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The viral levels and immune responses of Italian honey bees (IHB), Russian honey bees (RHB) and an
outcross of Varroa Sensitive Hygienic bees (POL) deliberately infested with one or two foundress Varroa
were compared. We found that the Deformed wing virus (DWV) level in IHB inoculated with one or two
foundress Varroa increased to about 103 or 105 fold the levels of their uninfested brood. In contrast, POL
(102 or 104 fold) and RHB (102 or l04 fold) supported a lower increase in DWV levels. The feeding of
different stages of Varroa nymphs did not increase DWV levels of their pupal hosts. Analyses of their cor-
responding Varroa mites showed the same trends: two foundress Varroa yielded higher DWV levels than
one foundress, and the addition of nymphs did not increase viral levels. Using the same pupae examined
for the presence of viruses, 16 out of 24 genes evaluated showed significant differential mRNA expression
levels among the three honey bee stocks. However, only four genes (Defensin, Dscam, PPOact and spaetzle),
which were expressed at similar levels in uninfested pupae, were altered by the number of feeding foun-
dress Varroa and levels of DWV regardless of stocks. This research provides the first evidence that
immune response profiles of different honey bee stocks are induced by Varroa parasitism.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Varroa destructor Anderson and Trueman remains the major
cause of deaths of Apis mellifera colonies worldwide (Anderson
and Trueman, 2000). Significant injuries to individual honey bees
largely occur within the capped brood where these mites
reproduce. One foundress Varroa can produce an average of three
offspring in A. mellifera worker brood, which usually depends upon
the genotype of the honey bees (de Guzman et al., 2008). While
inside the cells, both the foundress and her progeny feed on the
hemolymph of the developing brood through wounds inflicted by
the foundress. Typically, one integumental wound per pupal host
is made, which is shared as a feeding site by the foundress with
her progeny or with other invading foundresses (Kanbar and
Engels, 2005).

As Varroa mites feed on host bees, they also can transmit honey
bee viruses (Yue and Genersch, 2005; Chantawannakul et al., 2006;
Gisder et al., 2009). Infestation by Varroa has been associated with
infections of multiple honey bee viruses such as Deformed wing
virus (DWV), Kashmir bee virus (KBV), and Israeli acute bee paral-
ysis virus (IAPV) (Chen et al., 2004; Tentcheva et al., 2004; Chen
and Siede, 2007; Di Prisco et al., 2011; Martin et al., 2012). DWV
infection is a prominent result of Varroa parasitism which results
in wing deformation, decreased body weight and size, and short-
ened life span (de Jong et al., 1982; de Jong and de Jong, 1983;
Chen and Siede, 2007; Annoscia et al., 2012). The wound sites
resulting from Varroa feeding also permit secondary bacterial
infections (Chen and Siede, 2007), which may further impact honey
bee health. Thus, the combination of Varroa parasitism and its
associated pathogens may synergistically affect the host’s immune
responses and eventually lead to colony collapse.

Honey bees possess both cellular and humoral immune
responses (Evans et al., 2006). In general, antibacterial peptides
(AMPs) are expressed in response to pathogens and parasites,
which directly lyse foreign microbial cells and inhibit activities of
enzymes essential for pathogen replication (Otvos et al., 2000; Li
et al., 2006). Several studies of immune responses have shown that
mites and viruses could alter transcript levels of immunity-related
genes in their corresponding hosts. Gregory et al. (2005) observed a
positive relationship between the number of Varroa mites and
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expression of AMPs (Defensin and abaecin) in the hosts. Yang and
Cox-Foster (2005) reported that DWV titers were negatively corre-
lated with the expression levels of immunity-related enzymes. A
recent study has implicated the feeding activities of Varroa in the
suppression of dorsal-1A (NF-jB) which allows unregulated DWV
replication (Nazzi et al., 2012).

