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Honey bee colonies (Apis mellifera) have been selected for low level of Nosema in Denmark over decades
and Nosema is now rarely found in bee colonies from these breeding lines. We compared the immune
response of a selected and an unselected honey bee lineage, taking advantage of the haploid males to
study its potential impact on the tolerance toward Nosema ceranae, a novel introduced microsporidian
pathogen. After artificial infections of the N. ceranae spores, the lineage selected for Nosema tolerance
showed a higher N. ceranae spore load, a lower mortality and an up-regulated immune response. The dif-
ferences in the response of the innate immune system between the selected and unselected lineage were
strongest at day six post infection. In particular genes of the Toll pathway were up-regulated in the
selected strain, probably is the main immune pathway involved in N. ceranae infection response. After
decades of selective breeding for Nosema tolerance in the Danish strain, it appears these bees are tolerant
to N. ceranae infections.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The honey bee, Apis mellifera can be infected by two microspo-
ridian parasites, Nosema apis and Nosema ceranae. N. apis is an evo-
lutionarily old pathogen of A. mellifera with moderate virulence and
colonies can cure themselves under favorable environmental condi-
tions (Zander, 1909; Chen et al., 2009). This relatively low virulence
of N. apis is different from that of N. ceranae, a microsporidium orig-
inally found in the Asian honey bee Apis ceranae (Fries et al., 1996)
which has been introduced into European honey bee populations
(Higes et al., 2006; Fries et al., 2006) and is now widespread in A.
mellifera populations across the globe (Chauzat et al., 2007; Cox-
Foster et al., 2007; Klee et al., 2007). N. ceranae had been reported
to have high virulence in both the colony and individual, but there
are repeated reports suggesting the species is less virulent than N.
apis (Paxton et al., 2007; Higes et al., 2008, 2009; Invernizzi et al.,
2009; Gisder et al., 2010; Forsgren and Fries, 2010; Fries, 2010).

The Nosema infection cycle is well understood. Spores are in-
gested by the honey bee and germinate quickly in the midgut.
ll rights reserved.
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The spores extrude the polar tube which penetrates the epithe-
lial cells to release the sporoplasm directly into the cytoplasm
(Higes et al., 2007; Fries, 2010). Within a week, the host epithe-
lial cells are filled with offspring spores (Graaf et al., 1994; Gis-
der et al., 2011) and the cells burst to release a new generation
of primary spores. If the honey bees can block the further infec-
tion, the primary spores develop into environmental spores and
excreted through the feces. Otherwise, primary spores will ger-
minate again and keep infecting more cells. However, the mech-
anisms of blocking Nosema infection in honey bees are still
unclear.

In Denmark, bee keepers have been selecting colonies that have
low Nosema infection level for decades (Traynor, 2008) and today
Nosema is rarely found in bee colonies from these breeding lines.
All four immune pathways – the Toll-pathway, the IMD-pathway,
then JNK-pathway and the JAK/STAT-pathway have been identified
in the A. mellifera genome (Evans et al., 2006) and respond to Nose-
ma infection (Antúnez et al., 2009). Since the immune system has
been shown to be involved in the N. ceranae infection responses
(Antúnez et al., 2009) and the Danish breeding line has been se-
lected for Nosema tolerance, we here screen how the immune sys-
tem of the Nosema tolerance selected strain negotiates with this
novel pathogen.

http://dx.doi.org/10.1016/j.jip.2012.01.004
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2. Materials and methods

