid host grooming. Varroa feed beneath the ventral sclerites of the honey bee with a portion
of their body exposed (c). Hairs point away from the body of the mite in the same direction as
from the body of the host (c, d). Grooved, spine-like setae can also be seen on the edge of the
dorsal shield (a, e, ).

Figure 5.3 56

Figure 5.3 LT-SEM observation of the fine structure and shape of the dorsal shield of Varroa destructor.

a,b showing the reticulation present across the entire surface area of the dorsal shield (a). The
plates composing the dorsum and venter of the honey bee show very similar reticulation (b),
likely further adaptation toward tactile camouflage.

c,d showing distinctive glaborous region comprising the anterior margin of the dorsal shield.
Reticulation can be observed without being obscured by setae as is the case for the rest of the
dorsum.

e,f the domed shape of the dorsal shield allows the parasitic mite to create and passively
maintain a feeding chamber on the host bee.

Figure 5.4 60

Figure 5.4 LT-SEM observation of the fine structure of the ventral sclerites of Varroa destructor.

a, legs were removed from a mite to image the exopodal sclerite which sits behind the coxae
of the bee. This plate merges with the plates of the peritremes on each side of the mites body.
White arrows denote the regions where the exopodal sclerites becomes indistinguishable from
the peritrematal shields.

b-e showing the plates that comprise the venter of a Varroa female (b). Note the variable
chaetotaxy on the horseshoe shaped dorsal shield along the margin of the coxae (b,c,e). The
arthrodial membrane normally hidden by the sternal shield is visible sometimes in gravid mites
(white arrow).

f showing comparison of setae on the dorsum with those on the venter. Pilose setae, similar in

structure to those of the host, are only present on the dorsum. Simple setae, dissimilar from
those present on most of the host are hidden on the underside of the mite.
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Figure 5.5

Figure 5.5 LT-SEM observations detailing variability in the anal sclerite of Varroa destructor.

61

a-d showing the typical shape of the anal plate (a) which forms a triangle with the anus at the
lower point of the triangle. Note the one seta arising near the anterior margin of the sclerite
(white arrow). The presence of this seta was atypical in our specimens. Image (b) details an
atypical pentagonally shaped anal sclerite observed in a markedly small individual. Note the
differences in shape and spicule definition on the normally crescent shaped cribrum (a-d). The

specimen in image (b) was the only specimen collected with such a distinctive cribrum.

Figure 5.6

Figure 5.6 LT-SEM observations detailing the structuring of the gnathosoma of Varroa destructor.

64

a, gnathosoma was separated from the body of the host dissected to show the complex constitution
of this feeding structure. The chelicera arise dorsally with respect to the subcapitulum and corniculus.
Well-developed salivary stylets (white arrows) arise on either side of the pre-oral trough and rest
along the inner faces of the corniculus for much of their length. The fixed digit of the chelicera,
normally similar in size to the mobile digit, has been reduced considerably and moved to a lateral
position on the inner face of the mobile digit (brown arrow). A dorsal lyrifissure rests immediately

proximal to the mobile digit on the middle article of the chelicera (black arrow).

b-d showing the cheliceral keel present on the inner face of each mobile digit (b) (white arrow).
The keel on both chelicera can be pushed together to form a ridge (d, brown arrow) which seals and
forms the roof for the tube-like feeding structure. The teeth along the top of each mobile digit are
visible from bottom (c) of the chelicera as a result of the angling caused by the cheliceral keels as

they are pushed together.

e, corniculi separated from the rest of the gnathosoma. Note the 6 denticles on the ventral edge on

both corniculi. This feature varied periodically in specimens between 5 and 7.

f, showing the feeding wound inflicted by Varroa on adult an honey bee. Note that the shape of the
chelicera when held together as one unit fits with the shape, size and general architecture of the

wound.

Figure 5.7

66

Figure 5.7 LT-SEM observations detailing variable structuring of the subcapitular groove, tritosternum

and palps of Varroa destructor.

a, showing the subcapitular groove with fine, irregularly spaced clusters of denticles populating
the inner surface (black arrow). Irregularly spaced rows of denticles also arise from the dorsal
surface of the tritosternum likely fitting together with those in the groove forming a process that

sieves out any stray particulate matter that may be present in the host meal.

b, ¢, showing the tritosternum housed in the subcapitular groove (b, c). Varying numbers of
micropili of unknown (possibly sensory) function arise from the ventral surface of the
gnathosoma (black arrows). Between 7 and 14 micropili were present in specimens collected
for this study. Note some denticles of the dorsal surface of the tritosternum are visible as well

(white arrows).
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d, e, the last segment (apotele) of the palp bears a variable character of a small tooth between
the large and small claw (d, white arrow) in some specimens. Most specimens lacked this trait
with a totally smooth region present between the long and short claw (e, black arrow).

f, showing the indentation of the palps and gnathosoma of a mite in the intersegmental
membrane of an adult host bee. Note the position of the indentation caused by the apotele (white
arrow). Only the indentation of the long claw is present. Based on the orientation of the claw
pressed against the host membrane the short claw is likely embedded in the membrane to
potentially gain leverage to facilitate the gnathosoma piercing the membrane. The long claw
appears to be used as a brace against the tissue.

Figure 5.8 70

Figure 5.8 LT-SEM observations detailing the structure of and characters associated with legs of Varroa
destructor.

a, showing the legs of Varroa which are separated into sensory (leg I) and ambulatory (leg II,
[, 1V).

b, reticulation clearly visible on the lateral faces of coxae (white arrow) but becomes faint to
indistinguishable on the dorsal and ventral surfaces.

¢, foundress mite with wounds typical of “ankle biting” genetic line of honey bees. Note, the
missing ambulacra from legs | (white arrow). Surprisingly, this mite was still able to find and
reproduce normally within a brood cell even with a portion of its primary sensory structure
missing.

d-f, showing a fine process of denticles following the distal margin of the coxa of leg | (white
arrows). These denticles arise along the lateral edges of the margin and to some extent are
present in the region of the coxae behind leg I (e).

Figure 5.9 71

Figure 5.9 LT-SEM observations detailing the structure of and characters associated with the ambulacra
of Varroa destructor.

a, showing an ambulacrum of Varroa on an ambulatory leg in its “foot-down” conformation.
The shape of the ambulacrum changes noticeably when free or attached to a surface. On each
ambulatory leg, a pair of small, likely sensory, setae are present in indentations on either side
of the ambulacrum (white arrow). These setae likely function proprioceptively informing the
mite of the position of its ambulacrum.

b, ambulacra of ambulatory legs (I and I11). Note setae at the base of the ambulacra (black
arrows).

c,d, the difference between the free (c) and attached (d) conformation of the ambulacra on the
sensory pair of (leg 1) is more pronounced than the difference in the ambulacra of the
ambulatory legs. Note the setae on the lateral section of the ambulacrum is not present in the
sensory legs.

e,f, showing the ambulacra when attached to an adult honey bee host. The mite is wedged in a
pocket of tissue between segments of the bee. The ambulacra of leg | holds especially well to
the membrane in this region (f). When the mite is removed in a while frozen
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Figure 5.10 74

Figure 5.10 LT-SEM observations detailing the structure and variability in characters associated with
the peritreme and stigma of Varroa destructor.

a,b,c showing variation in the terminal point of the peritreme. The peritreme appears to
terminate in a slit that runs perpendicular to the path of the rest peritreme (a,b white arrows).
In most specimens the peritreme terminates in this region and does not connect to the stigma
(black arrows). Alternately, in some specimens the peritreme crosses this perpendicular slit and
terminates at the stigma (c). Note the rugulose intersegmental membrane surrounding the
peritreme (a,b).

d,e. showing the peritreme when at its resting comformation. This unique pseudo-appendage
conforms to the shape of the dorsal shield and leg of the mite.

f, showing raised peritremes apparently characteristic of mites facing respiratory challenge

(white arrow). Moving the peritremes can allow the mite to avoid suffocation when submerged
in fluid.
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General Introduction

The honey bee genus Apis is far from the most speciose of the bee genera
(composed of just 10 of the 20,000 bee species (1), but it is certainly the most profitable
and well known. The economic value attributed to their pollination services alone totals
nearly $12 billion annually in the US (2). Global food security is similarly dependent
on honey bee pollination with 65% of 107 leading global crop commodities requiring
or being amplified substantially by Apis pollination (3). Recent declines in honey bee
health and concomitant colony losses have spurred greater research interest in honey
bees and the stress factors impacting their populations globally. These studies have
widely concluded that the documented decline in honey bee health is driven by a
confluence of factors both biotic and abiotic (4) but the most significant driver is the
mesostigmatid parasite Varroa destructor (5, 6).

Potentially owing to honey bee diversity unrivaled by other regions and a long
shared history, Asia has the greatest diversity of honey bee parasitic mites. With the
exception of Acarapis woodi, the parasitic mites now exploiting A. mellifera were
exclusively parasites of Asian honey bees. V. destructor (henceforth, Varroa)
originally parasitized Apis cerana, the Eastern (or Asiatic honey bee) honey bee (7).
Long evolutionary history in sympatry has allowed for Varroa to have a balanced host-
parasite relationship with its original host. The Eastern honey bee has a number of
effective defenses to maintain the parasite at asymptomatic levels (8, 9). However,
phylogenetic evidence suggests that its relationship with the Western (or European)
honey bee, A. mellifera, began far more recently (between 50 and 100 years ago) and

as such very few, if any, of these defenses exist in the European honey bee (5, 10).
1



Varroa began spreading across the globe about 5 decades ago and has since
achieved a nearly cosmopolitan distribution. It is currently found in virtually every A.
mellifera colony around the world excluding Australia and small outlying island
territories (5). This invasive mite was first detected in the US in 1987 (11). Within a
decade of its introduction, Varroa had wiped out nearly all established feral honey bee
colonies (11). Managed colonies have experienced heightened losses as well though
not at the magnitude of the feral colonies due primarily to the intervention of
beekeepers. The cost of managing Varroa factors substantially into the conservative
$120 billion estimate of the economic damages of invasive species in the US each year
and the $1.41 trillion worldwide which represents 5% of the global economy (12, 13).
Developing countries are more dramatically impacted by invasions like that of Varroa
because of their greater reliance on agriculture (13).

Without intervention, most colonies will die within 1 to 2 years of infection
(14). Just 5 decades ago, colonies were observed collapsing 4-5 years post introduction
of Varroa into the colony. Honey bees reportedly could tolerate mite loads of several
thousand mites per 10,000 bees before reaching critical threshold(15, 16). Now a ratio
of 3% brings the colony to its critical threshold suggesting that mite populations are
growing in virulence or that the bees are becoming less tolerant (17). The reasons for
this potential growth in virulence are poorly understood but may relate to the
introduction and/or hybridization of different Varroa haplotypes which have been
shown to vary in virulence (7, 11). Studies in Asia have shown hybridization between
the 9 V. destructor haplotypes producing hybrids of undetermined virulence and host

range (9).



The need for consistent chemical intervention and increased losses have driven
up the cost of beekeeping, ostensibly pricing the practice out of reach of many lower
income, would-be beekeepers. Further, in the years since its introduction, our
agricultural dependency on pollinator-dependent crops has increased considerably
underscoring our need to better understand this parasite and develop more effective
control measures (18). However much of our understanding of the fundamentals of this
parasite’s morphology, behavior and lifecycle is based on studies published in the
former Soviet Union most of which have never been translated into English. As a direct
result, many conclusions about this species have been drawn from studies for which

methods have not been reproduced and claims never verified.

Chapter 1: Determining the Feeding Site of Varroa destructor on

Adult Honey Bees: Is There Actually a Phoretic Phase?

Introduction

Varroa destructor (Varroa) is the most significant single driver of managed
European honey bee (Apis mellifera) colony losses worldwide (5). Several factors
contribute to the dramatic effect of Varroa on honey bee populations including the
direct impact of their feeding on immature bees, their status as a confirmed vector of
five debilitating viruses and potentially 13 others, their near ubiquitous presence in A.

mellifera colonies, and the naive nature of the host and parasite to one another due to

3



their lack of historical sympatry (5, 19, 20). All of these factors have been studied
extensively over the last half century but the conclusion that Varroa feed exclusively
on the hemolymph of honey bees (hemolymphagy) has received little discernible
scrutiny. Notably, multiple studies have been undertaken to explain the diverse array
of honey bee pathologies associated with Varroa feeding that cannot be attributed to
the removal of a small volume of hemolymph (21-28). These pathologies range from
diminished immune function and reduced pesticide tolerance to impaired pupal
development and shortened lifespan underscoring an imperative to understand exactly
how parasitic feeding impacts an insect critical to global food security (5, 22, 24, 25,
27).

While vertebrate blood-feeding (hemophagy) is well-documented in
arthropods, the substantially lower nutrient content of insect hemolymph calls into
question the ability of an organism to sustain itself exclusively on this resource (29-
31). Vertebrate blood has a cell content of about 40% by volume contributing to a
relatively high nutrient content. Insect hemolymph generally contains less than 2% cell
content and has a generally dilute nutrient profile (32, 33). In line with these facts, the
concept of hemolymph feeding as the sole or main nutrient acquisition strategy has
been addressed and largely refuted in several insects (29-31, 34-37).

Our current understanding of Varroa feeding behavior is based on work
conducted in the 1970s in which investigators used radioisotopes, [°°Sr] or [*H], to
conclude that the mites feed on their host’s hemolymph (38-40). [3H] lacks consistency
as a marker for target tissue and has since fallen out of favor (39, 40). [*°Sr] was used

as a marker for hemolymph because of its tendency to replace calcium in tissue but the



abundance of calcium in both hemolymph and fat body makes it impossible to identify
a host meal in the presence of both tissues via this method. The issues with using either
isotope for this purpose would be further exacerbated if Varroa employs extra-oral
digestion like most mesostigmatids, since liquid and semi-solid tissues would dissolve
together in the host before consumption. Attempts to develop systemic
chemotherapeutics during the same period (miticides fed to the bees and consumed by
the mites when they feed) consistently ended in failure and as such, none are currently
commercially available (5, 16). This is expected if the target host tissue has not been
accurately identified. However, despite the failings of the experimental evidence and
the existence of circumstantial evidence suggesting that this parasite feeds on a
different host tissue, Varroa hemolymphagy has remained the accepted view.