Honey bees vary in their ability to defend themselves against V.
destructor infestation (Rinderer et al., 2010). Several stocks resis-
tant to Varroa have been developed. Two Varroa-resistant stocks,
Russian honey bees (RHB) and the bees with Varroa Sensitive
Hygienic (VSH) trait, are now commercially available in the United
States (Danka et al., 2008; Brachman, 2009; Rinderer et al., 2010).
In Europe, native honey bee subspecies also have shown some
degree of resistance to Varroa mites (Büchler et al., 2010). Various
mechanisms of resistance to Varroa mites have been identified.
Both RHB and VSH have a high proportion of infested brood having
non-reproductive mites (de Guzman et al., 2007; Harbo and Harris,
2009). RHB colonies also support a low proportion of multiply
infested brood (de Guzman et al., 2007) and have a higher propor-
tion of damaged mites or dropped mites (Rinderer et al., 2003,
2013, 2014a). VSH routinely remove Varroa infested brood
(Danka et al., 2008; Harbo and Harris, 2009).

Studies of the resistance to pathogens by A. mellifera were pio-
neered by Rothenbuhler (1964). Hygienic behavior was observed
to be a resistance mechanism to American foulbrood
(Rothenbuhler, 1964), Chalkbrood (Gilliam et al., 1983), and then
against parasitic mites. However, no study has been conducted to
determine whether or not honey bee stocks vary in their responses
to pathogens or pathogen-parasite exposures. Gregory et al. (2005)
investigated the immune response of Italian honey bees (IHB) to
Varroa parasitism using different pupal stages infested with differ-
ent mite loads (= foundress and progeny within a cell). However,
the DWV levels of their test bees and the potential effects of virus
levels on the expression of different immune genes were not exam-
ined. In this study, we compared the immune responses of three
honey bee stocks exposed to different numbers of foundress Varroa
and the presence of viruses that may be affected by mite
parasitism.
2. Materials and methods

2.1. Test brood preparation

Three honey bee stocks were compared in this study: (a) Italian
honey bees (IHB, n = 4 colonies), (b) VSH outcross (POL, n = 4 colo-
nies), and (c) Russian honey bees (RHB, n = 4 colonies). For each
test colony (one colony per stock), age-controlled eggs were
obtained by caging the queen with a push-in cage on an empty
frame for 24 h. The grafting technique was employed (de
Guzman et al., 1995), which was performed when larvae were less
than 24 h old. Royal jelly may be a source of virus infection for the
developing brood, and gamma irradiation has been shown to inac-
tivate viruses (Sullivan et al., 1971; White et al., 1990). To mini-
mize virus exposure, dry grafting (no priming of cells with royal
jelly) was employed and irradiated combs were used to receive
the grafted larvae (n = 150 larvae per stock/trial). At the middle
of the frame, a section comprising 15 rows of 30 cells was created
to receive the grafted larvae. Five rows were assigned randomly for
each stock per comb (trial). Each trial involved one colony each
from the three honey bee stocks. Four trials, each using different
colonies, were conducted. Thereafter, the test frame was placed
in the middle of the brood chamber of a host colony. Three host
colonies (with three medium boxes) having very low levels of Var-
roa infestation (2.5 ± 0.29%) were used. Host colonies were fed
with pollen patties and all had plenty of honey.
2.2. Mite inoculation

The transfer technique was used in this study (Garrido and
Rosenkranz, 2003; Kirrane et al., 2011; Khongphinitbunjong et al.,
2012). Inoculum female Varroa mites were collected from newly
sealed larvae of five highly infested colonies. For each trial, 10 inoc-
ulum mites were collected from each mite source colony and mixed
into a holding container with fresh larvae. Newly sealed grafted lar-
vae (L5) received one of the following treatments: (a) no mite inoc-
ulation (control), (b) capping opened and closed without mite
inoculation (O/C), (c) one foundress Varroa, and (d) two foundress
Varroa. The locations of each treatment within each brood section
were recorded. After inoculation, the test frame was kept in an incu-
bator (34 �C, 50% RH) to prevent brood removal by bees and small
hive beetle infestation. Eight days after mite inoculation, all tan-
bodied pupae were collected and individually placed in microcen-
trifuge vials. For the mite-inoculated (and few naturally infested)
brood, the numbers of mites infesting each pupa were counted,
stages differentiated and collected. Both the infested pupa and its
corresponding mite/s were kept in one microcentrifuge vial. All
samples were then stored in a �80 �C freezer until RNA extraction.