2.1. Bees

The same age sister virgin queens of the selected strain (A. melli-
fera) were provided by the Department of Integrated Pest Manage-
ment Research Centre Flakkebjerg, Denmark. A. mellifera carnica
queens from Germany that had not been selected for Nosema toler-
ance were kept at the apiary of the Martin-Luther-University
Halle-Wittenberg served as controls. All queens were introduced
into small colonies composed of about 2000 newly emerged work-
ers. The queens were treated with CO2 to initiate ovary activation
(Mackensen, 1947) without mating so that they exclusively pro-
duced haploid drone offspring (Mackensen, 1951). We decided to
screen the immune response of haploid drones rather than that
of diploid workers because of their simple hemizygous genetic de-
sign which is free of allelic dominance interactions that might
complicate any gene expression patterns of diploids. Frames of
sealed drone brood and the worker brood were kept in an incuba-
tor (34 ± 1 �C). Freshly emerged drones of the selected queen and
unselected queens were collected daily from the brood frames to
provide Nosema free, age standardized individuals (0–24 h) for
the artificial infection experiments. Freshly emerged workers of
unselected queens in the apiary were served as nurse bees.
2.2. Infection and sampling

Fresh N. ceranae infected workers were provided by Laboratoire
de Biologie et Protection de l’abeille, INRA Avignon, France. The
abdomens of infected workers were homogenized in distilled
water, filtered through filtering paper and centrifuged at 3220G
for 10 min. The pellet was re-dissolved and centrifuged at 8700G
for 5 min to purify the N. ceranae spores. Spores were counted
using a Fuchs-Rosenthal haemocytometer and the Nosema species
was verified by a standard PCR protocol (Hamiduzzaman et al.,
2010).

Drones were individually fed with 2 ll sucrose solution con-
taining �105 N. ceranae spores. Drones that did not consume the
entire volume were discarded. For each experimental group, 45–
50 drones and 20 uninfected nurse workers were housed in a woo-
den cage (depth 13 cm �width 10 cm � height 11.5 cm) at
34 ± 1 �C, 60% rel. hum. Three cage replicates were conducted for
selected strain, unselected strain and control group, respectively.
Drones of the unselected strain received 2 ll sucrose solutions
without any Nosema spores served as the control group.

Three drones were sampled from each cage every 24 h. Dead
bees were removed and recorded until day eight post infection.
The ventriculi of all sampled drones were removed and homoge-
nized in 500 ll distilled H2O individually. 10 ll Of this solution
was used to count N. ceranae spores in a Fuchs-Rosenthal
haemocytometer.
2.3. cDNA synthesis and quantative real-time PCR (qPCR)

After the gut removal for N. ceranae spore counting, the abdo-
men was immediately preserved in RNA later (Sigma–Aldrich)
and stored at �80 �C until RNA was extracted (RNeasy Mini kit,
Qiagen). RNA concentration and quality (absorption ratio
260 nm/280 nm) were spectrophotometrically measured (Nano-
drop 1000, Pequlab). Equal amounts of RNA extracts of three
drones of the same strain and same sampling date were pooled.cD-
NA was synthesized by mixing 80 ng of the RNA pools of three
drones with 0.8 ll (0.5 lg/ll) oligo-dT18 primer (Fermentas, St.
Leon-Rot, Germany) in 10 ll RNAse free water and incubated
5 min at 70 �C. Next 3.4 ll 5 � RT buffer (Promega, Mannheim,
Germany), 0.8 ll dNTPs(10 mM), 0.4 ll M-MLV Revertase (200 u/
ll, Promega, Mannheim, Germany), 0.2 ll Ribolock RNAse inhibitor
(40 u/ll, Fermentas, St. Leon-Rot, Germany), 1.6DTT(0.1 mM) were
added and incubated at 42 �C for 2 h and extending 15 min at
70 �C. Finally, the synthesized cDNA was diluted 1:10 with DEPC-
water (DNase & RNase free water) for subsequent qPCR reactions.

1 ll Of this diluted cDNA was added to 5 ll SensiMix of the
SYBR & Fluorescein kit (SYBR-Green, Bioline, Luckenwalde, Ger-
many), 0.2 ll of the specific gene primer (10 mM) (Table 1) and
3.6 ll DEPC water for qPCR assay. After an initial phase of 95 �C
for 3 min, the temperature cycle was as follows: 95 �C for 15 s;
60 �C for 30 s; 72 �C for 30 s for 40 cycles including plate read in
every cycle. Finally melting curves were recorded by increasing
the temperature from 50 �C to 90 �C.