Varroa are closely allied phylogenetically with predatory and parasitic mites
that feed by extra-oral digestion (41). This implies that they may consume semi-solid
tissue near where they attach to their host. Furthermore, the digestive system and
mouthparts of this mite are structured in ways | would expect from an organism that
feeds on semi-solid tissue via extra-oral digestion rather than hemolymph. For example,
Varroa a have simple, tube-like gut structuring, (no enzymatic activity in the midgut)
and a gnathosoma with well-developed salivary stylets allowing salivary fluid to mix
efficiently with internal host tissue (16, 42). While Varroa possess attributes associated
with feeding on semi-solid tissue, they lack essential adaptations associated with
hemolymph feeding. The evolutionary transition to dilute fluid feeding is usually
accompanied by a reduction in sclerotization of the idiosoma which allows for the

parasite to stretch to accommodate a large volume of liquid food (43). Varroa are



conspicuously lacking this adaptation along with characteristic restructuring of the
digestive system (i.e., a filter chamber or analogous adaptation) to manage the added
osmoregulatory burden of a low-nutrient, high water diet (16, 35, 44, 45). Further, the
waste product excreted by this mite, i.e. guanine, is usually associated with organisms
that have an abundance of protein in their diet and significant water limitation (46).
Considering the discrepancies between Varroa physiology and what | would
expect from a hemolymphage, | have proposed an alternative hypothesis that Varroa
feed on honey bee fat body tissue. Such a feeding behavior is more consistent with our
current understanding of the morphology and physiology of Varroa and the diversity
of pathologies associated with its feeding. Fat body is a nutrient rich, vital organ near
the cuticle of both adult and immature honey bees (47). It is the primary site of protein
and urate synthesis and contains relatively high levels of guanine (47, 48). The essential
role of the fat body in hormone regulation, immune response, and especially pesticide
detoxification makes an understanding of the relationship between this parasite and this
tissue particularly relevant to ongoing discussions on the causes of honey bee health
decline (47). Moreover, determination of the primary source of nutrition for Varroa
would change our understanding of the etiology of this parasite and could potentially
lead to the development of novel, and of active interest, more effective, treatment
strategies (e.g. systemic pesticide formulations, RNAI, etc.). To that aim, | conducted
a three-tiered study asking the following questions: 1) Do so-called phoretic Varroa
primarily or exclusively feed in proximity to the fat body? 2) What host tissue(s) is
(are) being ingested by Varroa when feeding? 3) What host tissue(s) is (are) integral to

survivorship and reproduction in foundress mites?



Methods: Spatial Distribution of Apparently Feeding Mites on Adult Bees

To determine the location of dispersing mites on adult bees in A. mellifera
colonies, | examined bees originating from naturally mite infested colonies maintained
by the University of Maryland or United States Department of Agriculture, Agricultural
Research Service (USDA ARS) Bee Research Lab in Prince Georges County,
Maryland. Between May and June 2016, frames containing capped and uncapped brood
were removed from 4 different colonies on 8 occasions. Sampling was conducted
during favorable beekeeping weather (i.e. while sunny and warm) to permit opening
hives with minimal usage of smoke, minimizing the potential impact on parasite
behavior. Immediately after removal, worker bees were randomly selected, pulled from
the frame by clasping the wings together and inspected for the presence of Varroa. The
location of the mite was recorded being on the head, between the head and mesosoma,
on the mesosoma, between the mesosoma and metasoma, or beneath an ordinal
numbered tergite or sternite on the metasoma (24 locations total). Examined bees were
removed from the colony to avoid sampling the same individual multiple times. Data

from drones was not collected in this study.

Methods: Transmission Electron Microscopy & Light Microscopy

Adult bees were taken from Varroa infested colonies, and a single drop of
cyanoacrylate glue was placed on actively feeding mites. The glue permanently affixed
the position of the mite between the tergite and/or sternite of the bee. The head and
thorax of the bee was removed and the abdomen with attached mite was fixed in 2.5%
glutaraldehyde, 0.05M sodium cacodylate for 2 hours. After initial fixation, the

abdomen was further dissected and trimmed to a size encompassing the area directly
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around the mite, and a small cut was made in the posterior end of the mite to facilitate
fixation and embedding. The bee/mite complex was fixed at 4°C overnight, then the
tissue was rinsed 5 times with 0.05M cacodylate buffer and post-fixed in 1% buffered
osmium tetroxide for 2 hours at room temperature. The tissue was then rinsed 5 times
in the same buffer, dehydrated in a graded series of ethanol followed by 2 exchanges
of propylene oxide, infiltrated in a graded series of LX-112 resin/propylene oxide and
polymerized in LX-112 resin at 65°C for 24 hrs. 60-90nm silver-gold sections were cut
on a Reichert/AQO Ultracut ultramicrotome with a Diatome diamond knife and mounted
onto formvar-coated copper slot grids. Grids were stained with 4% uranyl acetate and
3% lead citrate and imaged at 80kV with a Hitachi HT-7700 transmission electron
microscope. For light microscopy, 0.5um thick sections were mounted onto glass
slides, stained with toluidine blue, and imaged with a Zeiss Axiozoom V16 stereo zoom

microscope.

Methods: Low Temperature Scanning Electron Microscopy

Low temperature scanning electron microscopy was conducted at the USDA
ARS Electron and Confocal Microscopy Unit using techniques outlined by Bolton et
al. (2014) (49). Varroa parasitized honey bee metasoma were dissected to expose the
feeding mite. Each metasoma was were secured to 15 cm x 30 cm copper plates using
ultra smooth, round (12mm diameter), carbon adhesive tabs (Electron Microscopy
Sciences, Inc., Hatfield, PA, USA). The specimens were frozen conductively, in a
Styrofoam box, by placing the plates on the surface of a pre-cooled (-196 °C) brass bar,
the lower half of which was submerged in liquid nitrogen (LN2). After 20-30 seconds,

the holders containing the frozen samples were transferred to a Quorum PP2000 cryo-
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prep chamber (Quorum Technologies, East Sussex, UK) attached to an S-4700 field
emission scanning electron microscope (Hitachi High Technologies America, Inc.,
Dallas, TX, USA). The specimens were etched inside the cryo-transfer system to
remove any surface contamination (condensed water vapor) by raising the temperature
of the stage to -90 °C for 10-15 min. Following etching, the temperature inside the
chamber was lowered below -130 °C, and the specimens were coated with a 10nm layer
of platinum using a magnetron sputter head equipped with a platinum target. The
specimens were transferred to a pre-cooled (-130 °C) cryostage in the SEM for
observation. An accelerating voltage of 5kV was used to view the specimens. Images

were captured using a 4pi Analysis System (Durham, NC).

Results

To answer the first question, | conducted an observational study wherein |
mapped the location of Varroa parasitizing adult bees. | hypothesized that the mites
would not randomly disperse on adult bees, but rather, would be found preferentially
at sites on the bee that maximized their ability to access their target food source. Fat
body is distributed throughout the hemocoel of immature bees but in adult honey bees
it is primarily localized to the inner dorsal and ventral surfaces of the metasoma (the
designation for the abdominal region in hymenoptera) (50). | examined worker bees in
the brood nests of four different colonies, of which 104 had at least one mite present. |
found clear location biases in these mites (Figure 1.1). The majority (n=99, 95.2%)
were found ventrally on metasoma wedged underneath the overlapping terga or sterna

(abdominal plates) of the bee (Figure 1.2a & b). Specifically, mites on the metasoma
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were found with greatest frequency (88.5%) underneath the sternite or tergite of the
third metasomal segment (Figure 1a). No mites were found on the head of the host bee.
Few mites were found on the mesosoma (thoracic region) of the host (about 4.8%).
Notably, these mites behaved differently than the mites beneath the sterna and terga;
they moved about actively and were primarily found with their sensory legs raised
suggesting that they were questing for transfer to a passing bee rather than feeding.
Upon removal of the mite, | found no evidence of feeding in this location. Mites on the
metasoma moved only after being disturbed repeatedly. Varroa located on the
metasoma of the host also exhibited a consistent preference for the left side (74.8% of
observations) (Figure 1.1 a).

The life cycle of Varroa is separated into two distinct phases that focus on
separate life stages of the bee, the reproductive (parasitizing the brood) and the so-
called “phoretic” (parasitizing adult bees). The term “phoretic” is defined by
exploitation of a host for transport and specifically excludes exploitation of the host as
a food source (51-58). To determine if these mites were truly phoretic (i.e. seeking only
transport, harborage, and/or protection from grooming under the sternites and tergites
of the host bee), |1 examined the intersegmental membrane in the area of highest
preference. Images captured via low-temperature scanning electron microscopy
revealed a wound in the intersegmental membrane (Figure 1.2c & d) caused by the
gnathosoma of the mite (Figure 1.2e). Freeze-fractures of bees with attached mites
show that these parasites feed in close proximity to fat body and soft muscle tissue
(Figure 1.2f). To better image the wound site, adult bees with apparently feeding mites

were chemically fixed, thin sectioned, and imaged via transmission electron
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microscopy. In addition, several 0.5um thick sections were slide mounted, stained, and
imaged with via light microscopy. These methods show a mound of host tissue at the
wound site (Figure 1.3a-c). Just below the surface of the wound are the inner contents
of damaged fat body cells showing degradation consistent with extra-oral digestion
(Figure 1.3c & e). Further, these images also reveal two colonies of morphologically
distinct bacteria (Figure 1.3c & d) similar to observations of bacteria colonizing Varroa

feeding wounds in brood (59).
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Figure 1.3

Figure 1.1 Varroa destructor shows consistent preference for the underside of the metasoma
of adult host bees, an area predominated by fat body tissue just beneath the cuticle.

a, Diagram showing frequency of dispersing Varroa found in each location on 104
parasitized worker bees in five trials (tg=tergite, st=sternite). Varroa were found on
the underside of metasoma as opposed to locations on the mesosoma or head (GLM):
x22=6.5, P<0.001. Mites strongly preferred the third segment of the metasoma to any
of the other 23 locations (GLM: x2 2 = 4.5, P<0.001). Mites were also found
preferentially on the left side of the host (Chi): x2=24.02, P<0.001.

Figure 1.2 Feeding site of Varroa in dispersal phase imaged on adult honey bee via Low
Temperature Scanning Electron Microscopy (LT-SEM).

a-e, Colorized image of a worker bee parasitized by Varroa (white arrow) (a & b).
The mite is wedged beneath the third tergite of the metasoma. When removed, a wound
can be observed (c, d) matching the modified chelicera of the mite mouthparts (e).
Image c colorized to show the impression of the mite left in the soft tissue of the bee.

f, Freeze fracture image showing a cross section of a mite at feeding site; note the thin
intersegmental membrane (white arrow) and fat body and muscle tissue just on the
other side. In the process of creating the fracture, the mite (black asterisk) was pushed
away from the membrane.

Figure 1.3 Dispersing Varroa attached to worker bees were used to pinpoint the precise
location of the feeding site, revealing the ultrastructural morphology of the feeding site wound,
bacteria at the feeding site, and details of the fat body.

a,b, Histological cross section of a worker bee with Varroa attached in the feeding
position at the third metasomal segment, arrows showing position of the fat body tissue
lying directly beneath the intersegmental membrane (a). The feeding site wound in the
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membrane of the bee is clearly visible as a large mound with a hole intersecting the
membrane, arrow indicating the hole (b).

c-e Transmission electron microscopy (TEM) images of the feeding site wound in the
intersegmental membrane of the bee, showing a hole with irregular edges where the
chelicera of the mite have penetrated the membrane. The black arrow indicates
bacteria at the feeding site beneath the intersegmental membrane, and the white arrow
indicates degraded fat body cells likely due to the extra-oral digestion. (c) Higher
magnification reveals two species of morphologically distinct bacteria (d) and greater
detail of irregularly shaped cell contents of the degraded fat body tissue (e).

f, TEM image of the fat body tissue showing a trophocyte with numerous vacuoles
filled with electron dense lipid globules and an irregularly shaped nucleus.

Discussion

These images constitute direct evidence that Varroa feed on adult worker bees
and are not using them for phoresy. Exceptions have been made historically for some
parasites such as Macrocheles muscaedomesticae which may or may not feed briefly
while in transit because transport to a specific destination is the primary goal, feeding
IS not consistent, and the parasite is not specialized for the task (53, 60, 61). This
exception, however, cannot be made for Varroa as these mites utilize adult host bees
for feeding consistently, their shape and anatomy is adapted for fitting between the
plates of these bees to access their feeding site, and they remain in this phase for several
days showing that transport from one specific location to another is not the primary
goal (62, 63). Varroa remain attached do adult bees between 1 and 13 days with an
average of about 7 days (63, 64). If the primary goal of the mites is to be moved to a
new reproductive host, the length of time spent on the adult host is unnecessary under
most circumstances. Varroa are primarily found on nurse bees during this stage, and

their frequent contact with viable brood would allow them to parasitize new brood
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almost immediately. These observations are, however, consistent with behaviors
expected from a parasite with the goal of obtaining essential nutrients from a host.

I would propose replacing the inaccurate term “phoretic phase” with the more
accurate designation “dispersal phase”. Because feeding occurs consistently in both
phases of the lifecycle of the mite, it is not useful to attempt to define either stage by
the presence or absence of feeding. Instead, there is greater utility in defining the so-
called “phoretic phase” by the most distinctive feature; mites can disperse to new brood
cells (to juvenile hosts), between worker bees (adult hosts), and to knew host colonies
only in this phase (barring human intervention). The term “dispersal phase” will be
used throughout to refer to so-called “phoretic mites”.