2.3. Molecular analyses

A total of 188 pupae (IHB = 64, POL = 60, RHB = 64) and 140 cor-
responding mite samples were analyzed for this study. One mite
sample comprised either the inoculated foundresses only (one or
two) or together with their respective nymphs (1–5). Total RNA
was isolated from individual bees using the Maxwell� nucleotide
purification system with the LEV simplyRNA tissue kit (AS1280)
(Promega, WI). The concentration (ng/ll) and purity (A260/280)
of total RNA was determined using a spectrophotometer (Nano-
Drop Technologies, Inc. Wilmington, DE). Reverse transcription
reactions for cDNA synthesis were performed using a QuantiTect
Reverse Transcription Kit (Qiagen Inc., Valencia, CA). A spike in
exogenous RNA was added into the RNA reaction to act as an exter-
nal control (Alien Reference RNA qRT-PCR Detection Kit Agilent
Technologies Inc., Santa Clara, CA). cDNA conversion was done in
accordance to the manufactures protocol. Double-Stranded cDNA
was synthesized with 600 ng poly-A RNA template.

The incidence of honey bee viruses and the expression of tar-
geted genes (Table 1) were determined by qPCR using CFX96™
Real-Time PCR (BioRad, Inc.) The 24 target genes were selected
from published literatures because they showed interactions
between mite infestation and pathogen infection, and cover
immune responses such as Toll, Imd, JNK, JAK/STAT pathways.
Amplification was performed in 10 ll reaction volumes, consisting
of 4 ll SsoFast Eva Green SMX (Biorad), 0.5 ll of 10 lM of each pri-
mer, 4 ll of nuclease free water and 1 ll cDNA. Reactions were run
for 95 �C for 30 s, 40 cycles of 95 �C for 1 s, 59 �C for 5 s followed by
a melt-curve dissociation analysis. All reactions included three
technical replicates. The qPCR data were expressed as the thresh-
old cycle (Ct) values and were normalized using geometric averag-
ing of multiple reference genes (b-actin, rp49 and the exogenous
Alien control) to the target genes (DCt) (Vandesompele et al.,
2002). To compare viral and gene expression levels across treat-
ments, the qPCR data were calculated using the 2�DDCt method
(Livak and Schnittgen, 2001; Chen et al., 2005; Chaimanee et al.,
2012; Boncristiani et al., 2013). The treatment with the lowest viral
or expression level was used as the calibrator (Chen et al., 2005).

2.4. Statistical analyses

For each stock, the viral level (DCt converted to log10) and
relative gene expression data (from Section 2.3) were analyzed
separately using a one-way analysis of variance (ANOVA) (SAS



Table 1
Oligonucleotide primers used in this study for the immune responses of three honey bee stocks.