Thirty three immune genes (Evans, 2006) covering all four im-
mune pathways were amplified together with five reference genes
(Yang and Cox-Foster, 2005; Van Hiel et al., 2009; Jarosch and Mor-
itz, 2011) for all samples for each day from day one to six post
infection. Immune genes and reference genes of each drone were
run in the same 96 well plate to avoid plate variance. Each gene
per sample was run in duplicate.

2.4. Statistical analysis

The temporal analysis of spore loads in the guts of drones of dif-
ferences between the two honey bee strains were analyzed by Uni-
variate Analysis of Variance, with strain and day post infection as
fixed factor and replicates as a random factor using the SPSS 16.0
package. Survival of the two honey bee strains and the control
group were analyzed with Kaplan–Meier procedure (SPSS 16.0).

The Opticon Monitor 3 (Bio-Rad, Munich, Germany) software
was used to compute the Ct values and the PCR efficiency was cal-
culated for individual reaction with the qpcR package (Spiess and
Ritz, 2010), R (Hornik, 2011). The mean amplification efficiency
of each gene over all samples were used for subsequent computa-
tions. Immune gene expression comparisons between two strains
were conducted using the limma function of HTqPCR package
(Dvinge and Bertone, 2009), R (Hornik, 2011). Genes that showed
significant differences in expression levels between the two strains
were further analyzed with an ANOVA to compare the relative
expression differences among the two strains and the uninfected
control group (SPSS 16.0).

The relative gene expression was computed as follows:

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQn
i¼1

ECtðiÞ
i

n

s

ECtðt arg etÞ

where E is the PCR amplification efficiency; Ct is cycle threshold; i is
ith reference gene; n is number of reference gene; r is the relative
gene expression.

3. Results

3.1. Spore load dynamics and drone mortality

Spores were not found in the uninfected control group. During
the first four days after the infections, the N. ceranae spore load
in the infected drones’ guts showed no significant differences be-
tween the two strains. However, from day five onward the number
of spores in the drones of the selected strain was significantly high-
er than in the unselected strain (p < 0.001). This difference was
largest on day six with more than an order of magnitude more
spores in drones of the selected strain (8.2 � 105 vs 7 � 104, selcted
vs unselected, p < 0.001) (Fig. 1). At day eight however the spore ti-
ters became more similar again. However, in spite of this much



Table 1
Tested immune genes, associated pathways and primers. Categories: P = pathogen or bacteria receptor; T = trans-membrane signal receptor; E = end product; K = kinase;
TR = transcription regulator; R = reference gene.