The preference for feeding on the ventral rather than the dorsal region of the
metasoma is consistent with expectations if fat body is the target tissue as there are
larger deposits of fat body tissue on the inner ventral surface of the metasoma rather
than the dorsal surface (50). Preference for the third segment may be because it is the
longest segment, providing a large external parasite with space to feed while concealing
most of its body from a grooming host (Figures 1.1 & 1.2a). This theory is further
bolstered by the observation that the mites consistently fed under the longest section of
the longest segment, a lobe formed by the edge of each tergite or sternite (Figure 1.2b).
The strong preference of this parasite for the left side of its host suggests that there may
be a benefit to feeding in this location as well. This preference may be related in part
to asymmetry in host grooming habits or internal asymmetry of the host. Our
dissections have shown that a larger section of the ventriculus (gut) rests on the left

side of the honey stomach and rectum than the right side. Full expansion of the honey
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stomach or rectum (a common occurrence during feeding or digestion) would
theoretically push this section farther to the left forcing it against the body wall on the
left side. This likely forces the fat body tissue closer to the cuticle potentially making

more of it accessible to the parasite.
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Chapter 2: Identification of Host Tissue Consumed by Parasitic
Mite Varroa destructor Using Tissue Specific Fluorescent

Biostains

Introduction

While our observational and histological work provide evidence for fat body
feeding, I confirmed these findings by differentially staining both target tissues in host
worker bees and examining the contents of the mites that were allowed to feed on these
bees. Bees were fed a fluorescent lipophilic biostain, Nile Red, to mark the fat body
tissue and a fluorescent hydrophilic biostain, Uranine, to mark the hemolymph. Both
biostains were confirmed to persist in their target tissue (Figure 2.1 a-d). Samples of
bee hemolymph, fat body, and gut were removed from the biostained host and imaged
using fluorescence microscopy. Fluorescence from the digestive system of the mite was
captured directly through the integument of the mite (Figure 2.2 a & b). Mites fed a
diet with a single biostain were imaged via confocal laser scanning microscopy. |
removed the genital and posterior metapodal plates from these mites to better resolve

internal structures (Figure 2.2 c-e).

Methods: Tissue Biostain Study

Frames of capped brood were collected from treated colonies maintained by the
University of Maryland, College Park. Each individual frame of capped brood was

placed in a ventilated, single frame box (custom designed by Zastrow Services LLC)
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and placed an incubator at 34°C and 80% RH. Emerging adult bees were collected at
least once every 24 hours.

Varroa used in this experiment were obtained from untreated colonies. These
colonies were maintained by the University of Maryland, College Park or the USDA
ARS and were sampled between June and late August. Adult honey bees with
apparently feeding Varroa (located at the identified feeding site) were collected and
the mites allowed to remain on the host bees until they were needed later in the study.

Adult honey bees were confined to cages with approximately 30 individuals of
the same age. Cages consisted of 160z transparent Solo brand cups with nylon mosquito
netting used as a lid to maintain adequate ventilation. Feeders were made from 2ml
microcentrifuge tubes. A hole was made in the bottom of each feeder with a heated
metal probe. Four feeders were suspended through small holes cut in the mesh lid of
each cage.

Fluorescent biostains were used to stain the relevant tissues. Uranine
(Thermofisher), was selected to mark the hemolymph because of its low lipophilicity
(Kow: 0.0342) and high water solubility (500,000 mg/L). Nile Red (Thermofisher) has
the inverse of these characteristics (Kow: 4.38, solubility: 0.178 mg/L) and as such was
used as the fluorophore to mark the fat body.

The diet consisted of 30g of sucrose dissolved in 100ml of distilled water. A
2% mixture of Uranine was made from 2g of sodium fluorescein powder dissolved in
98ml of distilled water. Then 1.5ml of the 2% Uranine mixture was added to the sugar
water diet. A mixture of 0.025g of Nile Red biostain powder dissolved in 0.5ml of

sunflower oil was added to the solution. Soy lecithin (0.5g) was added to act as an
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emulsifier and 5g of honey as a stabilizer for the emulsion. The entire mixture was
blended for 1 minute in a high speed Nutribullet blender (Pro 900 Model) to ensure
thorough mixing of the emulsion. Honey bees were allowed to feed on this solution ad
libitum immediately post eclosion for 5 days.

I also introduced Megabee pollen substitute as a source of protein. Burr comb
was removed from several honey bee colonies and placed into the aforementioned
rearing cages. | created a 100ml, 1:1 mixture of pollen substitute to heavy sugar syrup
(composed of 2:1 sugar to distilled water). | then added 5ml of sunflower oil mixed
with 0.025g of Nile Red powder and 1.5ml of the 2% Uranine mixture. This
pollen/fluorophore mix was added to about 20 cells per comb.

At 5 days post eclosion, biostain-fed bees were removed from the colony cups
and each placed in a small transparent 1.250z Solo cup with nylon mosquito netting
used as a lid to ensure that the mites were not able to escape. A single dispersal phase
Varroa female was placed on the body of each adult bee. The bee was allowed to feed
on a 30% sugar solution ad libitum from a partially filled 2ml microcentrifuge tube
suspended through a hole in the mesh lid. This sugar solution lacked biostain to prevent
mites from picking up biostain from the feeder or potential spills while confined with
the experimental host bee. Bees in our cage studies showed far greater survivorship
when confined with burr comb so small sections of burr comb (9 cells) were cut out
and placed in these small cups as well. Pollen mix without either biostain was added to
4 cells.

After the trial, the Varroa were removed from their host bees. The mites were

then rinsed with 70% ethanol to remove biostain that may have potentially contacted
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the mite’s integument from the excrement or regurgitation of the host. The
experimental mites were then placed in fluid exchange vessels, 1 mite per numbered
well to allow for continued association of the mite with its specific host bee. These
fluid exchange vessels were then submerged in 30% peroxide for 5 days to quench the
autofluorescence of the integument of the mite. After the peroxide bath, fluorescence
levels of the internal structures were acquired and quantified using a Zeiss Axiozoom
V16 stereo zoom microscope. Images of the mites were captured at 40x magnification
at 1s exposure. Fluorescence values were aggregated using ImageJ software and
analyzed with R statistical computing software version 3.4.2.

Tissue was extracted from each experimental bee to verify that the correct
biostain accumulated in the target tissue. Using a Finnpipette brand 10ul micropipette,
2ul of hemolymph were withdrawn from each bee. Afterwards, the gut contents were
removed from the bee by carefully pulling out the digestive tract via the stinger. If the
digestive tract showed any signs of tearing, that sample was discarded to avoid gut
contents spilling onto the fat body and causing inaccurate readings. Fat body was
collected via dissection and about 2ul was measured using a Finnpipette brand 10pl
micropipette. Fluorescence of honey bee samples was acquired using the same methods
as those for Varroa. Samples were also collected via the same methods from honey
bees fed sugar solution lacking any fluorophore. The mites fed on control bees
submerged in 30% hydrogen peroxide and imaged to establish baseline
autofluorescence levels for photochemically quenched mites. Tissue from the control

bees was used to estimate average levels of autofluorescence naturally associated with
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each tissue. The averages of these values were calculated and removed from those of
the experimental mites prior to statistical analysis.

Our preliminary observations showed that Varroa rarely survived for 24 hours
without feeding which corresponds with the findings of Garedew et al. (2004)(65). To
reduce the likelihood that data from Varroa that had not fed on the biostain marked
host were being included in this study, Varroa that died during the 24-hour trial were
not processed or included in the data set. Trials in which the honey bee did not survive
were also not included. Though Varroa have been shown to continue feeding from bees
several hours after they die(65), hemolymph samples could not be obtained from dead
bees so their data was also not included in the analysis.

Preliminary trials were conducted to establish the stability of each biostain in
the target and non-target tissue. Adult bees were randomly assigned to one of two
treatments, each fed only one of the biostains from the first day of emergence onward.
After 5 days the levels of the biostain in hemolymph and fat body were collected and
compared using the aforementioned protocols. Peroxide protocols were refined to
ensure this chemical was not damaging the fluorophore. Mites fed biostain were
submerged in peroxide for between 1 &12 days to determine when autofluorescence
was adequately quenched but the fluorophores were still active. This period was

determined to be between 4 and 6 days.

Methods: Tissue Axiozoom Fluorescent Microscopy

A Zeiss AxioZoom V16 stereo zoom microscope (Thornwood, NY) was used to

obtain images. The images were observed using a 1x 0.25NA or 2.3X 0.25NA
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PlanNeoFluor objective. LED lighting was used for brightfield imaging and an
AxioCam HRC Color camera was used to capture the images. Fluorescence
microscopy was accomplished using a 200 watt mercury vapor lamp (HXP Short Arc
Lamp, Thornwood, NY) with a filter set for YFP with excitation at 500nm, beam
splitter 515nm and emission at 535nm; mRFP with excitation at 572nm, beam splitter
590nm and emission at 600nm. Fluorescence was captured using an AxioCam 506
mono camera. Zen 2 Pro Blue (Thornwood, NY) 64 bit software was used to capture

and preprocess images.

Methods: Confocal Laser Scanning Microscopy

A Zeiss LSM710 confocal laser scanning microscopy (CLSM) system was
utilized. The samples were mounted on slides and observed using a Zeiss AXxio
Observer™ (Thornwood, NY) inverted microscope with 10x 0.5 NA and 40x 1.2 NA
Plan-Apochromat objectives. Several excitation wavelengths were utilized, 405nm
(DAPI), 488nm (GFP), 515 (YFP) and 561nm (DsRed) with corresponding filter sets
for each emission, 410-484nm (DAPI), 494-554nm (GFP), 530-555 (YFP) and 566-
704nm (DsRed) with a pin hole of 33um. Zeiss Zen 2012 Pro software was used to

obtain 20-50 z-stack images to produce maximum intensity projections.

Results

Mites fed a diet with a single biostain were imaged via confocal laser scanning
microscopy. | removed the genital and posterior metapodal plates from these mites to

better resolve internal structures (Figure 2.2 c-e). Fluorescence associated with honey
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bee fat body tissue was consistently detected inside of the mites comprising two to four
times what was detected from honey bee hemolymph in the same mites (Figure 2.3 a-
c). No mites from this study showed greater levels of the hemolymph biostain than the
fat body biostain. The confocal images confirmed these findings as mites fed on bees
with only biostained hemolymph (Figure 2.2d) showed fluorescence levels similar to
the control (given no biostain) (Figure 2.2e). However, mites fed on host bees with
fluorescently stained fat body tissue produced a robust signal of sufficient intensity to
clearly see the shape of the digestive system of the mite (Figure 2.2c).

The distinct biochemical properties of each tissue allowed for a tissue-specific
fluorescence profile to be determined. Fat body tissue has small amounts of hemolymph
that run throughout. Hemolymph tissue contains low levels of lipophorin and
circulating adipocytes so both tissues were expected to accumulate low levels of the
non-target biostain. The proportion of fluorescence from the non-target biostain
relative to the target biostain was used to create the unique profile for each tissue. Nile
Red fluorescence over total sample fluorescence in honey bee fat body tissue yielded a
value of 71.1% and 17.3% in the hemolymph (Figure 2.3b & c). Nile Red fluorescence
relative to total sample fluorescence generated from mites exposed to biostained bees
yielded a value of 71.6% (Figure 2.3a). There was no statistically significant difference
between fat body fluorescence profile and the fluorescence profile of the mites after
feeding on biostained bees, strongly suggesting that the tissue in the experimental mites
is fat body tissue. However, the fluorescence profile of the hemolymph (17.3%)

differed substantially from what was found in the experimental mites.
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Figure 2.1 Host tissue collected from bees with fluorescently stained internal tissues showing the fidelity
of each biostain (Nile Red and Uranine) for each host tissue (fat body and hemolymph respectively).

a-d, Hemolymph tissue shown in brightfield (a), and with fluorescent imaging (b). Fat body
tissue shown in brightfield (c), and with fluorescent imaging (d).

Figure 2.2 Varroa fed on nurse bees with fluorescently stained hemolymph and fat body tissue primarily
showed fluorescence associated with fat tissue.

a,b, Varroa after having innate fluorescence (autofluorescence) of the integument reduced via
hydrogen peroxide bath (a). Bright red fluorescence (associated with fat body biostain) can
clearly be observed in its multi-lobed digestive system without dissection (b). Note,
fluorescence associated with the hemolymph (yellow) is very low and virtually indiscernible
when imaged.

c,d,e, Confocal microscopy images of dissected Varroa fed only one of the fluorescent
biostains. Mites fed on bees with fluorescently stained fat body show such high levels of Nile
Red in the digestive system that the shape of the gut can be clearly observed via fluorescence
imaging. Mites that fed exclusively on bees with biostained hemolymph (d) showed
fluorescence only marginally above the control (e).

Figure 2.3 Mean biostain levels detected in Varroa and in biostain honey bee tissues. Fluorescence
values reported in arbitrary fluorescence units (AFU).

a-c, Mean biostain levels detected in Varroa after 24 hours of exposure to stained host bees (a).
Levels of the fat biostain (Nile Red) are higher than that of the hemolymph (Uranine) biostain
and appear in the same proportion as in the fat body of the host bees (b), Proportion Test (prop
test): (x2=3.62e-28, P=1). This proportion differs significantly from that of the hemolymph of
these bees (c) providing further evidence that mites are not consuming this tissue in significant
amounts (prop test: x2=197.33, P<0.001).

Discussion

Our results show that Varroa primarily consume fat body in their diet. This
breaks from the accepted model that these mites are hemolymphagous. There has long
been evidence in support of this conclusion. Varroa feeding reduces protein content in
the metasoma of parasitized bees but not in the mesosoma, even at levels of 11 mites
on one host (22). If Varroa are exclusively removing circulating hemolymph and, by
consequence, the relatively low levels of protein in it, it is expected that the protein
content in the mesosoma would also be reduced even if the mites are primarily
withdrawing the hemolymph from the metasoma. However, the alternative model

makes more sense of this observation as the removal of fat body tissue from the
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metasoma would leave the protein content of the mesosoma largely unaffected. Further,
mites fed on by Varroa show a notable disruption in their ability to replace lost protein,
specifically in the metasoma (26). The removal of circulating hemolymph proteins
could account for the reduced protein levels in the host but not the inability to replace
them, however, feeding damage caused to the fat body likely would do so as it is the
primary source of protein synthesis and storage in insects (47, 66-68).