Primer Pathway/target Forward Reverse References/Gene ID

abaecin Toll/Antimicrobial peptide CAGCATTCGCATACGTACCA GACCAGGAAACGTTGGAAAC Evans et al. (2006) (GB18323)
Apidaecin Toll/Antimicrobial peptide AGTCGCGGTATTTGGGAAT TTTCACGTGCTTCATATTCTTCA Evans et al. (2006) (GB17782)
apisimin Toll/Antimicrobial peptide TGAGCAAAATCGTTGCTGTC AACGACATCCACGTTCGATT Evans et al. (2006) (GB19468)
Basket JNK AGGAGAACGTGGACATTTGG AATCCGATGGAAACAGAACG Boncristiani et al. (2012) (GB16401)
Defensin Toll/Antimicrobial peptide TGTCGGCCTTCTCTTCATGG TGACCTCCAGCTTTACCCAAA Yang and Cox-Foster (2005) (GB41428)
domeless JAK/STAT TTGTGCTCCTGAAAATGCTG AACCTCCAAATCGCTCTGTG Evans et al. (2006) (GB12159)
Dorsal Toll TCACCATCAACGCCTAACAA AACTAACACCACGCGCTTCT Evans et al. (2006) (GB19066)
Dscam3-7 Down syndrome cell-adhesion molecule TTCAGTTCACAGCCGAGATG ATCAGTGTCCCGCTAACCTG Boncristiani et al. (2012) (GB15141)
EGFlike 1 CATTTGCCAACCTGTTTGT ATCCATTGGTGCAATTTGG Evans et al. (2006) (GB14654)
hem JNK CACCTGTTCAGGGTGGATCT CCTTCGTGCAAAAGAAGGAG Evans et al. (2006) (GB17167)
hexam10869 JAK/STAT GGACAATTGGATCTGCTCGT GTGTTGCTTCCGCTTTTCAG Gregorc et al., 2012 (GB10869)
Hopscotch JAK/STAT ATTCATGGCATCGTGAACAA CTGTGGTGGAGTTGTTGGTG Evans et al. (2006) (GB16422)
Hymenoptaecin Toll/Antimicrobial peptide CTCTTCTGTGCCGTTGCATA GCGTCTCCTGTCATTCCATT Evans et al. (2006) (GB17538)
imd Imd TGTTAACGACCGATGCAAAA CATCGCTCTTTTCGGATGTT Evans et al. (2006) (GB18606)
Kenny Imd GCTGAACCAGAAAGCCACTT TGCAAGTGATGATTGTTGGA Evans et al. (2006) (GB17106)
Lys-1 Toll/Antimicrobial peptide GAACACACGGTTGGTCACTG ATTTCCAACCATCGTTTTCG Evans et al. (2006) (GB10231)
Myd88 Toll TCACATCCAGATCCAACTGC CAGCTGACGTTTGAGATTTTTG Evans et al. (2006) (GB12344)
PGRPSC Imd TCCGTCAGCCGTAGTTTTTC CGTTTGTGCAAATCGAACAT Gregorc et al. (2012) (GB19301)
PPOact Toll GTTTGGTCGACGGAAGAAAA CCGTCGACTCGAAATCGTAT Evans et al. (2006) (GB18767)
Relish Imd GCAGTGTTGAAGGAGCTGAA CCAATTCTGAAAAGCGTCCA Evans et al. (2006) (GB13742)
rp49 House keeping AAGTTCATTCGTCACCAGAG CTTCGAGTTCCTTGACATTATG de Miranda and Fries (2008) (GB47227)
Spaetzle Toll TGCACAAATTGTTTTTCCTGA GTCGTCCATGAAATCGATCC Evans et al. (2006) (GB15688)
Tak-1 Imd ATGGATATGCTGCCAATGGT TCGGATCGCATTCAACATAA Evans et al. (2006) (GB14664)
TepA JAK/STAT CAAGAAGAAACGTGCGTGAA ATCGGGCAGTAAGGACATTG Evans et al. (2006) (GB18789)
Toll Toll TAGAGTGGCGCATTGTCAAG ATCGCAATTTGTCCCAAAAC Evans et al. (2006) (GB18520)
b-actin House keeping TTGTATGCCAACACTGTCCTTT TGGCGCGATGATCTTAATTT Simone et al. (2009) (GB17681)
DWV Deformed wing virus (DWV) GAGATTGAAGCGCATGAACA TGAATTCAGTGTCGCCCATA Boncristiani et al. (2012) (AY292384.1)
BQCV Black queen cell virus (BQCV) TTTAGAGCGAATTCGGAAACA GGCGTACCGATAAAGATGGA Boncristiani et al. (2012) (HQ655494.1)
IAPV Israeli acute paralysis virus (IAPV) GCGGAGAATATAAGGCTCAG CTTGCAAGATAAGAAAGGGGG Boncristiani et al. (2012) (EF219380.1)
KBV Kashmir bee virus (KBV) TGAACGTCGACCTATTGAAAAA TCGATTTTCCATCAAATGAGC Boncristiani et al. (2012) (AY275710.1)

Fig. 1. Log fold change of DWV levels in pupae of three honey bee stocks inoculated
with different numbers of foundress Varroa. For each stock, bars with different
letters are significantly different (P < 0.001). IHB = Italian honey bees, POL = VSH
outcross, RHB = Russian honey bees. 0 = pupae with no mite inoculation, 1F = pupae
inoculated with one foundress Varroa, 2F = pupae inoculated with two foundress
Varroa. * Calibrator with the lowest DWV level.
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JMP version 10.0, SAS Corp.). For the viral level comparisons, two
separate analyses were performed: one to show the effect of the
number of inoculated foundresses on DWV levels, and the other
to determine the effect of the number of actively feeding mites
(foundress plus their nymph progeny) on viral levels. Where differ-
ences were found, means were compared using a Tukey-HSD with
a 95% confidence. A t-test was used to compare DWV levels in
pupae infested with one or two Varroa foundresses.