Gene name Pathway Category F. primer B. primer

Abaecin Toll E CAGCATTCGCATACGTACCA GACCAGGAAACGTTGGAAAC
AmPPO Toll E AGATGGCATGCATTTGTTGA CCACGCTCGTCTTCTTTAGG
Apidaec Toll E TAGTCGCGGTATTTGGGAAT TTTCACGTGCTTCATATTCTTCA
Apisimin Toll E TGAGCAAAATCGTTGCTGTC AACGACATCCACGTTCGATT
Cactus-1 Toll K CACAAGATCTGGAGCAACGA GCATTCTTGAAGGAGGAACG
Cactus-2 Toll K TTAGCAGGACAAACGGCTCT CAGAAAGTGGTTCCGGTGTT
Defensin-2 Toll E GCAACTACCGCCTTTACGTC GGGTAACGTGCGACGTTTTA
Defensin-1 Toll E TGCGCTGCTAACTGTCTCAG AATGGCACTTAACCGAAACG
Dorsal-2 Toll TR TCACCATCAACGCCTAACAA AACTAACACCACGCGCTTCT
Hymenopt Toll K CTCTTCTGTGCCGTTGCATA GCGTCTCCTGTCATTCCATT
Lys-1 Toll E GAACACACGGTTGGTCACTG ATTTCCAACCATCGTTTTCG
Lys-2 Toll E CCAAATTAACAGCGCCAAGT GCAATTCTTCACCCAACCAT
Lys3l Toll E ATCTGTTTGCGGACCATTTC TCGATGAATGCGAAGAAAATC
Myd88 Toll K TCACATCCAGATCCAACTGC CAGCTGACGTTTGAGATTTTTG
PGRP9710 Toll P TTTGAAAATTTCCTATGAAAGCA TTTTTAATTGGTGGAGATGGAAA
PGRPSC2505 Toll P TAATTCATCATTCGGCGACA TGTTTGTCCCATCCTCTTCC
PGRPSC4300 Toll P GAGGCTGGTACGACATTGGT TTATAACCAGGTGCGTGTGC
PPPOact Toll E GTTTGGTCGACGGAAGAAAA CCGTCGACTCGAAATCGTAT
Spaetzle Toll K TGCACAAATTGTTTTTCCTGA GTCGTCCATGAAATCGATCC
Toll Toll T TAGAGTGGCGCATTGTCAAG ATCGCAATTTGTCCCAAAAC
Dredd Imd K GCGTCATAAAGAAAAAGGATCA TTTCGGGTAATTGAGCAACG
Imd Imd T TGTTAACGACCGATGCAAAA CATCGCTCTTTTCGGATGTT
Kenny Imd K GCTGAACCAGAAAGCCACTT TGCAAGTGATGATTGTTGGA
Relish Imd TR GCAGTGTTGAAGGAGCTGAA CCAATTCTGAAAAGCGTCCA
Tak-1 Imd K ATGGATATGCTGCCAATGGT TCGGATCGCATTCAACATAA
Demeless JAK/STAT P TTGTGCTCCTGAAAATGCTG AACCTCCAAATCGCTCTGTG
Hopscotch JAK/STAT K ATTCATGGCATCGTGAACAA CTGTGGTGGAGTTGTTGGTG
TepA JAK/STAT E CAAGAAGAAACGTGCGTGAA ATCGGGCAGTAAGGACATTG
Basket JNK K AGGAGAACGTGGACATTTGG AATCCGATGGAAACAGAACG
Dscam JNK E TTCAGTTCACAGCCGAGATG ATCAGTGTCCCGCTAACCTG
EGFlikeA JNK E CATTTGCCAACCTGTTTGT ATCCATTGGTGCAATTTGG
Hemipterous JNK K CACCTGTTCAGGGTGGATCT CCTTCGTGCAAAAGAAGGAG
ß-Actin R ATGCCAACACTGTCCTTTCTGG GACCCACCAATCCATACGGA
RP49 R CGCTACAAGAAGCTTAAGAGGTCAT CCTACGGCGCACTCTGTTG
Gpdh56 R GGATCAGGAAATTGGGGTTC CGGAAGCTTATGTCCTGGAA
Gpdh-1 R GCTGGTTTCATCGATGGTTT ACGATTTCGACCACCGTAAC
EF R GATGCTCCAGGCCACAGAGA TGCACAGTCGGCCTGTGAT

Fig. 1. Increase in N. ceranae spore load in the gut of artificially infected drone of the
selected and unselected strain. Both strains were fed with the same number of N.
ceranae spores. From 5 days post infection, the spore multiplication in selected
tolerant strain was much higher than in the unselected strain.
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higher spore load, the drones of the selected strain had a signifi-
cantly lower mortality than those of the unselected strain (Log
Rank, p < 0.001). Moreover the mortality of the selected drones
was not significantly different from the uninfected control group
(Log Rank, p = 0.25) (Fig. 2). The mortality in the unselected strain
was significantly higher than the control group (p < 0.001). More
than 90% of the drones of the selected strain were still alive even
on day eight post infection whereas 40% the drones of unselected
strain were dead. The highest mortality occurred on day two post
infection in drones of the unselected strain (Fig. 2) (Table S1).
3.2. Reference and immune gene expression

Three genes from the five chosen reference genes (ß-Actin, RP49
and GAPDH56) were significantly differentially expressed between
drones of selected and unselected population (p < 0.05) and hence
unsuited and excluded as a reference in the further analyzes. The
two remaining reference genes GAPDH-1 and EF showed no co-
regulation with the treatment and were used for the normalization
of the immune gene expression levels.