The cells of the fat body synthesize the majority of the hemolymph proteins,
storage proteins, lipophorin, antimicrobial peptides, and vitellogenins (47, 66, 67).
Reduction in lipophorin and wax precursors, produced within specialized fat body cells
called oenocytes, potentially accounts for the alterations to cuticular hydrocarbons and
the dramatic water loss reported in multiple studies of Varroa parasitism in honey bees
(22, 23, 25, 67). Several studies have shown that feeding by Varroa substantially
decreases fat and protein content in adult bees and may even inhibit production of these
molecules (16, 21, 22, 26, 69). Glinski (1984) (21) proposed that it was reasonable to
assume that some other factor was at work in reducing protein concentrations in
parasitized honey bees aside from the simple withdrawal of the hemolymph because
protein reduction was still high in pupae parasitized by relatively few Varroa.

High metabolic activity is a defining characteristic of fat body tissue. It is the
primary site of most of an insect’s intermediary metabolism (47). As such, it is
unsurprising that Varroa feeding decreases the metabolic rate of parasitized bees (22).
Feeding interferes with the generation of precursor metabolites, oxidative

phosphorylation, lipid metabolism and ultimately the production of biochemical
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energy, an additional set of effects that were not accounted for within the conventional

model (26).
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Chapter 3: Determination of the Suitability of a Honey Bee Hemolymph or Fat

Body Diet for Survivorship and Reproduction of Varroa destructor

Introduction

Both studies provide evidence that Varroa consume fat body tissue from adult
honey bees. However, | also set out to determine if fat body is a dietary requirement
impacting survival and fitness. To answer this question, | developed a bioassay which
provided reproducing Varroa one of six host tissue diets with a hemolymph to fat body
ratio of: 100%:0%, 75%:25%, 50%:50%, 25%:75%, 0:100%, and an unfed control. |
monitored mites provisioned with the different diets for seven days, during which time

| noted any oviposition and mortality.

Methods

Varroa for this study were taken directly from the sealed brood cells of heavily
infested colonies maintained by the University of Maryland, College Park or the USDA
ARS. Cells were selected that had been capped for approximately 12 hours. This length
of time proved important as the mites appear to react to environmental cues that
potentially induce transition into their reproductive phase during this period. In
preliminary trials, mites removed prior to 12 hours produced very few offspring
regardless of treatment. Significantly longer than 12 hours and the mite is likely to
begin feeding on the developing prepupa. The end of this period is marked by the
initiation of the cocoon spinning phase thus larval age could be estimated accurately

based on the presence of silken fibers lining the underside of the capping. The results
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of this study could potentially be biased if some Varroa were able to feed on host brood
prior to the trial. This would afford the individual mites different nutritional starting
points at the outset of the trial.

Brood cells were opened by removing the wax capping using dissecting tools.
Foundress reproductive mites were transferred to artificial enclosures and given 20ul
of honey bee tissue through an artificial membrane. Survivorship was recorded once
per day over the course of 7 days. At the start of the trial, each foundress mite was
introduced into her own artificial enclosure, a standard commercial queen cup made of
compressed wax. Inside of each cell, I introduced one size five gelatin capsule
containing the treatment solution. Size five gelatin capsules are 1.1 cm in length, about
the size of an average 5" instar worker bee larva and functioned well as “decoy larva”
for this experiment. A large section of the gelatin capsule was cut away and replaced
with Parafilm stretched by hand to between 10 and 15 um. Bruce et al. (1988) (70)
showed that mites were able to feed through a membrane of this thickness. Live pre-
pupae were pressed against the parafilm membrane to transfer cuticular
semiochemicals onto the surface of the membrane to stimulate feeding in foundress
mites. Parafilm was used to coat the outside of the cell to give a similar consistency to
that of soft larva. As a wax product, parafilm adheres very well to the surface of other
wax products, thus to hold the pill in place, | pressed the parafilm coating the outside
of the pill against the roof of the wax enclosure. The inside of the cell was wrapped in
parafilm as well to avoid the pill dissolving when exposed to the diet. The foundress
mite (and any offspring) were allowed to feed ad libitum through this membrane for

the duration of the trial. The contents of the capsule were filled once every 24 hours by
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piercing the wall of the capsule with a hypodermic needle and injecting the treatment
solution into it directly. Artificial cells containing the foundress mite and the decoy
larva were pressed into standard microcentrifuge tube racks and placed in an incubator
at 34°C and 70% RH.

Five foundress mites were randomly assigned to each treatment per trial.
Treatment solution consisted of 1 of the following formulations: 75% hemolymph to
25% fat body, 25% hemolymph to 75% fat body, 50% hemolymph to 50% fat body by
volume, 100% hemolymph, or 100% fat body in DPBS (Dulbecco’s phosphate
buffered saline to function as a carrier mimicking the salinity and pH of insect
hemolymph). Hemolymph was collected from nurse bees and transferred into pills
using Hamilton Gastight Chromatography Syringes. Fat body tissue for this trial was
dissected from the same nurse bees. While immature bees are the natural host of gravid
Varroa, the distribution of fat body cells as a free floating mass throughout the
hemolymph made it prohibitively difficult to adequately separate the two tissues for a
clear assay. Adult fat body was used because it is a connected mass localized to the
inner dorsal surface, and to a greater extent, the inner ventral surface of the metasoma.
After removing the digestive system, and wicking away excess fluid, fat body tissue
was removed using fine forceps. This tissue was liquefied using a Polytron PT 1300D
hand-held tissue homogenizer. and transferred into the pills using Hamilton Gastight
Chromatography Syringes. Nurse bees were collected directly from the brood nest of
several colonies tended by the University of Maryland, College Park. In addition our

diet relied of fat body from adult honey bees.
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Results

Mites that were provisioned with hemolymph only survived 1.8 + 0.8 days on average
with 5% producing eggs which was not different from the group that was starved, living
1.3 £ 0.64 days with 0% fecundity (Figure 3a-c). As the concentration of fat body in
the diet increased, survivorship and egg production increased as well (r?=0.9634)
(Figure 3d). Mites given no hemolymph, only fat body, showed the highest average
rate of survivorship (3.5 £ 1.5 days) and fecundity (40%) to those fed all other diets
(Figure 3a-c). Only mites in the 100% fat body or 50% fat body treatment survived the
full 7-day length of the experiment, albeit in relatively low numbers (20%). Mites
provisioned with 100%, 75% and 50% fat body in their diet had the highest fecundity
rates respectively 40%, 20%, and 32%. The diet composed of 25%:75% hemolymph:fat
body contributed far more rapidly to the growth of fungus than the other diets and as
such, a disproportionate number of experimental units were lost, likely contributing to
the lower than expected survivorship and fecundity in this treatment.

The rate of egg production for mites on our most successful diet — 100% fat
body (40% fecundity), was lower than the rates documented in natural conditions
(varying between 60% and 90% in worker brood based on factors that are yet
undetermined(5, 71). The low fecundity rates and relatively low survivorship are likely

explained by the artificial nature of this laboratory study.
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Figure 3 Mites fed honey bee fat body tissue survived longer and produced more eggs than mites provisioned
hemolymph. High mortality was observed across treatments; likely owing to the artificial setting. After
3 days, mites receiving 0%:100% and 25%:75% hemolymph:fat body as their diet maintained
survivorship at 60% while the 100%:0% hemolymph:fat body and the starvation control had already
exhibited full mortality.

a,b, Survivorship curve showing starvation control and all five host tissue diets (a). b, represents the
same data with levels combined that show no difference in survivorship. Note, mites provisioned
hemolymph and mites given no food showed no difference in survivorship. However, survivorship
differed substantially between the hemolymph treatment and all treatments given any level of fat
body (x2=16.1, P<0.001).

¢, Average survivorship of mites differed by diet. Survivorship and the ratio of fat body by volume
adhere to a strong positive linear relationship (R?=0.9634).

d, Egg production differed between treatment diets (ANOVA: P<.004). A positive linear
relationship was observed between egg production and the amount of fat body in the diet of the mite

(R?=0.7894).

Discussion

These findings provide sufficient evidence to reject the conventional model that

Varroa are hemolymphagous parasites. The location of their feeding site, the pre-

digested fat body cells therein, the presence of lipid-dense host tissue in the gut of the
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mite, and the strong relationship between survivorship, fecundity, and the levels of fat
body in the diet of the mite all suggest that the primary host tissue consumed by Varroa
is the fat body. This fundamentally changes our understanding of this agriculturally
significant parasite and has important implications for bee researchers attempting to
understand the etiology of varroosis. The development of tools, both chemical and
nonchemical, to manage this pest is particularly likely to be affected by these findings.
The in vitro system used in this study is the first to maintain Varroa off-host for more
than a week. With further refining of diet and culture conditions it may be possible to
rear mites for the full 12-14 day period of their reproductive cycle in capped cells,
contributing useful insight into the intricacies of and potential vulnerabilities in their
lifecycle. These findings further help to explain why past attempts to develop in vitro
Varroa rearing models have failed (70)'(72), as they attempted to use diets based on
the nutritional content of honey bee hemolymph rather than fat body tissue. Similarly,
lack of success in developing effective systemic pesticides likely owes to the same
issue of tissue misidentification (16). It was considered fact at the time of their
development that mites fed on hemolymph, thus these pesticides were likely formulated
to persist in the hemolymph of the honey bee rather than the fat (16). These findings
have practical implications for the development of novel Varroa management
technologies such as systemic RNAi which would need to be formulated to accumulate
in fat tissue to target this parasite.

These results mark an advancement in our understanding of exactly how Varroa
feeding impacts honey bees on both the colony and individual level. Varroa parasitism

is associated with impaired development of immature bees (22), decreased lipid
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synthesis (22), reduced protein titers (22), desiccation (25), impaired metabolic
function (22, 26), inability to replace lost protein (26), precocious foraging (73),
heightened winter mortality (74), impaired immune function (27, 28), decreased
longevity (16, 74), and reduced pesticide tolerance (75). This diverse array of
pathologies was difficult to account for under the conclusion that the parasite is feeding
on hemolymph but is well explained by exploitation of the multi-faceted fat body
tissue. The fat body facilitates metamorphosis, regulates metabolism, plays an integral
role in both thermoregulation and osmoregulation and it synthesizes and stores lipids
and proteins (47, 66, 67). The role of the fat body in protein synthesis accounts for early
task shifting and impaired immune function as the fat body produces vitellogenins
which are essential in signaling task shifting as well as antimicrobial peptides for proper
immune function (47, 73). Evidence of extra-oral digestion in this study provides
further weight to the finding that a significant volume of apparent salivary content is
left behind after Varroa feed (22). How long this material remains bioactive is not yet
known but likely extends the impact of feeding beyond the volume of tissue directly
consumed by the feeding mite.

Fat body tissue also plays a crucial role in pesticide detoxification by absorbing
and sequestering a wide range of xenobiotics thereby preventing them from finding
their active site and causing damage (67, 76). Recent studies have shown that honey
bees fed upon by Varroa suffer damage from pesticides even at concentrations that
previously would have been inert suggesting that their feeding on this tissue may
disrupt the process of pesticide detoxification (75). This factor potentially plays a role

in the observed honey bee health decline considering the near ubiquitous presence of

34



Varroa in honey bee colonies and the heavy reliance globally on chemical pesticides.
Exploitation of this pathway as a novel miticide delivery strategy may be possible if a
miticide tolerable to the bees can be incorporated into the bees feed to be subsequently
absorbed by the fat body during digestion and delivered to the mites when they
consume this tissue during the dispersal phase.

Healthy fat body tissue is also critical to overwintering success; thus, these
findings underscore an imperative for beekeepers to reduce Varroa populations in
colonies prior to the emergence of so-called “winter bees”. Simple reduction of mite
load late in the season may not be enough as vitellogenin produced by and stored in the
fat body reduces oxidative stress substantially extending the lifespan of the bees during
the winter (73, 74). Impairment of this function is expected to adversely impact winter
survival and spring build up. Removal of fat body tissue from winter bees developing
below the capping would would also disrupt the process of metamorphosis. As enzymes
disintegrate the juvenile organs, those macromolecular components are absorbed and
slowly released by the fat body to structure the adult organs (50). Removal of fat body
tissue during this critical process would ostensibly have implications for the eventual
size and health of the adult insect. Treatment would likely be more effective in late
summer or early fall before mites can significantly damage fat body tissue in winter
bees. The ability of this parasite to negatively affect such a broad array of processes
further highlights the critical link between this parasite and honey bee health. Our work
reflects a need to reexamine even the fundamentals of our knowledge of Varroa as |

work to diminish its impact.
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Chapter 4: Reproductive Protein Stealing in Varroa destructor

Introduction

Varroa destructor is the causative agent of more honey bee pathologies than
any other single factor affecting honey bee populations globally (4, 5, 77). How feeding
leads to a number of these pathologies is still poorly understood (5, 22, 23, 25, 27, 59,
74, 78). In addition, the rapid reproductive capability of this parasite is remarkable and
has been the subject of several studies (16, 79-86). Among the most notable
observations is the ability the foundress mite to produce an egg constituting a sizeable
portion of her body volume every 30 hours (81, 83).

The recent finding that this parasite feeds on host fat body, a multifaceted organ
involved in several functions, suggests that these two observations may be linked. One
key feature of the fat body in honey bees is that it is the synthesis and storage site of
the vitellogenins, the precursors of egg yolk in oviparous organisms. By feeding on
pupal fat body, Varroa are able to exploit a predigested, abundant, nutrient dense tissue
during a segment of their life cycle that is defined by strong evolutionary pressure to
quickly produce as many offspring as possible or, in the case of immature mites, to
grow as quickly as possible. The ability to use a tissue that already holds the class of
proteins that eggs need for proper development likely streamlines this process further.