3. Results

3.1. DWV levels of three honey bee stocks as affected by the number of
inoculated foundress

For all honey bee stocks, the levels of DWV increased with an
increasing number of introduced foundress Varroa (IHB, F = 55.29;
P < 0.0001; Pol; F = 22.97; P < 0.0001; RHB, F = 24.16; P < 0.0001)
(Fig. 1). Initial DWV levels of Varroa-free pupae from IHB colonies
were similar to that of RHB and were higher to that of POL
(F = 13.32; P < 0.0001). However, the amount of increase in DWV
varied among stocks. When one foundress Varroa was introduced,
a similar increase of DWV levels was observed in IHB (103 fold
increase in the DCt values) while POL and RHB had about 102 fold
more than the uninfested brood (F = 14.39; P < 0.0001). The same
trend was observed when two foundress Varroa mites were intro-
duced. The increase of DWV levels in RHB (104 fold) and POL (104

fold) were similarly lower than IHB which supported an increase
of about 105 fold more than the levels of their uninfested brood
(F = 13.17; P < 0.0001). However, these DWV levels among honey
bee stocks when infested with one (F = 0.92; P = 0.402) or two mites
(F = 3.06; P = 0.055) were not statistically different.

3.2. Virus levels of three honey stocks as affected by the number of
actively feeding Varroa

The effect of the number of actively feeding mites (foundress
and nymphs excluding eggs) on the levels of DWV in both pupal
hosts and their corresponding mites was investigated. In this
study, not all inoculated mites reproduced. Those mites that repro-
duced had 1–5 progeny. Hence, data from all stocks were pooled
and grouped as follows: (a) 0 = uninfested (control + O/C), (b)
1F = 1 foundress without nymphs (1F), (c) 1F + P = 1 foundress with
1–5 nymphs, (d) 2F = 2 foundress without nymphs, and (e)
2F + P = 2 foundress with 1–5 nymphs. Analyses revealed that the
levels of DWV both in pupal hosts (F = 53.23; df = 4; P < 0.001)
and their corresponding mites (F = 8.89; df = 3; P < 0.0001) varied
among the mite treatment groups (Fig. 2). Nevertheless, the pres-
ence of actively feeding nymphs within the brood cells did not
enhance the positive effect of increasing number of foundress on
DWV levels in both pupae and their corresponding mites.

When analyzed for other viruses only 9.04% (17 out of 188) of
our bee samples were infected with low levels of Black queen cell
virus (BQCV) (Ct = 33.17 to Ct = 37.27). There was no significant
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(P > 0.05) difference between uninfested (Ct = 39.88 ± 0.20) and
infested (Ct = 39.61 ± 0.18) pupae. For the mite samples, 67.86%
(65 out of 140) were infected with varying levels of BQCV
(Ct = 19.29 to Ct = 36.73). There was no significant (P > 0.05) differ-
ence between one (Ct = 34.35 ± 0.60) and two (Ct = 33.77 ± 0.77)
foundress mites. All pupae and their corresponding mites were
found negative for Israeli acute paralysis virus (IAPV) and Kashmir
bee virus (KBV).

3.3. Effects of Varroa infestation on immune gene expression

The expression of 24 genes was compared between pupae that
were uninfested and infested with 1 or 2 foundress mites in three
stocks IHB, RHB and POL. Overall 16/24 genes were differently
expressed between treatments across all stocks (Fig. 3). In IHB, 8/
24 genes were differently expressed among treatments. Four genes
were found to be up-regulated with mite inoculation (Defensin, lys-
1, hexam and kenny) and four down-regulated (domeless, Dscam,
PPOact and imd). In POL, 2/24 genes were differentially expressed
(Defensin and relish) in response to mite inoculation and both were
down-regulated. For RHB, 9/24 genes were differentially expressed
among treatments. All these nine genes (basket, domeless, hem,
Myd88, tepA, toll, imd, PGRP and spaetzle were down-regulated in
response to mite inoculation.

