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Abstract
Background: Diseases and other stress factors working synergistically weaken honey bee health and may play a major 
role in the losses of bee populations in recent years. Among a large number of bee diseases, chalkbrood has been on 
the rise. We present here the experimental identification of honey bee genes that are differentially expressed in 
response to infection of honey bee larvae with the chalkbrood fungus, Ascosphaera apis.

Results: We used cDNA-AFLP ®Technology to profile transcripts in infected and uninfected bee larvae. From 64 primer 
combinations, over 7,400 transcriptionally-derived fragments were obtained A total of 98 reproducible polymorphic 
cDNA-AFLP fragments were excised and sequenced, followed by quantitative real-time RT-PCR (qRT-PCR) analysis of 
these and additional samples.

We have identified a number of differentially-regulated transcripts that are implicated in general mechanisms of stress
adaptation, including energy metabolism and protein transport. One of the most interesting differentially-regulated
transcripts is for a chitinase-like enzyme that may be linked to anti-fungal activities in the honey bee larvae, similarly to
gut and fat-body specific chitinases found in mosquitoes and the red flour beetle. Surprisingly, we did not find many
components of the well-characterized NF-κB intracellular signaling pathways to be differentially-regulated using the
cDNA-AFLP approach. Therefore, utilizing qRT-PCR, we probed some of the immune related genes to determine
whether the lack of up-regulation of their transcripts in our analysis can be attributed to lack of immune activation or to
limitations of the cDNA-AFLP approach.

Conclusions: Using a combination of cDNA-AFLP and qRT-PCR analyses, we were able to determine several key 
transcriptional events that constitute the overall effort in the honey bee larvae to fight natural fungal infection. Honey 
bee transcripts identified in this study are involved in critical functions related to transcriptional regulation, apoptotic 
degradation of ubiquitinated proteins, nutritional regulation, and RNA processing. We found that immune regulation 
of the anti-fungal responses in honey bee involves highly coordinated activation of both NF-κB signaling pathways, 
leading to production of anti-microbial peptides. Significantly, activation of immune responses in the infected bee 
larvae was associated with down-regulation of major storage proteins, leading to depletion of nutritional resources.

Background
The health of managed honey bees is often compromised
by a variety of factors including nutritional stress, medi-
cations, parasites, and diseases. One such disease is
chalkbrood, [1,2], caused by the fungus, Ascosphaera apis
(Maassen ex Claussen) [3,4]. Although it does not nor-
mally kill an entire bee colony, the fungus causes signifi-
cant mortality of brood, leading to gradual deterioration
of the colonies. Since there are still no chemicals

approved for control of chalkbrood [1], improved genetic
stocks and good management are the most preferred tac-
tics against this disease. Knowledge of molecular mecha-
nisms controlling honey bee immune responses to
pathogens would be expected to enhance our capability
to further improve genetic stocks.

Recently, most molecular components of the honey bee
humoral immune defenses were described by Evans et al.
[5], and nearly all of them have dipteran homologues with
conserved functions. For the first time, Evans et al. [5]
systematically described members of the two principal
NF-κB/Rel immune signaling pathways, Toll and the
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Immune Deficiency (IMD) pathways, providing a unique
opportunity for further investigations of host-pathogen
interactions in studies of honey bee diseases. As a result,
it is now possible to link host innate immune responses to
specific diseases.

In this study we attempted to elucidate dynamic
changes in bees' transcriptional responses to mycosis
using an in vitro bioassay and the natural mode of brood
infection with A. apis spores. This research is built on the
previous genomic and molecular insect studies that dem-
onstrated that combined cellular and humoral immune
responses to various microbes involve a large variety of
processes, including proliferation of hemocytes, and acti-
vation of proteolytic and immune signaling cascades [6-
13]. Phagocytosis and encapsulation are the most com-
mon insect anti-fungal defenses [12-17]. In addition, cur-
rent molecular models suggest that humoral immunity
play very important role in arthropods' antifungal
defenses and mostly controlled by Toll signaling, leading
to production of the antimicrobial peptides (AMPs)
[6,7,12,18-20]. The existence of a large number of Toll-
like receptors in insect genomes (e.g., 9 in D. melano-
gaster, 11 in A. gambiae, and 5 in A. mellifera) [5] may be
due to redundancy, differential roles in insect develop-
ment, or other specialized functions. New evidence sug-
gests that some of the AMPs can be activated
synergistically by the Toll and IMD-Rel pathways, indi-
cating their cross-regulation [10,11,21]. In addition, some
evidence indicates that the production of the AMPs can
also be mediated by the apoptosis-associated c-Jun N-ter-
minal kinases (JNK) branch of the IMD pathway (IMD-
JNK) [22,23]. This apparent redundancy in immune sig-
naling may provide an additional level of protection
against microbial pathogens.