Varroa reportedly have the ability to pass certain proteins through their
digestive tracts undigested consistent with the finding that these parasites have little to
no enzymatic activity in their midgut (16). More intriguing still is a finding that has
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gone largely unexplored, the presence of host proteins in the eggs of Varroa (87). No
one has yet determined the identity of these proteins or the origin of these proteins
within the host. Tewarson (1982) (87) speculated that because the Varroa is depositing
these proteins into its eggs, that this parasite is using them as its vitellogenins. Knowing
that Varroa are feeding on the tissue that produces and stores them in the bee raises the
possibility that this parasite is actually siphoning vitellogenins directly from host bees
and depositing them into its own eggs. This would be the first described instance of a
parasite stealing reproductive proteins from its host to be used for the same function in
its own lifecycle. This reproductive protein Kkleptoparasitism would represent a
markedly efficient and evidently fine-tuned mode of host exploitation. The term
kleptoparasitism (literally “parasitism by stealing”) is typically used when one
organism steals a food resource from a host. This circumstance differs in that the
resource, though derived from digested food, is a molecular component of the host.
Nonetheless, 1 would contend that the ecological impact is the same; the host is
deprived of a nutritional resource that the parasite is then able to use for its own
purposes. | would contend, that the term should be used to describe this instance as
well.

In this study, I used polyclonal antibodies developed to react to honey bee
vitellogenins as a means of identifying a honey bee protein found in Varroa eggs.
Confirmation was undertaken via high performance liquid chromatography mass

spectrometry.
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Methods

Sample Collection for Protein Assay

Samples were collected from queen right colonies in College Park, Maryland
and Oviedo, Florida. Frames were collected from the brood nest, capped cells unsealed
using insect dissection tools, and white-eyed brood removed from 30 cells. Three
white-eyed drone pupae and three white-eyed worker pupae were used to create pooled
fat body/hemolymph samples. To collect internal tissue each specimen was secured
using four insect pins at the base of the prosoma and mesosoma. A shallow cut was
made along the lateral margin of the metasoma where the sternites and tergites meet
and another incision across the anterior ventral margin of the metasoma. The metasoma
was then opened, pinned down, and the digestive system removed using a micropipette.
Comingled fat body and hemolymph tissue were then collected using a micropipette.
Freshly laid honey bee eggs were identified based on their upright posture in the cell
and 28 collected using a soft paint brush.

18 Gravid adult mites and 28 mite eggs were collected from unsealed brood
cells as well. Gravid females were identified based on separation between the dorsal
shield and anal sclerites. Distinct separation between them visible from the posterior
end of the mite and taut interscutellar membrane have been noted in previous
observation by dissection as clear indications of mid to late stage vitellogenic oocyte
development. Mite eggs were collected in similar manner to honey bee eggs using a
soft paint brush. Egg samples from both honey bees and mites were handled as little
and as carefully as possible to avoid damaging the soft chorion thereby introducing

exogenous proteins and other contaminates.
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Each group of tissue samples was transferred to a microcentrifuge tube with
100ul of lysis buffer and tissue disruptor beads. A FastPrep-24 5G Benchtop
Homogenizer was set to a 2 minute cycle to achieve adequate membrane disruption and
homogenize each sample. The samples were centrifuged for 3 minutes at 13,000 rpms.
The protein content of each sample was determined using a NanoDrop 8000

Microvolume UV-Vis Spectrophotometer.

Protein Separation via Gel Electrophoresis

Samples of hemolymph/fat body homogenate from drone pupa, worker pupa,
homogenate of honey bee eggs, full body homogenate of gravid Varroa, and
homogenate of Varroa eggs were run on NuPage 4-12% Bis-Tris Reducing Protein
Gels (Thermo-Fisher) in an XCell Surelock Mini-Cell Electrophoresis System
(Thermo-Fisher). The respective volumes of distilled water and sample homogenate
were adjusted to bring each sample to 50 pg/ul per lane. Six grams of a molecular
weight marker were added in the right most lane. An identical gel was run on the
opposing side of the buffer chamber in the XCell Surelock System to allow for western

blot analysis of one gel and Coomassie staining for mass spectometry of the other.

Vitellogenin Identification via Western Blot

Immediately upon completion of the gel run, one of the two identical gels was
prepared for western blot. Using the same XCell Surelock System, separated proteins
were transferred to Invitrolon PVDF Membrane (Invitrogen). The membrane was then
placed in blocking solution and allowed to incubate facilitated by a rotary shaker for

30 minutes. The membrane was then washed with UltraPure DNase/RNase-Free
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Distilled Water and incubated further with 10ml of a custom polyclonal antibody
against honey bee vitellogenin (Pierce Custom Antibodies) for 1 hour on a rotary
shaker. The membrane was washed with Antibody Wash (Invitrogen) according to
manufacturer recommendations and incubated in Secondary Antibody (Invitrogen) for
30 minutes. The Secondary Antibody solution was decanted and after further washing
by manufacturer recommendation, 5ml of Chromogenic Substrate (Invitrogen) was

added until bands were visible.

Vitellogenin Confirmation via HPLC-MS/MS

Bands identified via western blot were excised from the corresponding
duplicate gel using a feather blade and were submitted to the University of Maryland
Proteomics Lab for further identification. Proteins were dissolved in 6M guanidine
HCL and subsequently heated to 95°C for 20 minutes. The reaction was allowed to
cool and for the native gel, 50 mM Tris HCI was added until the guanidine HCI
concentration was less than 1M. The native proteins were dissolved in a 7.5 pH buffer
solution. Trypsin Gold was added for a final protease:protein ratio of 1:100 to 1:20 and
the protease/proteins incubated at 37°C for one hour. An aliquot was removed and the
mixture frozen at -20°C.

Post-digestion, protein samples were analyzed using a ThermoFisher Orbitrap
Fusion Lumos Tribrid Mass Spectrometer interfaced to a Dionex UltiMate 3000
RSLCnano HPLC System. A linear gradient of water to 50% acetonitrile running at 250

nl/min was used to elute the peptides from the column.
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Results

Protein Separation via Gel Electrophoresis

Samples of hemolymph/fat body homogenate from drone pupa, worker pupa,
whole honey bee egg homogenate, whole Varroa egg homogenate, and full body gravid
Varroa homogenate were run via reducing SDS gels. When run on an SDS gel, a clear
band was present in the region of 180 to 220 kDa for the Varroa mite eggs and all other
tissue samples (Figure 4.1 a). This band corresponds to the reported size of the full-
length honey bee vitellogenin (180 kDa). Because the molecular weight marker is only
able to estimate the weight of a protein within a 15% margin of error, | could not
determine the exact molecular weight. This band was stained especially intensely in the
honey bee egg sample. After honey bee eggs, this band presents most intensely in the
eggs of the mite. A clearly defined band was also detected at about 40 kDa potentially
corresponding to a vitellogenin fragment found only in fat body tissue. No band is
present for the corresponding 150 kDa fragment resulting from the cleavage of the full
length vitellogenin. Several other bands appear consistently across samples implying
that multiple proteins aside from vitellogenins are being siphoned from the host pupa
by the foundress mite and are being conveyed to the developing oocyte. Nearly all, if
not all, of the recognizable bands present in the gravid mite show up in the lane for the

mite egg as well.

Vitellogenin Identification via Western Blot

The western blot confirmed the presence of honey bee vitellogenin in the region

of 180 to 220 kDa across all samples including the eggs of the Varroa mite (Figure 4.1
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b). The entire bee egg lane reacted with marked intensity darkening its whole length.
However, several distinct bands can still be resolved. The region of highest intensity is
at about 200 kDa and above. A well-defined band was also detected in the region
between 55 and 35 kDa as expected for the 40 kDa vitellogenin fragment. This second
band was also shared across samples fragmenting into two closely associated bands in

the gravid mite lane and three in the mite egg lane.

Vitellogenin Confirmation via LC-MS/MS

Preliminary data provided via mass spectrometry supports the information
provided by the immunological techniques. Honey bee vitellogenin was detected in
the gravid mites, mite eggs, and all honey bee samples. A vitellogenin fragment of
about 44.5 kDa was also identified across samples corresponding to the second
conserved band in the western blot. Both of vitellogenins of Varroa were also found

in the eggs and body of the gravid female.

Pupa Pupa Bee Mite Mite Pupa Pupa Bee Mite Mite MW

Drone  Worker Eggs Eggs Gravid Marker

MW
Drone Worker Eggs Eggs Gravid Marker

42



Figure 4.1

Figure 4.2

Figure 4.1 SDS reducing gel and associated western blot comparing proteins present in mite and honey
bee tissues. Lane 1 is blank, followed by a pooled sample of hemolymph and fat body from white-eyed
drone pupae, hemolymph and fat body from white-eyed worker pupae, homogenate of honey bee eggs,
blank, homogenate of Varroa mite eggs, full body homogenate of gravid Varroa mites, blank, and a
molecular weight marker.

a, SDS reducing gel showing several proteins present in different honey bee and Varroa mite
tissues. Note the well-defined, conserved bands of the molecular weight corresponding to honey
bee vitellogenin and cleaved fragment found only in honey bee fat body tissue.

b, Western blot identifying vitellogenin at two distinct molecular weights using a custom
polyclonal antibody. These bands correspond to the full-length fragment of vitellogenin just
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below 200 kDa and the N-terminus fragment just above 40 kDa. As is to be expected the honey
bee egg produced the most intense immunological response to the antibody with vitellogenin
and the biochemically similar vitellin being the primary constituents of early stage eggs.

Figure 4.2 Details of Varroa reproduction studied via LT-SEM. Late stage gravid Varroa produce an
egg comprising a substantial portion of their body volume every 30 hours representing an accelerated
reproductive capacity. The volume of the developing oocyte is so large that it results in conspicuous
differences in appearance between late and early stage gravid females.

a, b, showing fine details of a Varroa egg at 200x (a) and a size comparison between an egg
and a gravid female 40x (b). The egg is oviposited by the female with an already well-developed
protonymph inside. Note the distinctive imprint of legs and palps visible through the thin
chorion.

c¢,d, Oviposition is imminent for the female imaged in panel (c); a state characterized by a
generally bloated appearance and taut interscutellar membrane most conspicuously visible
posterior to the anal plate. Compare with panel (d) in which the female shows appearance
characteristic of early stage or suspended oocyte development.

Discussion

Our results strongly suggest that Varroa are not only ingesting host
vitellogenins but also conveying them to their eggs undigested. Furthermore, all three
forms of analysis identified both the full-length 180 kDa vitellogenin molecule (which
is present in fat body tissue and hemolymph) and an abundant approximately 40 kDa
fragment (present only in fat body tissue). This fragment is produced by cleavage of
the 180 kDa monomer; a proteolytic process occurring only in the non-circulating,
parietal fat body located in the metasoma (68, 88). These findings are consistent with
the findings of my previous work showing that Varroa feed primarily on fat body
tissue.

It has already been noted that the rapid rate of reproduction characteristic of the
Varroa lifecycle requires adaptations to accelerate normal processes (81, 87).
Considerable development of the immature mite takes place inside of its mother to the
extent that a single developing ovum takes up most of the internal space of the female

before oviposition (Figure 4.2). Gestating offspring this advanced in development
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clearly requires a substantial input of biochemical energy, a demand met by host
vitellogenin. | was able to identify both vitellogenins of the mite in their eggs as well,
suggesting that host vitellogenin is used as a supplementary means to accelerate their
reproduction and development to meet needs posed by the impending uncapping of the
cell.

This reproductive strategy prompts comparison with the tsetse fly (Glossinidae,
Diptera). This organism has similar needs to Varroa and has been shown to employ a
similar strategy to meet them (89). These flies gestate a single juvenile beyond the
hatching of the egg, through larval development, eventually producing a large late-
stage larva the way that most other insects lay clusters of eggs. This developmental
strategy, employed broadly in this fly and closely related flies, allows the juvenile the
entirety of its nutrition from its mother until adulthood (90). Likely as a means to meet
this constant and very substantial nutritional demand, the tsetse flies are able to move
large proteins undigested across the membrane of the midgut avoiding the energetically
taxing task of protein catabolism (89). A closer relative of Varroa, the tick (Ixodidae,
Parasitiformes), is known to share this capability as well (91).

These findings not only provide a model for understanding accelerated
reproduction and development but a model for better understanding Varroa associated
pathologies. Varroa feeding is linked to early task shifting, faster worker senescence,
reduced immune function, and overwinter failure as should be expected (5, 74, 92, 93).
Parasitic feeding would reduce the honey bees access to these critical molecules that
honey bees depend on as a regulatory molecule for timely task shifting, a means of

reducing oxidative stress, as an essential immune system component, and as a diverse

45



source of sustenance during winter when only a simple diet of carbohydrates is
available (74, 88, 94, 95).

As vitellogenins are integral to winter survival these findings provide further
imperative to beekeepers to keep Varroa levels low in late summer/early fall when
winter bees are being produced. Further, attention should be paid to fall treatment to
reduce the over-winter mite load. It is likely that these parasites continue feeding during
this period and, in so doing, they compete with the honey bees for a vital resource that
they are unable to replace.

The most abundant protein in Varroa is a large lipid transfer protein but
contrary to what may be intuitive, it is far more abundant in the dispersal phase rather
than the reproductive phase (84). In light of our findings, the presence of this lipid
shuttle protein is likely an adaptation for surviving the winter. The ability of Varroa to
steal the honey bee’s reproductive protein for its own reproductive needs suggests
potential for this parasite to adopt the adapted uses of this protein as well. This is likely
the means that short-lived Varroa extend their lifespan through the winter as well.