Across all three stocks, only four genes (Defensin, Dscam, PPOact
and spaeztle) displayed a correlative (positive or negative) relation-
ship with mite infestation levels in one or more stocks (Fig. 4). The
gene Defensin displayed a significant positive relationship with the
increased number of inoculated mites in both IHB and POL stocks
indicating bees’ immune response to mite feeding. The gene PPOact
displayed a negative relationship with increased number of inocu-
lated mites in the IHB stock.
Up-regulation Down-regulation No change

Fig. 3. Immune profile summary of significant changes in pupae inoculated with
one or two foundress Varroa as compared to uninfested pupae (no Varroa
inoculation) in three honey bee stocks. IHB = Italian honey bees, POL = VSH
outcross, RHB = Russian honey bees.
4. Discussion

Varroa and the pathogens they transmit negatively impact
honey bee health worldwide. In order to combat Varroa mites, a
number of strains of bee have been bred for Varroa resistance. Each
bee strain has unique characteristics that help the bee colony sur-
vive against the mite. For example both RHB and VSH bees have
been selected to have behavioral traits that improve aspects of
mite removal, therefore reducing the overall numbers of mites in
a colony (de Guzman et al., 2007; Rinderer et al., 2010; Danka
et al., 2013). What is not known is how individual bees of these
stocks differ in their immunity response to Varroa feeding. In our
Fig. 2. Log fold change of DWV levels in pupae and their corresponding mites as
affected by the number of actively feeding mites. For each group, bars with different
letters are significantly different from each other (P < 0.001). 0 = uninfested, 1F = 1
foundress Varroa, 1F + P = 1 foundress Varroa with 1–5 nymphs, 2F = 2 foundress
Varroa, 2F + P = 2 foundress Varroa with 1–5 nymphs. * Calibrator with the lowest
DWV level.
experiments, we compared individual bees from multiple stocks
[IHB, RHB, and POL (VSH outcross)] in their immunity response
to Varroa feeding.

Low levels of DWV have been observed in contemporary Varro-
a-free colonies (Martin et al., 2012) and were also present before
the invasion of mites into the US. DWV and bees with the deformed
wing phenotype are more prevalent, however, in colonies with
high Varroa levels (Yang and Cox-Foster, 2005). Because of the
prevalence of DWV, it is difficult to find colonies that have no
detectable levels of DWV. Therefore, our experiments looked at
the increase in DWV after mite feeding.

In our research, the DWV levels in multiply infested pupae were
higher than those with a single infesting mite, regardless of stock.
This observation corroborated the findings of Nazzi et al. (2012)
who reported that the increased numbers of Varroa foundresses
trigger higher levels of DWV in Italian honey bees. The contrasting
effect of one versus two foundress-infestations on viral levels may
be associated with wound size inflicted by the mites, or just the
increased amounts of virus transmitted because of multiple feed-
ing foundresses. According to Kanbar and Engels (2005), the size
of wounds increased with increasing numbers of foundress mites
while generally only one wound site is found. Larger wounds
resulting from increased hemolymph feeding may accelerate virus
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Fig. 4. Mean expression levels for Defensin, Dscam, PPOact and Spaetzle gene in
pupae inoculated with different number of foundress Varroa. For each group, bars
with different letters indicate significantly different transcript expressions for
selected genes in honey bee stocks (P < 0.05). IHB = Italian honey bees, POL = VSH
outcross, RHB = Russian honey bees. 0 = pupae with no mite inoculation, 1F = pupae
inoculated with one foundress Varroa, 2F = pupae inoculated with two foundress
Varroa. * Calibrator with the lowest expression level.
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transmission to the pupal host and among infesting mites. Further,
larger wounds increase the risk of bacterial or fungal infections.
Melissococcus plutonius, causative agent of European foulbrood,
has been isolated from wounds inflicted by Varroa mites (Kanbar
and Engels, 2003). Another possibility, as suggested by Nazzi
et al., is that mite feeding interferes with the immune response
of bees and permits virus replication which leads to an increase
in DWV levels.

Although Varroa mites are known vectors of DWV (Shen et al.,
2005; Chen et al., 2006), our results indicate that the presence of
nymphs did not intensify viral levels in their honey bee hosts,
but rather, only the feeding of foundresses increases infection lev-
els. It is possible that during feeding, any virus that the nymphs
introduce into the feeding site has undetectable effects on the virus
titers in the bees. Perhaps the protonymphs are not mature enough
to support DWV replication or affect the host immunity. All of the
inoculum mites were infected with DWV, therefore variation
among DWV levels in stocks could not be influenced by the varia-
tion in the mites.