All 33 genes tested, showed no significant differences in expres-
sion levels between the selected strain and unselected strain dur-
ing the first five days after the infection. However, on day six
post infection, six immune genes from three pathways showed sig-
nificantly differential regulation between the two strains (adjusted
p < 0.05) (Fig. 3). The expression levels of these six genes were
therefore further compared with the control groups to identify
which strain deviated from the uninfected drones.



Fig. 2. Time series mortality. Three drones that were sampled every day from each
cage. These three drones were treated as sensored in the survival analysis. Drones in
the unselected strain had significantly higher mortality (Kaplan–Meier procedure)
whereas there was no difference in survival between the uninfected control group
and the drones from the selected lineage.
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3.3. Toll pathway

All screened Toll pathway genes were up-regulated after the
infection in both the selected and the unselected strain. The pepti-
doglycan recognition protein-SA (PGRPSC4300, GB15371) was sig-
nificantly up regulated on day one post infection compared to the
control group (p < 0.001). This up-regulation decreased steadily
over the subsequent days in both strains until this gene was close
to the expression level of the uninfected control group in the se-
lected strain day six post infection, and even significantly down
regulated in the unselected strain (p < 0.05). Toll (GB18520), lyso-
zyme-2 (lys-2, GB15106) and dorsal-2 (GB18032) showed a similar
but less pronounced expression dynamics and only on day six was
there a significant difference in the expression levels between the
selected and the unselected strain (p < 0.05) (Fig. 3).

3.4. IMD pathway and JAK/STAT pathway

All screened genes of these two pathways (IMD and JAK/STAT)
were up-regulated in the infected drones of both strains during
the first five days after the infection. Again significant differences
only occurred on day six post infection when Dredd (GB17683,
Imd pathway) up regulated in the selected strain (p < 0.01) but
down regulated in the unselected strain. The gene domeless
(GB16422) from the JAK/STAT pathway was similarly up-regulated
after the infection in both strains (p < 0.01), but again significantly
down-regulated in the unselected strain on day six post infection
(Fig. 3).

4. Discussion

As shown before for workers (Antúnez et al., 2009), also in our
experiments with drones immune genes were involved in the re-
sponse to N. ceranae infection, resulting in a general increase in im-
mune activity in response to the infection. The gene expression
levels from day one to five post infection in both the selected
and the unselected strain were higher than in the uninfected con-
trols. However there were no significant differences between the
gene expression levels of drones from the selected and the unse-
lected strain. Only on day six post infection could we observe re-
duced expression levels in genes of the innate immune system in
the unselected strain, similar to the depression of the immune sys-
tem in workers (Antúnez et al., 2009).

Although Nosema was similar with the fungi (Liu et al., 2006)
and is not a bacterial pathogen, the strongest response towards
the infection was that of the bacterial recognition receptor
PGRPSC4300 of the Toll pathway. The membrane-spanning Toll
receptor known to initiate the cell immune cascade (Imler et al.,
2004) was also up-regulated as was Dorsal which is involved in
melanization and antimicrobial effectors production. After day four
post infection, the overall immune activity decreased to reach
expression levels close to uninfected control group (for the se-
lected strain) or even significantly less (for the unselected strain)
on day six post infection. In spite of the receptor activation, the
infection did apparently not further enhance the subsequent im-
mune gene cascade of the drones at this stage. In addition the
trans-membrane receptor domeless in JAK/STAT was also up regu-
lated immediately at the beginning of the infection. But we did not
find any expression differences neither on hopscotch nor thioester
containing protein between the selected and unselected strain.
Since Dredd was the only gene from the IMD pathway showed a
different expression on day six post infection between the selected
and unselected strain. There is no clear cascade pattern how IMD
pathway and/or the JAK/STAT pathway initiate the response to
the N. ceranae infection, or were secondarily activated by other
triggers. Alternatively, the immune genes in IMD pathway and
the JAK/STAT were regulated at post expression level. Therefore,
we cannot find the significant difference on the gene expression.