In future study of this system, | propose utilization of fluorescent staining
techniques to trace the movement of this large molecule from the honey bee fat body,
through the digestive system, the hemolymph of the mite, potentially the lyrate organ,
to its final destination within the developing oocyte. |1 would also like to explore
methods of determining the ultimate fate of vitellogenins consumed by dispersing
mites. There is potential that these valuable proteins are shuttled by LLTP to the lyrate
organ or fat body of the mite to be used during periods of starvation (i.e. winter) or as

reserves for the reproductive process.
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Chapter 5: Morphology of Varroa destructor Detailed Via Low-
Temperature Electron Microscopy with Emphasis on Variable

Characters

Introduction

Over millions of years of evolutionary time, four genera Acarapis
(Tarsonemidae, Prostigmata), Tropilaelaps (Laelapidae, Mesostigmata), Euvarroa
(Varroidae, Mesostigmata), and Varroa (Varroidae, Mesostigmata), have developed
intimate associations with honey bees to the extent that they cannot exist apart from
them. The Acarapis have modified setae and ambulacra adapted for both endo and
ectoparasitism of adult bees (96). The Tropilaelaps have a body plan that apparently
sacrifices efficient exploitation of adult bees for further specialization in brood
parasitism (97). However, the Euvarroa and Varroa are well suited to the exploitation
of both adult and immature bees owing to a number of morphological adaptations (64,
98, 99). These anatomical structures have been studied with multiple preparations and
imaging techniques, all of which are prone to leave behind artefacts that can obfuscate
important characters (7, 38, 42, 100-106). To this point, no morphological differences
have been determined between V. destructor and its closest relative Varroa jacobsoni.
The two were considered the same species for decades before being resolved on a
genetic basis (7). The only distinction used to distinguish between them has been a

relatively small difference in size with V. jacobsoni being smaller than V. destructor

(7).
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While conducting a previous study, | collected an exceptionally small specimen
of V. destructor, far smaller than the smallest recorded V. jacobsoni (7). This specimen
was confirmed to be V. destructor via genetic analysis calling into question whether
identification based on size is reliable. The collection of further specimens below the
size range of V. destructor revealed a need to update our understanding of Varroa
morphology and to determine morphologically distinct features that can be used to
distinguish between seemingly cryptic species. To do this, it is, | set out to eliminate
the aforementioned artificial alterations to the appearance of Varroa destructor using
low temperature scanning electron microscopy (LT-SEM).

One of the defining qualities of the Acari is the diminutive size of these
chelicerates, hence the name “mites”. As such, microscopy is an indispensable tool in
acarology. Though Varroa are relatively large for mites, it is still often prohibitively
difficult to accurately resolve key characters with the unaided eye or even light
microscopy. Acarologist Oudemans had difficulty determining the nature of the
cheliceral digits in 1904 when he described the genus Varroa as having no upper digit
with the lower digit fixed. To the contrary, the upper digit is greatly reduced but is still
present and what he referred to as a “fixed under-jaw” is a fully mobile digit. Further,
the usage of preparation techniques such as critical point drying to remove liquid from
samples (used in scanning electron microscopy studies of Varroa) causes the shrinkage
and general distortion of tissues that can limit the usefulness of SEM as a method of
describing the finer details of delicate structures (107, 108).

By contrast, no preparation is necessary for LT-SEM. Active specimens are

instead immersed in liquid nitrogen immediately arresting all biological processes. This
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effectively freezes the sample in time for further critical analysis. This method has
provided the means for further detail in description of fine morphological characters in
V. destructor and the potential for determining differences between this species and its
cryptic species V. jacobsoni. The presence of two distinct, and normally geographically
isolated, haplotypes of V. destructor in the US points to multiple introductions of this
parasite into the Americas suggesting the potential for further introduction of Varroa
species or haplotypes in the future (7, 11, 109). With no identified morphological
differences between them, researchers are reliant on time-consuming DNA evaluation
methods that require the specimen to be damaged or destroyed for positive
identification. Distinguishing between species via morphology would provide
researchers another tool to verify that only one species within the V. destructor-
jacobsoni cryptic species complex exists in the US. Attention to fine morphological
details has also revealed important information as to how the unique morphology of V.
destructor facilitates such efficient host exploitation.

V. destructor is the larger of the two measuring 1.17 by 1.71mm on average.
Varroa jacobsoni measures 1.06 by 1.55mm on average. The adult female of both
species is dark red in color. The idiosoma is covered entirely by a convex dorsal shield
that is ellipsoid in shape being wider than long. The attachment points of the
appendages of the mite are obscured by this protective shield when viewed from above.
The venter of the mite is comprised of eight discrete sclerites: the exapodal, sternal,
genital, a pair of anterior metapodal, a pair of posterior metapodal, and the anal sclerite.
The intervening membrane is called the interscutellar cuticle. A number of characters

such as sensillus placement, peritreme dimensions, and, to some extent, chaetotaxy
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(arrangement, size, and number of hairs on an organism) have been of use in
distinguishing between other Varroa species. These characters will receive greater
focus in this study as will features found to differ from all previous descriptions of

Varroa.

Methods

Samples of apparent V. destructor were collected in two regions of the US, the
North and South represented by Maryland and Texas respectively. US samples
were collected throughout the summer and fall from managed colonies in College
Park, Maryland and College Station, Texas. Samples in South and Southeast Asia
were collected in Gazipur, Bangladesh and Chiang Mai, Thailand during the hot
and wet seasons. Specimens not fitting with the description of V. destructor as
provided by Anderson and Trueman (2000) (7) and de Guzman (1999b) (110)
were sent to the USDA for sequencing to determine species and haplotype. Mites
of varying life stages were collected from brood and adult bees. Mites on adult
bees were removed using a fine paint brush or left in place on the bee for analysis
of the parasite on host. Specimens in brood were collected by removing the wax
capping on sealed cells using dissecting tools. The foundress mite, male, and any
immature mites were removed with a fine paint brush.

The majority of the samples were placed in liquid nitrogen while still living but
this was not always possible with some of the samples collected outside of the US.
These samples were placed in empty microcentrifuge tubes and placed in a
styrofoam container with dry ice. Where dry ice was prohibited by airline transit
standards, other samples were deposited in microcentrifuge tubes with alcohol and
placed in -20°C Nalgene Labtop coolers. These samples were placed directly in
liquid nitrogen upon removal from alcohol in the US. Low temperature scanning
electron microscopy was conducted at the USDA ARS Electron and Confocal
Microscopy Unit using techniques outlined by Bolton et al. (2014) (49). Mites
were secured to 15 cm x 30 cm copper plates using ultra smooth, round (12mm
diameter), carbon adhesive tabs (Electron Microscopy Sciences, Inc., Hatfield, PA,
USA).

The specimens were frozen conductively, in a Styrofoam box, by placing the
plates on the surface of a pre-cooled (-196 °C) brass bar, the lower half of which
was submerged in liquid nitrogen (LNZ2). Other specimens were frozen via the
same means, on the surface of the host. After 20-30 seconds, the holders
containing the frozen samples were transferred to a Quorum PP2000 cryo-prep
chamber (Quorum Technologies, East Sussex, UK) attached to an S-4700 field
emission scanning electron microscope (Hitachi High Technologies America, Inc.,
Dallas, TX, USA). The specimens were etched inside the cryo-transfer system to
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remove any surface contamination (condensed water vapor) by raising the
temperature of the stage to -90 °C for 10-15 min. Following etching, the
temperature inside the chamber was lowered below -130 °C, and the specimens
were coated with a 10nm layer of platinum using a magnetron sputter head
equipped with a platinum target. The specimens were transferred to a pre-cooled (-
130 °C) cryostage in the SEM for observation. An accelerating voltage of 5kV was
used to view the specimens. Images were captured using a 4pi Analysis System
(Durham, NC).

Results

As a part of this study, 484 images were captured of 71 apparent V. destructor
specimens from the US and Asia. The usage of LT-SEM allowed for the capture of
images showing specimens posed as they were when living and preservation of key
characters in their natural shape and conformation. No consistent physical differences
were found between populations of mites in the size range of V. destructor in the US
and those in Asia. However, several, thus far unreported, differences were observed
between these mites and previous descriptions of them.

Further, one specimen was collected in Maryland showing substantial
differences in size and shape from the archetypical structure of V. destructor. This
specimen was rounded rather than being distinctly wider than long. It measured 9.92
by 1.23mm, measurements significantly smaller than even V. jacobsoni (Figure 5.1).
This was the only specimen collected that lacked the seta posterior to the anus (post-
anal seta). This individual also had a far more distinct cribrum than all of other
specimens collected in this study and an anal plate with a shape more pentagonal than
the typical triangular shape. The specimen was smaller than the smallest recorded
Varroa jaconsoni. This specimen was, however, determined to be V. destructor albeit
an extremely atypical representative of the species. The haplotype of this specimen is

yet undetermined. It was collect from a colony in which another specimen was retrieved
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that was significantly smaller than Varroa destructor as well (though morphologically
similar in most other respects) (Figure 5.1). This suggests that there is far greater
phenotypic plasticity and associated morphological variability in V. destructor than

previously noted and warrants further study.
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Figure 5.1

Figure 5.1 LT-SEM comparison of two distinct morphotypes and three observed sizes of Varroa
destructor collected from the same honey bee colony.

a, b, showing typical (a), atypical (c), intermediate form of Varroa destructor. The atypical
specimen was substantially smaller than even the smallest recorded specimens of Varroa
jacobsoni. In addition, it possessed a pentagonally shaped anal plate rather than the typical
triangular appearance and a distinct, strongly spiculated cribrum. The intermediate specimen
was within the size range of Varroa jacobsoni (b). All specimens were identified as Varroa
destructor based on genetic analysis.

The Dorsal Shield

The dorsal region of V. destructor is covered by one large convex shield. This
shield is covered by numerous pilose setae (Figure 5.2 a). These setae are straight at
the base and for about half their length before branching for the rest of their length.
They bear resemblance to the pilose setae covering their host (Figure 5.2 b & ¢). Most
of the setae stand at a nearly 90° angle to the dorsal shield. These setae point away from
the body of the mite in the same direction that the ventral setae of the host bee point
away from the body of the bee (Figure 5.2 d).
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Along the margin of the dorsal shield, much thicker, curved setae arise from a
row of shallow lateral recesses (Figure 5.2 a & €). These marginal setae have grooves
running their length. Between 18 and 26 marginal setae appear on either side. A row of
setae on one side is rarely symmetrical in respect to the other with 23 being the mode
on the left side of mites collected for this study and 21 the mode on the right.

Innumerable rows of reticulation form what look like small scales with most
having a generally concaved edge. This reticulation comprises the surface of the dorsal
shield (Figure 5.3a). Like the pilose setae, the reticulation of the of mite closely
resembles that of the honey bee (Figure 5.3 a & b). A conspicuously glaborous region
comprises the anterior margin of the dorsal shield (Figure 5.3 ¢ & d). It is in this area
that the reticulation of the dorsum can be seen most clearly.

The shape of the shield itself has utility in the feeding process as well. The
convex shape allows for the mite to lift the metasomal plates of the bee like a wedge in
order to access their food source, thereby creating a protective feeding chamber. While

feeding, the passive quality of their domed shape keeps the plate lifted (Figure 5.3 e &

).
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Figure 5.2

Figure 5.2 LT-SEM observation of the setae arising from the dorsal shield of Varroa destructor.

a-f showing pilose setae of the dorsum of Varroa (a) and the venter of a honey bee (b).
Morphological similarity between them may be an adaptation to establish tactile camouflage to
avoid host grooming. Varroa feed beneath the ventral sclerites of the honey bee with a portion
of their body exposed (c). Hairs point away from the body of the mite in the same direction as
from the body of the host (c, d). Grooved, spine-like setae can also be seen on the edge of the
dorsal shield (a, ¢, f).
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Figure 5.3

Figure 5.3 LT-SEM observation of the fine structure and shape of the dorsal shield of Varroa destructor.



a,b showing the reticulation present across the entire surface area of the dorsal shield (a). The
plates composing the dorsum and venter of the honey bee show very similar reticulation (b),
likely further adaptation toward tactile camouflage.

c¢,d showing distinctive glaborous region comprising the anterior margin of the dorsal shield.
Reticulation can be observed without being obscured by setae as is the case for the rest of the
dorsum.

e,f the domed shape of the dorsal shield allows the parasitic mite to create and passively
maintain a feeding chamber on the host bee.

The Ventral Sclerites

The exopodal sclerite is the most anterior sclerite and the most difficult to see
as it lies behind the bases of the coxae. Little has been written in description of it. To
view it, | removed the legs from multiple specimens. This sclerite has a shape similar
to that of a boomerang (Figure 5.4a). It runs along the anterior margin of each coxa and
comes in contact with the dorsal shield anterior to the gnathosoma. This sclerite shows
faint to indiscernible reticulation and is entirely glaborous distinguishing it from the
other ventral plates. Reticulation is most recognizable where the exopodal sclerites
meets the dorsal shield and becomes more faint as it moves toward the peritrematal
shields. Its most anterior margin is difficult to distinguish from the ventral lip of the
dorsal shield. Near coxa I, the sclerite begins to separate from the dorsal shield and
interscutellar cuticle can be seen between them. Each end of this sclerite merges with
the peritrematal shield on the corresponding side of the idiosoma (Figure 5.4a).

The sternal sclerite forms a horseshoe-like shape in contact with the coxa of
each leg (Figure 5.4 b & c). This sclerite sits at the base of the camerostome which is
formed by the coxae of the first pair of legs and the dorsal shield into which much of
the gnathosoma can be retracted. In its retracted state, the sternal sclerite covers the soft

perignathosomatic tissue at the base of the gnathosoma and the arthrodial membrane of
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the leg | coxae (Figure 5.4d). This sclerite has varying chaetotaxy. While V. destructor
is reported to have 10 or 11 some specimens collected in this study have 12 sternal
setae (Figure 5.4e).

The genital sclerite has the largest surface area of the ventral sclerites. It has a
nearly pentagonal shape with a convex anterior margin. The most anterior region,
bordering the sternal sclerite is entirely glaborous and abruptly transitions into being
densely hirsute as you move posteriorly. This glaborous region and the largely
glaborous anterior metapodal plates create a recognizable division between the
prosoma and opisthosoma analogous to the disjugal furrow of the Acariformes. These
setae like those of the rest of the venter are simple, unbranched hairs (Figure 5.4f).