In nature, they rarely have multiple infestations of Varroa mites
but the introduction of one or two foundress mites resulted in
large DWV level increase indicating that while the bee stocks are
resistant to Varroa (Danka et al., 2013; Rinderer et al., 2014b) they
are still susceptible to DWV infection. However, other behavioral
mechanisms against Varroa parasitism (e.g. brood removal) may
indirectly contribute to low level of the overall virus infections
by keeping low mite population in the colonies, and reduce the
infected brood which can serve as the reservoir of the virus.

The expression of immune genes has been measured in
response to Varroa feeding (Gregory et al., 2005; Yang and Cox-
Foster, 2005; Nazzi et al., 2012), but the expression patterns have
never been compared between mite resistant honey bee stocks.
Twenty-four target genes were measured in response to inoculated
mite feeding. Results here suggest that the different honey bee
stocks have different immune responses to Varroa parasitism.
Overall, 16 of the 24 genes tested were significantly different
among stocks or treatments. In the IHB, eight target genes were
either up- or down-regulated with mite feeding. The POL stock
had two genes that were up-regulated. Finally, the RHB stock
exhibited nine genes that were significantly down-regulated. The
expression seen among the stocks may be indicative of stock vari-
ations in several genetically controlled immune responses.

Of all of the genes tested, only four genes (Defensin, Dscam, PPO-
act and spaetzle) had significant differences in the levels of gene
expression that correlated with mite numbers in one or more
stocks (Fig. 4). Only Defensin expression increases with increased
numbers of feeding foundress mites across all three stocks, but
only significantly in IHB and POL. This up-regulation coincided
with the findings of Kuster et al. (2014) which reported that pupae
(240 h post capping) infested with three to five Varroa (regardless
of mite stage or these are all foundress) had higher levels of Defen-
sin as compared to that of the control (uninfested pupae). These
results indicate that the expression of the antimicrobial peptide
Defensin is turned on in response to mite feeding, perhaps as a
defense mechanism. However, our data did not fully corroborate
the findings of Gregory et al. (2005) which demonstrated that
pupae infested with low numbers of Varroa (2–4 mites) showed
a significant down-regulation of Defensin, but the suppression of
these transcripts disappeared when bee pupae had higher numbers
of mites feeding (5–6 mites). This discrepancy may due to the dif-
ferences in the stages of mites considered in the two studies.
Gregory et al. (2005) considered both foundresses and nymphs
while this study only considered the number of foundress Varroa.
Also, Gregory et al. (2005) did not measure DWV levels in their
samples. In this study, all stocks were inoculated with DWV-
infected Varroa mites. Thus, the increase of the transcription levels
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observed in this study may be due to this concurrent exposure of
pupae to Varroa and DWV. Further, the entry of other microorgan-
isms through the wound sites from mite feeding may have trig-
gered the up-regulation of Defensin.

The gene PPOact was down-regulated in IHB pupae inoculated
with either one or two foundress Varroa and exhibited a similar
but non-significant pattern in the other stocks. Prophenoloxidaes
(PPOs) are important enzymes in the melanization process in
insects, especially during microbial defense and wound healing.
During feeding, mites inhibit melanization around the feeding site
through an uncharacterized mechanism. However, the decreased
expression of PPOact in infested brood suggests that the mites
directly inhibit the regulation of the known melanization mecha-
nism in the honey bee which may later increase the risk of micro-
bial contamination or the spread of pathogens which in this case
was DWV. In addition, spaetzle was down- regulated only in RHB
pupae infested with two foundress Varroa. Our data corroborated
the findings of Ryabov et al. (2014) which suggested that down-
regulation of this gene occur as a response to both the presence
of Varroa and an increase in DWV levels.

In conclusion, there is a considerable diversity of stress factors
that can interfere with the immune system. These different
stresses may account for the multitude of putative possible causes
suggested in honey bee colony loss. By studying the immune
responses of different honey bee stocks to various stressors, we
can identify mechanisms that enhance survival and then select
for these mechanisms in breeding programs. Research presented
here suggests that not all honey bee stocks react to Varroa parasit-
ism in similar ways. Thus, further studies on the interactions
among Varroa, DWV and honey bee genetic traits may provide
valuable information on immunity and resistant mechanisms of
the honey bee against pests and parasites.
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