Higes et al. (2007) shows that the number of infected epithelial
gut cells markedly increase on day six post infection and start
degeneration after day seven post infection. Also in our study No-
sema spores titers rapidly increased after four days post infection
in both strains. The N. ceranae spore titer was even larger in drones
of the selected strain in conjunction with lower mortality than
those of the unselected strain. The high mortality in the first few
days after infection is not due to the replication of Nosema which
occurs at a later stage. But adding N. ceranae spores to the inocula-
tion diet did significantly increase the mortality, because the con-
trol drones survived. This may be due to the gut damage during the
initial infection, but it may also be due to the behavior of the host
workers towards the infected drones. It is important to note that
these highly sensitive drones died and could not establish high
spore loads after Nosema replication. The variance in survival
might result from the variance in the initial feeding of spore solu-
tions. Although we tried to control the initial spore dose, variance
among the actual numbers of spore administered to the drones is
inevitable. We interpret the result such that only those susceptible
drones which had received a low spore number survived, which in
turn eventually resulted in the low spore load at the end of the
experiment. But we have not found a significance difference on
the spore load between the dead and alive drones, which might be-
cause the highest mortality was on day two post infection and
most dead drones were before day four post infection. So the spore
load was not significantly different at this early phase of the infec-
tion. We do not know the actual mechanisms how drones of se-
lected strain fight against N. ceranae infection and how an initial
N. ceranae infection can kill the drones of unselected strain. QTL
mapping and a histological examination of the gut tissue will be
suitable to test these hypothesis.

After decades of selective breeding for Nosema tolerance in the
Danish honey bee strain, it appears these bees are not only tolerant
to N. apis but at least the drones are also tolerant to N. ceranae. The
selected strain showed a very low mortality and a high tolerance to
N. ceranae spore load. If not kept in the cages, under natural condi-
tions and at the apiary the drones would simply expel the high



Fig. 3. Immune gene expression levels (log transformed) in relation to the uninfected controls and normalized for two housekeeping genes.
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spore load outside the colony during defecation flights. In spite of
the strong correlation between survival and immune gene expres-
sion we cannot exclude that also genetic mechanisms other than
the immune pathways drive the tolerance to N. ceranae. Toll path-
way showed a consistent cascade responded to the N. ceranae
infection. Bacterial receptor, trans-membrane signal receptor and
transcription regulator of the antimicrobial were all significantly
up-regulated in the selected strain. N. ceranae tolerant genes may
strongly correlated with the immune response by directly enhance
the immune gene expression and suppress the virulence of N. cer-
anae. Nevertheless the response of the innate immune system of
the drones of the strain selected for Nosema tolerance turned out
to be significantly stronger than for the unselected strain that suf-
fered a high mortality.

Acknowledgments

We thanks M. Lattorff and B. Fouks for discussion and revising
the manuscript. This work was supported by the European Union’s
Seventh Framework Programme (FP7/2007-2013 and FP7/2007-
2010) under grant agreement BEE DOC FP7-KBBE-2009-3 244956
CP-FP, Deutsche Forschungsgemeinschaft Project DFG SPP 1399
(MO 373/26-1) and China Scholarship Council.

Appendix A. Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jip.2012.01.004.

References

Antúnez, K., Martín-Hernández, R., Prieto, L., Meana, A., Zunino, P., Higes, M., 2009.
Immune suppression in the honey bee (Apis mellifera) following infection by
Nosema ceranae (Microsporidia). Environ. Microbiol. 11 (9), 2284–2290.

Chauzat, M.P., Higes, M., Martín-Hernández, R., Meana, A., Cougoule, N., Faucon, J.P.,
2007. Presence of Nosema ceranae in French honeybee colonies. J. Apic. Res. 46,
127–128.