To the left and right of the genital sclerite are the anterior and posterior
metapodal sclerites. The roughly triangular posterior metapodal sclerites resemble the
genital sclerite in being densely hirsute though they are such over their entire surface
area. However, the anterior metapodal sclerites are glaborous for most of their surface
area with setae present only along the distal margin of the sclerite (Figure 5.4 a & b).
The proximal margin of these sclerites conforms to the shape of the 4" coxa.
Reticulation near the coxae is stretched laterally to about 2 to 3 times the length of
plates elsewhere on the venter. There are fewer than 10 setae (usually 7) on each
anterior metapodal sclerite. Many of these features are difficult to observe without
removing the 4™ pair of legs.

The anal sclerite is triangular in shape with the anus located nearest the lower
point of the triangle. The region of the anal sclerite shows a number of variable features.

Though typically only 3 setae are present, one on each side of the anus (perianal setae)

S7



and one just beneath it (post-anal), a fourth seta can be found in some specimens near
the anterior margin of the plate (Figure 5.5a). Setae periodically arise from the
interscutellar membrane but a forth seta arising from the anal plate itself is unusual.
Further variation is found in the region of the cribrum. Most mites collected possessed
a barely discernible cribrum with few spicules pointing above the ridges of the rugulose
membrane around it (a trait | am referring to as “weakly spiculated”) (Figure 5.5 a-d).
Some specimens had a cribrum so weakly spiculated as not to be visible. The only
specimen to have a well-defined cribrum was the aforementioned morphologically

atypical specimen (Figure 5.5 b & d).
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Figure 5.4

Figure 5.4 LT-SEM observation of the fine structure of the ventral sclerites of Varroa destructor.

a, legs were removed from a mite to image the exopodal sclerite which sits behind the coxae
of the bee. This plate merges with the plates of the peritremes on each side of the mites body.
White arrows denote the regions where the exopodal sclerites becomes indistinguishable from
the peritrematal shields.

b-e showing the plates that comprise the venter of a Varroa female (b). Note the variable
chaetotaxy on the horseshoe shaped dorsal shield along the margin of the coxae (b,c,e). The
arthrodial membrane normally hidden by the sternal shield is visible sometimes in gravid mites
(white arrow).
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f showing comparison of setae on the dorsum with those on the venter. Pilose setae, similar in
structure to those of the host, are only present on the dorsum. Simple setae, dissimilar from
those present on most of the host are hidden on the underside of the mite.

Figure 5.5

Figure 5.5 LT-SEM observations detailing variability in the anal sclerite of Varroa destructor.

a-d showing the typical shape of the anal plate (a) which forms a triangle with the anus at the
lower point of the triangle. Note the one seta arising near the anterior margin of the sclerite
(white arrow). The presence of this seta was atypical in our specimens. Image (b) details an
atypical pentagonally shaped anal sclerite observed in a markedly small individual. Note the
differences in shape and spicule definition on the normally crescent shaped cribrum (a-d). The
specimen in image (b) was the only specimen collected with such a distinctive cribrum.

The Gnathosoma
The gnathosoma is a complex of multiple structures including the chelicera,

salivary styli, subcapitulum, tritosternum, and palps. To best view these components,
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it is often necessary to deconstruct the gnathosoma. When separated it is clear that the
opposing fixed digit of the chelicera has been greatly reduced and moved to a lateral
position on the proximal face of the mobile digit (Figure 5.6a). On the dorsal surface
of the mobile digit are two ax-head shaped teeth. A third less pronounced “tooth” seems
apparent at the distal end of the mobile digit but is one of two sensilli present on this
section of the digit (with the second just below it). Moving ventrally along the inward
facing wall of the mobile digit, the digit thickens forming a ridge (Figure 5.6a & b).
When the two chelicera are held closely together they complete a bridge between the
two digits (Figure 5.6¢ & d). The ventral edge of the chelicera curves inward (Figure
5.6a-d). Relatively large salivary stylets are also present on either side of the corniculi.
The tips fit into grooves in the lateral faces of the corniculi that likely protect the thin
structures from bending or moving too much as they are forced through the integument
of the host (Figure 5.6a). A dorsal lyrifissure is present immediately proximal to the
mobile digit on the middle article of the chelicera (Figure 5.6a). Posterior to this
lyrifissure a flap of tissue called the tectum overhangs the middle article like a visor
(Figures 5.3c & d and 5.6a).

The subcapitulum ending in the corniculi forms the ventral face of the
gnathosoma. Each corniculus has between 5 & 7 denticles on its ventral surface (Figure
5.6e). In its natural conformation, the corniculi are held together to form a single curved
structure. The curved ventral edges of the chelicera fit into this structure pushing
together the thickened walls of the inner faces of the chelicera to form a beak-like tube
(Figure 5.6¢ & d). This tube structure appears to be the actual feeding apparatus of the

gnathosoma suggesting that these mites feed differently than has been reported

61



previously. The shape of this tube fits with the feeding wounds inflicted on adult bees
(Figure 5.6f). When removed while in contact with the feeding wound, the mouthparts
of the mite are still together suggesting that they do not separate while actively feeding
as has been posited in previous work.

The tritosternum rests within the subcapitular groove when the gnathosoma is
retracted. | observed fine processes of denticles on the inner surface of the subcapitular
groove (Figure 5.7a). In addition, I noted a number of corresponding projections on the
dorsal surface of the tritosternum that likely engage these processes when fit together.
Micropili were present near the base and sometimes more distally along the ventral
surface of the tritosternum (Figure 5.7 b & c¢). These micropili differed in number
between 7 and 14.

The palps are typically held with the apotele crossed just below the
subcapitulum when the gnathosoma is retracted. These apotele are relatively thick and
appear sharp. I noted a variable character on this segment with V. destructor sometimes
having a small tooth between the long and short claw (Figure 5.7 d & €). The apotele
are apparently used as a holdfast when feeding in addition to the ambulacra. Mites
feeding through the intersegmental membrane of adult honey bees left an indentation
of only the long claw of the ambulacra. Based on the orientation of the long claw, the
short claw would be buried in the soft tissue of the host bee. The indentation suggests

that the long claw is being used as a brace (Figure 5.7f).
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Figure 5.6

Figure 5.6 LT-SEM observations detailing the structuring of the gnathosoma of Varroa destructor.

a, gnathosoma was separated from the body of the host dissected to show the complex constitution
of this feeding structure. The chelicera arise dorsally with respect to the subcapitulum and corniculus.
Well-developed salivary stylets (white arrows) arise on either side of the pre-oral trough and rest
along the inner faces of the corniculus for much of their length. The fixed digit of the chelicera,
normally similar in size to the mobile digit, has been reduced considerably and moved to a lateral
position on the inner face of the mobile digit (brown arrow). A dorsal lyrifissure rests immediately
proximal to the mobile digit on the middle article of the chelicera (black arrow).
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b-d showing the cheliceral keel present on the inner face of each mobile digit (b) (white arrow).
The keel on both chelicera can be pushed together to form a ridge (d, brown arrow) which seals and
forms the roof for the tube-like feeding structure. The teeth along the top of each mobile digit are
visible from bottom (c) of the chelicera as a result of the angling caused by the cheliceral keels as
they are pushed together.

e, corniculi separated from the rest of the gnathosoma. Note the 6 denticles on the ventral edge on
both corniculi. This feature varied periodically in specimens between 5 and 7.

f, showing the feeding wound inflicted by Varroa on adult an honey bee. Note that the shape of the

chelicera when held together as one unit fits with the shape, size and general architecture of the
wound.
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Figure 5.7

Figure 5.7 LT-SEM observations detailing variable structuring of the subcapitular groove, tritosternum
and palps of Varroa destructor.

a, showing the subcapitular groove with fine, irregularly spaced clusters of denticles populating
the inner surface (black arrow). Irregularly spaced rows of denticles also arise from the dorsal
surface of the tritosternum likely fitting together with those in the groove forming a process that
sieves out any stray particulate matter that may be present in the host meal.
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b, ¢, showing the tritosternum housed in the subcapitular groove (b, c). Varying numbers of
micropili of unknown (possibly sensory) function arise from the ventral surface of the
gnathosoma (black arrows). Between 7 and 14 micropili were present in specimens collected
for this study. Note some denticles of the dorsal surface of the tritosternum are visible as well
(white arrows).

d, e, the last segment (apotele) of the palp bears a variable character of a small tooth between
the large and small claw (d, white arrow) in some specimens. Most specimens lacked this trait
with a totally smooth region present between the long and short claw (e, black arrow).

f, showing the indentation of the palps and gnathosoma of a mite in the intersegmental
membrane of an adult host bee. Note the position of the indentation caused by the apotele (white
arrow). Only the indentation of the long claw is present. Based on the orientation of the claw
pressed against the host membrane the short claw is likely embedded in the membrane to
potentially gain leverage to facilitate the gnathosoma piercing the membrane. The long claw
appears to be used as a brace against the tissue.

The Legs

For the ambulatory legs (legs I1-1V), the femur, genu, and tibia are wider than
long (Figure 5.8a). These legs are strongly compressed laterally giving them a flattened
appearance (Figures 5.2f & 5.4d). Reticulation on the legs is inconsistent by
comparison to the regular patterns on the dorsum and sclerites of the venter.
Reticulation can best be seen on the coxae as they arise laterally and become faint or
nonexistent dorsally and ventrally (Figure 5.8b). On the remaining leg segments,
reticulation is very faint if present at all. The lateral face of on each side of the leg
segments is largely glaborous while the dorsal and ventral faces are covered with long
acicular setae. These setae originate from a shallow depression and have grooves
running their length in the same way as the marginal setae of the dorsum (Figure 5.8f).

Under most natural circumstances, the ambulatory legs are hidden beneath the
dorsal shield. Image Figure 5.8c shows why this adaptation is so important as certain
genetically distinct populations of honey bees have a proclivity to bite off the apotele

of exposed legs on these parasites when grooming. This is likely how the female
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imaged above lost both front apotele. When standing, the ambulatory legs are directed
posteriorly but the sensory legs are directed anteriorly stretching beyond the dorsal
shield leaving them vulnerable to the mandibles of a grooming host (Figure 5.2d & ).
However, this image also shows that these mites are more resilient than expected. With
the loss of or significant damage to her primary sensory structure, | thought these
“ankle-bitten” females would be unable to locate new cells and be effectively removed
from the gene pool. To contrary, this specimen was collected from a cell where it was
actively reproducing.

The sensory legs have a more cylindrical shape by comparison to the
ambulatory legs. A set of relatively short denticles, not previously described in
descriptions of V. destructor, can be seen projecting from the distal margin of the coxae
of the sensory legs (Figure 5.8d & e). Closer inspection of the coxae shows that this
process follows the margin of this segment laterally on both sides and dorsally, to some
extent, but stops short of the ventral margin (Figure 5.8f). The coxal margin of the
ambulatory legs lacks these denticles. Femur to tarsus V. destructor have upwards of
10 setae on the dorsal surface of each leg segment. There are substantially fewer hairs
on the ventral surface of each leg segment totaling five or fewer on all segments except
the tarsus.

The ambulacrum in V. destructor is composed of a well-developed paradactylus
and a large pulvillus (Figures 5.2f and 5.9a). The shape of the ambulacrum changes
substantially when in the raised position and when applied to a surface (compare Figure
5.9a to b and c to d). In addition, I noted the presence of a pair of small setae in an

indentation at the base of the apotele (Figure 5.9a, b). These setae flank the
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ambulacrum on each of the ambulatory legs but are missing in the sensory legs (Figure
5.9¢). Their presence on both sides of the apotele assures that the hairs will be deformed
at the full expansion of the ambulacrum suggesting potential sensory, and specifically
proprioceptive function, for these setae.

Most mites have substantially diminished ambulacra on the pair of sensory legs
but Varroa have a well-developed, fully-functional ambulacrum on leg I (Figure 5.9d,
). These ambulacra are used attach to passing bees and to climb onto higher surfaces
but also clearly as holdfasts while the mite is feeding on adult host bees. As is shown
in Figure 5.9f, the ambulacra hold in place so firmly that when the entire mite is

removed, the ambulacra remain securely affixed to the membrane.
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Figure 5.8

Figure 5.8 LT-SEM observations detailing the structure of and characters associated with legs of Varroa
destructor.

a, showing the legs of Varroa which are separated into sensory (leg I) and ambulatory (leg I,
11, 1V).

b, reticulation clearly visible on the lateral faces of coxae (white arrow) but becomes faint to
indistinguishable on the dorsal and ventral surfaces.
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¢, foundress mite with wounds typical of “ankle biting” genetic line of honey bees. Note, the
missing ambulacra from legs | (white arrow). Surprisingly, this mite was still able to find and
reproduce normally within a brood cell even with a portion of its primary sensory structure
missing.

d-f, showing a fine process of denticles following the distal margin of the coxa of leg | (white
arrows). These denticles arise along the lateral edges of the margin and to some extent are
present in the region of the coxae behind leg | ().

Figure 5.9
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Figure 5.9 LT-SEM observations detailing the structure of and characters associated with the ambulacra
of Varroa destructor.

a, showing an ambulacrum of Varroa on an ambulatory leg in its “foot-down” conformation.
The shape of the ambulacrum changes noticeably when free or attached to a surface. On each
ambulatory leg, a pair of small, likely sensory, setae are present in indentations on either side
of the ambulacrum (white arrow). These setae likely function proprioceptively informing the
mite of the position of its ambulacrum.

b, ambulacra of ambulatory legs (I1 and I11). Note setae at the base of the ambulacra (black
arrows).

c,d, the difference between the free (c) and attached (d) conformation of the ambulacra on the
sensory pair of (leg 1) is more pronounced than the difference in the ambulacra of the
ambulatory legs. Note the setae on the lateral section of the ambulacrum is not present in the
sensory legs.

e,f, showing the ambulacra when attached to an adult honey bee host. The mite is wedged in a
pocket of tissue between segments of the bee. The ambulacra of leg | holds especially well to
the membrane in this region (f). When the mite is removed in a while frozen

The Peritremes

The peritreme runs along a unique pseudo-appendage in V. destructor to
terminate at the stigma. However, | also noted a slit-like secondary opening just prior
to the stigma (Figure 5.10a & 5.10b). In some specimens, the peritreme terminated at
this slit and did not run all the way to the stigma (Figure 5.10a). In others, the peritreme
intersected this secondary opening crossing directly to the stigma (Figure 5.10c). At its
resting conformation the peritreme pseudo-appendage fits well with the curved dorsal
shield of the mite (Figure 5.10d & 5.10e). To suit the needs of the mite, the peritremes

can also be raised at a nearly 45° angle to the body (Figure 5.10f).