Chen, Y.P., Evans, J.D., Zhou, L., Boncristiani, H., Kimura, K., Xiao, T.G., Litkowski,
A.M., Pettis, J.S., 2009. Asymmetrical coexistence of Nosema ceranae and Nosema
apis in honey bees. J. Invertebr. Pathol. 101, 204–209.

Cox-Foster, D.L., Conlan, S., Holmes, E., Palacios, G., Evans, J.D., Moran, N.A., et al.,
2007. A metagenomic survey of microbes in honey bee colony collapse disorder.
Science 318, 283–287.

Dvinge, H., Bertone, P., 2009. HTqPCR: High-throughput analysis and visualization
of quantitative real-time PCR data in R. Bioinformatics 25 (24), 3325.

Evans, J.D., 2006. Beepath: an ordered quantitative-PCR array for exploring honey
bee immunity and disease. J. Invertebr. Pathol. 93, 135–139.

Evans, J.D., Aronstein, K., Chen, Y.P., Hetru, C., Imler, J.L., Jiang, H., et al., 2006.
Immune pathways and defence mechanisms in honey bees Apis mellifera. Insect.
Mol. Biol. 15, 645–656.

Forsgren, E., Fries, I., 2010. Comparative virulence of Nosema ceranae and Nosema
apis in individual European honey bees. Vet. Pathol. 3–4 (170), 212–217.

Fries, I., 2010. Nosema ceranae in European honey bees (Apis mellifera). J. Invertebr.
Pathol. 103, S73–S79.

Fries, I., Feng, F., Silva, A., Slemenda, S.B., Pieniazek, N.J., 1996. Nosema ceranae n sp
(Microspora, Nosematidae), morphological and molecular characterization of a
microsporidian parasite of the Asian honey bee Apis cerana (Hymenoptera,
Apidae). Europ. J. Protistol. 32, 356–365.

Fries, I., Martin, R., Meana, A., Garcia-Palencia, P., Higes, M., 2006. Natural infections
of Nosema ceranae in European honey bees. J. Apic. Res. 45, 230–233.

Gisder, S., Hedtke, K., Möckel, N., Frielitz, M.C., Linde, A., Genersch, E., 2010. Five-
year cohort study of Nosema spp. in Germany: does climate shape virulence and
assertiveness of Nosema ceranae? Appl. Environ. Microbiol. 9 (76), 3032–3038.

Gisder, S., Möckel, N., Linde, A., Genersch, E., 2011. A cell culture model for Nosema
ceranae and Nosema apis allows new insights into the life cycle of these
important honey bee-pathogenic microsporidia. Environ. Microbiol. 13 (2),
404–413.

Graaf, D.C., Sabbe, H.R., De Rycke, P.H., Jacobs, F.J., 1994. Early development of
Nosema apis (Microspora: Nosematidae) in the Midgut Epithelium of the
Honeybee (Apis mellifera). J. Invertebr. Pathol. 63, 74–81.

Hamiduzzaman, M.M., Guzman-Novoa, E., Goodwin, P.H., 2010. A multiplex PCR
assay to diagnose and quantify Nosema infections in honey bees (Apis mellifera).
J. Invertebr. Pathol. 105 (2), 151–155.

Higes, M., Garcia-Palencia, P., Martin-Hernandez, R., Meana, A., 2007. Experimental
infection of Apis mellifera honeybees with Nosema ceranae (Microsporidia). J.
Invertebr. Pathol. 94, 211–217.

Higes, M., Martin-Hernández, R., Botias, C., Bailon, E.G., González-Porto, A.V.,
Barrios, L., et al., 2008. How natural infection by Nosema ceranae causes
honeybee colony collapse. Environ. Microbiol. 10, 2659–2669.

Higes, M., Martin-Hernandez, R., Garrido-Bailón, E., González-Porto, A.V., García-
Palencia, P., Meana, A., 2009. Honeybee colony collapse due to Nosema ceranae
in professional apiaries. Environ. Microbiol. Rep. 1 (2), 110–113.

Higes, M., Martín, R., Meana, A., 2006. Nosema ceranae, a new microsporidian
parasite in honeybees in Europe. J. Invertebr. Pathol. 92, 93–95.

Hornik, K., 2011. The R FAQ. ISBN 3-900051-08-9, 2011. <http://CRAN.R-project.org/
doc/FAQ/R-FAQ.html>.

Imler, J.L., Ferrandon, D., Royet, J., Reichhart, J.M., Hetru, C., Hoffmann, J.A., 2004.
Toll-dependent and Toll-independent immune responses in Drosophila. J.
Endotoxin. Res. 4 (10). doi:10.1179/096805104225005887.

Invernizzi, C., Abud, C., Tomasco, I.H., Harriet, J., Ramallo, G., Campa, J., et al., 2009.
Presence of Nosema ceranae in honeybees (Apis mellifera) in Uruguay. J.
Invertebr. Pathol. 2 (101), 150–153.

Jarosch, A., Moritz, R.F.A., 2011. Systemic RNA-interference in the honeybee Apis
mellifera: Tissue dependent uptake of fluorescent siRNA after intra-abdominal
application observed by laser-scaning microscopy. J. Insect. Physiol. 57 (7),
851–857.

Klee, J., Besana, A.M., Genersch, E., Gisder, S., Nanetti, A., Tam, D.Q., et al., 2007.
Widespread dispersal of the microsporidian Nosema ceranae, an emergent
pathogen of the western honey bee, Apis mellifera. J. Invertbr. Pathol. 9, 1–10.

Liu, Y.J., Hodson, M.C., Hall, B.D., 2006. Loss of the flagellum happened only once in
the fungal lineage: phylogenetic structure of kingdom Fungi inferred from RNA
polymerase II subunit genes. BMC. Evol. Biol. 6, 74.

Mackensen, O., 1947. Effect of carbon dioxide on initial oviposition of artificially
inseminated and virgin queen bees. J. Econ. Ent. 40, 344–349.

Mackensen, O., 1951. Viability and sex determination in the honey bee (Apis
mellifera L.). Genetics 36, 500–569.

Paxton, R.J., Klee, J., Korpela, S., Fries, I., 2007. Nosema ceranae has infected Apis
mellifera in Europe since at least 1998 and may be more virulent than Nosema
apis. Apidologie 38, 558–565.

Spiess, A.N., Ritz, C., 2010. qpcR: Modelling and analysis of real-time PCR data. R
package version 1.3-4.

Traynor, K., 2008. Bee breeding around the world. AM. BEE J. 148 (2), 135–139.
Van Hiel, M.B.V., Van Wielendaele, P., Temmerman, L., Van Soest, S., Vuerinckx, K.,

Huybrechts, R., et al., 2009. Identification and validation of housekeeping genes
in brains of the desert locust Schistocerca gregaria under different
developmental conditions. BMC Mol. Bilol. 10, 56.

Yang, X., Cox-Foster, D.L., 2005. Impact of an ectoparasite on the immunity and
pathology of an invertebrate: evidence for host immunosuppression and viral
amplification. PNAS 21, 7470–7475.

Zander, E., 1909. Tierische Parasiten als Krankenheitserreger bei der Biene.
Münchener Bienenzeitung 31, 196–204.

http://dx.doi.org/10.1016/j.jip.2012.01.004
http://CRAN.R-project.org/doc/FAQ/R-FAQ.html
http://CRAN.R-project.org/doc/FAQ/R-FAQ.html
http://dx.doi.org/10.1179/096805104225005887

	Survival and immune response of drones of a Nosemosis tolerant honey bee  strain towards N. ceranae infections
	1 Introduction
	2 Materials and methods
	2.1 Bees
	2.2 Infection and sampling
	2.3 cDNA synthesis and quantative real-time PCR (qPCR)
	2.4 Statistical analysis

	3 Results
	3.1 Spore load dynamics and drone mortality
	3.2 Reference and immune gene expression
	3.3 Toll pathway
	3.4 IMD pathway and JAK/STAT pathway

	4 Discussion
	Acknowledgments
	Appendix A Supplementary material
	References