Interscuttelar cuticle
The intervening space between each ventral sclerite is bridged by the
interscutellar cuticle as is the space between the peritremes and the nearest scleritized
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structures. This membrane is distinctly rugulose wherever it arises on the ventral
surface of the mite but is especially so around the peritremes (Figure 5.10a). An
exception to this observation is found in the case of gravid mites. The state of the
developing egg in a gravid female can be reliably determined by how rugulose the
membrane appears. Females ready to oviposit or close to this stage have very little, if
any, discernible wrinkling in the interscutellar membrane, a fact which is most

pronounced in the membrane posterior to the anal plate (Figure 4.2c & 4.2d).
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Figure 5.10

Figure 5.10 LT-SEM observations detailing the structure and variability in characters associated with
the peritreme and stigma of Varroa destructor.

a,b,c showing variation in the terminal point of the peritreme. The peritreme appears to
terminate in a slit that runs perpendicular to the path of the rest peritreme (a,b white arrows).
In most specimens the peritreme terminates in this region and does not connect to the stigma
(black arrows). Alternately, in some specimens the peritreme crosses this perpendicular slit and
terminates at the stigma (c). Note the rugulose intersegmental membrane surrounding the
peritreme (a,b).
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d,e. showing the peritreme when at its resting comformation. This unique pseudo-appendage
conforms to the shape of the dorsal shield and leg of the mite.

f, showing raised peritremes apparently characteristic of mites facing respiratory challenge
(white arrow). Moving the peritremes can allow the mite to avoid suffocation when submerged
in fluid.

Discussion

Several morphological traits showed intraspecific variation. The cribrum was
found to be one such character. The character itself seemed to exist on a spectrum
between barely discernible (Figure 5.5 a & c) and well-defined (Figure 5.5 b and d)
with the most defined type represented exclusively by the aforementioned specimen
which was morphologically atypical in several respects. Oudemans (1904) (63)
described the cribrum normally from his four type specimens of V. jacobsoni making
no mention of a reduced or barely visible variant. It may have been that his sample size
was too small to encompass this trait but in the populations of V. destructor | have
collected in Asia and in the US, this variant has represented the dominant expression
for this trait with only one female collected having a strongly spiculated cribrum. This
suggest that the state of the cribrum may be a key morphological difference between
species this otherwise cryptic species complex.

Akimov (1985) (111) details even further variation in the cribra of V. destructor
showing variation I did not observe in this study. In his depictions and descriptions, the
spicules of the cribrum are still defined but spread farther apart and populate a much
larger area of the anal plate than observed in any of our specimens. He details spicules

of the cribrum surrounding the post-anal seta populating the area between the seta and
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the anus and in some specimens, reaching up to the margin of the perianal setae on both
sides of the anus. Even in our most atypical specimen, the cribrum never reached the
perianal setae or the region between the anus and the post-anal seta. Further, variability
was observed in the size of the entire body of the mite with the most pronounced
variability in the width of the dorsal shield. This may be a response to the selection
pressure to keep as much of the body hidden as possible while feeding to avoid being
groomed from the host. Ongoing work being conducted by Christmon et al. at the
University of Maryland shows that there is now substantial overlap in the size range of
V. destructor and V. jacobsoni.

The most variable character in V. destructor appears to be chaetotaxy. The
presence and placement of setae on the dorsum and venter of the mite were shown to
vary considerably between mites. The number of setae on the margin of the dorsal
shield has been noted to vary between 19 and 25 (110, 112) but | found specimens with
as few as 18 and one with 26. A forth simple, and in this instance “pre-anal”, seta
sometimes arises on the anal plate showing plasticity in the chaetotaxy of this region
as well. This was, however, an infrequent find among samples. The chaetotaxy of the
anterior metapodal sclerites and the sternal sclerite varied and the same would likely
be found on the genital plate and posterior metapodal sclerites were they not so hirsute
to make quantification of differences prohibitively time-consuming. As such,
chaetotaxy of much of the venter is likely of limited utility in distinguishing between
closely related species like V. destructor and V. jacobsoni.

The setae of the mite may have limited usefulness in future identification efforts

of Varroa species but the distribution and structuring of the setae highlight the level of
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specialization of this organism for parasitism of honey bees. The pilose hairs of the
dorsum are similar in structure to those of their host as is the reticulation of the
integument of both organisms. This likely creates a layer of tactile camouflage helping
the mite evade grooming, one of the most effective defenses of its original host Apis
cerana (113). In this host system, there would likely be high selection pressure to
develop significant topographical similarity to the host. While looking for physical
irregularities on which to focus its grooming efforts, the host bee would likely feel a
surface very similar to that of its own integument as it moved from its metasomal plate
to the exposed section of the mite feeding just under it. The fact that these hairs arise
only from the dorsal shield supports this view as the simple hairs of the venter and the
spines of the legs are not exposed to the host.

The structuring of the gnathosoma is markedly atypical for the
Dermanyssoidea, specifically the cheliceral-cornicular complex observed in this study.
Akimov (1988) (44) hypothesized that the chelicera and corniculi are only held together
at rest but when feeding the mite separates these gnathosomal components with the
chelicera cutting a larger wound and the subcapitulum sucking food into the pharynx.
However, the feeding wounds | observed do not support this position. The feeding
wound shows a compact fissure with the distinct downward sloping imprint of the
corniculi at the broad base of the wound and curved upper edges with pointed tips likely
cut by the teeth of the chelicera. This shape is retained while the mite feeds. If the mite
expanded out this complex into its constituent parts while feeding, the shape of this
wound would be lost immediately. Further, actively feeding mites when removed from

their host still have the cheliceral-cornicular complex together as one structure. These
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findings support those of Bautz and Coggins (1992) (114) which suggest that the
chelicera form part of the pre-oral trough.

The utility of this apparatus may be entirely mechanical. Together the
cheliceral-cornicular complex can exert large force over a relatively small surface area
allowing the parasite to more easily pierce the soft membrane of its host. However, the
bridge between the two chelicera, which effectively completes a tube, would be
unnecessary for this function. It is likely that the tube allows for the production of
greater suction. Predigested fatbody would be more viscous than hemolymph and
would likely require a more powerful suction to siphon the fluid into the pharynx. It
should be noted that siphoning this semi-liquid meal using the chelicera would help to
pull food into the pre-oral groove but it would also pull fluid into a blind-ended area
above the pre-oral groove which would waste resources were it to remain there.
However, ultrathin sections of the gnathosoma photographed by Nuzacci and de Lillo
(1995) (105) show that the labrum (a tongue-like structure sitting between the chelicera
and the food groove) does not completely fill the space between the
paralabra/subcheliceral plates for most of its length. This relatively large cavity on both
sides of the labrum would allow for the liquid food to drain into the pre-oral groove
beneath it where it can then be siphoned into the pharynx and ingested. This feeding
system further evinces the markedly adaptive nature of this mite to its parasitic lifestyle.

Morphological studies conducted previously on the mouthparts of Varroa have
been undertaken using light microscopy or SEM with critical point drying (40, 42, 105).
Collapsing of tissue is clearly visible in images provided by Griffiths (1988) (42). The

tectum pulls away from the chelicera creating a large cavity between them apparently
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altering their orientation such that they do not fully fit into the subcapitulum. This
makes it difficult to discern how the gnathosoma functions as a whole. In our images,
the tectum is in direct contact with the proximal dorsal margin of the middle articles of
the chelicera maintaining the natural orientation of the gnathosoma.

LT-SEM is an invaluable tool in the study of Varroa and clearly minimizes
artefacts which alter the appearance of the mites and reduce the quality of data obtained
from the resulting images. In future study, | would expect that comparison of these
detailed image of V. destructor with equally detailed images of V. jacobsoni would
allow for a more accurate determination of whether there are morphological differences
between these species. While | did not have access to V. jacobsoni, | was able to collect
some V. destructor in Asia. There were no significant differences between the
populations in the US and those in Asia, however, | had limited access both in the
number of colonies sampled in Bangladesh and Thailand and the number of mites
collected. Differences may emerge with larger sample size which would provide

another tool in better understanding this cryptic species complex.

General Conclusions

Eusocial insect colonies are comprised of a dense aggregation of highly related
individuals making a single colony a breeding ground for parasites and disease. Further,
protection from predation and the consistent availability of food further increase the
attractiveness of eusocial colonies to parasites. The greatest diversity in honey bee

species is present in the cavity-nesting species. The evolutionary shift toward cavity-

78



nesting afforded these organisms nests that could be precisely climate controlled
allowing for species like A. mellifera to expand their range outside of the tropics (115).
However, along with the improvement in nest quality, honey bees heightened the
selection pressure on parasites that arrive to develop adaptations necessary to remain
in these colonies. Inside the colony, these parasites are immediately afforded an
environment with consistently optimal conditions for their reproduction and an
environment free of natural enemies. This point illustrated by the far greater diversity
of parasites and opportunistic pests present in cavity-nesting honey bee colonies by
comparison to the other two sub-genera (i.e. Micrapis and Megapis) (115, 116). The
genus Varroa has risen to the occasion becoming one of, if not, the most ubiquitously
distributed parasites of honey bees (5, 115, 117, 118). This is clearly due, in no small
part, to the multitude of advantageous adaptations described in these studies and several
others.

The exploitation of fat body tissue as a trophic resource may be the key
adaptation to allow for such successful exploitation of the host. Fat body feeding
provides the mites with access to a diverse nutrient profile in the
phosphoglycolipoprotein (i.e. vitellogenin). Varroa have adapted to feed on honey bees
during stages where this tissue is ostensibly at its most nutritionally potent feeding on
pupal fat body and that of nurse bees (50, 62, 119). The trophocytes of the fat body
absorb the constituent molecules of disintegrating cells in larvae transitioning to the
pupal stage and the fat body of nurse bees is characterized by voluminous deposits of
vitellogenin (50, 73, 119). Exploitation of fat body in brood likely contributes to the

acceleration of developing ova and juvenile mites. Further, the varying adaptations
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allowing for this mite to repurpose host reproductive proteins for its own reproductive
needs likely further accelerate this process.

Moreover, morphological specializations for parasitism are key to this
organism’s anatomy. The distribution of setae is a case study in host mimicry with the
branched hairs, similar to those of the host, only on the dorsal shield where they can
serve to provide the mite with tactile camouflage. The markedly similar reticulation of
the integument of the parasite to that of the host likely serves the same purpose. The
shape and size of the mite allows for access to a well-protected region while feeding
on the adult host and the well-developed footpads ensure the parasite can anchor in
place and maintain adequate leverage to force its mouthparts through the soft
membrane of the host. The mouthparts of the mite form a feeding structure distinctive
in the Dermanyssina and the novelty of the armed peritremes is still not fully
understood. The profusion of adaptations in behavior, nutrient acquisition,
reproduction, development, and morphology underscore the exceptionally derived

nature of this well-suited parasite.
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Appendices

Fat Body Function

Associated Pathologies Reported in
parasitized A. mellifera

Regulation of Growth & Development/ Facilitation of

Metamorphosis (Amdam et al. 2003; Amdam et al. 2004; Mirth et al. 2007; Arrese &
Soulages 2010; Stell 2012)

Nutrient Storage and Mobilization (keeley 1985; Arrese & Soulages 2010)

Pesticide Detoxification (Locke 1980; Landa et al. 1991)

Osmoregulation (Keeley 1985; Arrese & Soulages 2010)

Immune Response (Amdam et al. 2003; Arrese & Soulages 2010)

Thermoregulation (Locke 1950; Arrese & Soulages 2010)

Regulation of Metabolic Activity (tocke 1980; Keeley 1985; Arrese & Soulages
2010)

Protein & Lipid Synthesis (Locke 1980; Keeley 1985; Arrese & Soulages 2010)

Vitellogenesis (Amdam et al. 2003; Arrese 2010; Nilsen etal. 2011)

Table 1

Stunted growth, malformed organs, precocious foraging
(Bowen-Walker and Gunn 2001; Amdam et al. 2004; Nilsen et al. 2011; Rosenkrantz et al. 2010)

Inability to replace and store amino acids; reduction in amino
acid and carbohydrate levels (8owen-walker 2001; Daormalen 2013)

Increased susceptibility to pesticides (regorc et ol. 2012; Blanken etal. 2015)

Increased water loss and associated weight loss (Bowen-Walker & Gunn
2001; Salvy etal. 2001; Annoscia etal. 2012}

Decrease in production of antimicrobial peptides (vang 2005; vang 2007)

Greater overwinter mortality (semmataro & Needham 1996; Bowen-Walker & Gunn
1998; Amdam et al. 2004)

Reduction in oxidative phosphorylation & overall metabolic rate
(Bowen-Walker & Gunn 2001; vanDoormalen 2013)

Decrease in lipid and amino acid production (rewarson 1983; Glinski &
Jarosz 1984; Weinberg & Madel 1985; Bowen-Walker & Gunn 2001; Amdam et al. 2004;
vanDoormalen et al. 2013)

Reduction in vitellogenin titers; decreased lifespan;increased
overwinter mortality (Tewarson 1983; Amdam et al. 2003; Amdam et al. 2004)

Table 1 detailing the nine primary functions of the fat body and related pathologies associated with
Varroa feeding. Note that Varroa feeding negatively impacts each of the fat body functions.
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