In an effort to identify essential humoral components
involved in the honey bee's response to mycosis, we uti-
lize amplified fragment length polymorphism (cDNA-
AFLP) technology followed by quantitative real-time
PCR (qRT-PCR) to monitor quantitative changes in the
expression profile of transcripts. cDNA-AFLP is one of a
few methods capable of screening for differentially
expressed transcripts (up- as well as down-regulated) and
finding genes that have not yet been previously identified
or predicted from sequence analysis. However, it should
be noted that molecular components that are controlled
by posttranscriptional regulation or by posttranslational
modification are expected to escape this analysis. Here
we have also probed an additional set of previously iden-
tified immune-related genes using qRT-PCR to better
understand the role of NF-κB signaling and changes in
the level of transcripts during progression of the disease.

Methods
Infection Bioassay
One-day old worker bee larvae (mean weight 0.72 mg)
were collected for immune challenge assay in a FALCON®

6-Well Non-Tissue Culture treated plate as described by
Aronstein and Saldivar, 2005 [24]. One black chalkbrood
mummy was crushed in 1.5 ml of mixed larval diet [25]
and fed to the experimental groups of larvae (n = 90) at a
final concentration of 1×105 spores per larva. A small
sub-sample of fungus was analyzed using the PCR
approach as described by Murray et al. [26] to confer fun-
gal species. Thirty larvae were placed in each well con-
taining 250 μl of the spore-containing diet. Subsequent
feedings were done as needed with pure diet only. Con-
trol larvae (n = 90) were treated the same way with the
exception that no feedings contained fungal spores. Cul-
ture plates were incubated at 95% RH and 33°C as
described by Aronstein et al. [27]. Samples of ten larvae
were collected from each group (infected and control) at
24 and 36 h time points. Larvae were preserved in RNAl-
ater® (Ambion, Austin TX) and stored at -20°C until fur-
ther analysis. The bioassay was repeated twice, and
samples were analyzed separately by cDNA-AFLP.

RNA isolation and cDNA synthesis
Total RNA was isolated from each sample (pool of ten
larvae) using an RNeasy® Mini Kit (Qiagen, Valencia CA)
following the manufacturer's protocol, which included
the removal of DNA from the samples using the gDNA
Eliminator spin columns. To test for residual DNA con-
tamination, 1 μl of the total RNA was used as template in
PCR, using primers for the defensin gene fragment (Table
1), which contains a 286 bp intron. Samples that tested
positive for the presence of the intron were treated with
Ambion's DNA-free™ Kit until DNA was not detectable.
Isolation of messenger RNA from the total RNA was
done using MicroPoly(A)Purist™ (Ambion) following the
manufacturer's protocol. A 1.0% denaturing agarose/
formaldehyde gel was used to test the integrity and quan-
tity of the RNA. Quantification was verified using an
Eppendorf BioPhotometer with samples diluted in TE (10
mM Tris-HCl pH 8.0, 1 mM EDTA) and incubated for 10
min at 60°C. The poly-A RNA (500 ng) was used in the
synthesis of double-stranded cDNA using SuperScript™
Double-Stranded cDNA Synthesis Kit (Invitrogen Life
Technologies, Carlsbad CA), and oligo-dT primers
according to the manufacturer's protocol.

Gene expression analysis
Global gene expression profiles of infected vs. uninfected
bee larvae were determined using a cDNA-AFLP
approach. To limit the number of reactions and subse-
quent gel runs to a manageable number, only the 24 h
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time point samples were used in the cDNA-AFLP analy-
sis. Double-stranded cDNA samples were used as tem-
plates for AFLP using an AFLP® Expression Analysis Kit
(LI- COR Biosciences, Lincoln NE) with a slightly modi-
fied version of the manufacturer's protocol. Briefly, ~250
ng of double stranded cDNA samples were digested with
TaqI and MseI restriction enzymes and TaqI/MseI adapt-
ers were ligated to the fragments. A 10-fold dilution of
the ligation reaction was used in a pre-amplification reac-
tion with non-selective primers complementary to the
adapter sequences to enrich the templates. This was fol-
lowed by the selective amplification of the resulting PCR
products with sixty-four primer sets TaqI (T+2)/MseI
(M+2) containing 2 selective nucleotides at the 3' end of
each primer. That is, each of the eight T+2 primers (T-
AG, T-AC, T-CA, T-CT, T-GA, T-GT, T-TC, T-TG) were
used with eight different combinations of M+2 primers.
By multiplying the number of unique selective PCR reac-
tion samples by the number of distinguishable fragments
seen from a single sample, we estimate that a total of 7400
transcriptionally-derived fragments were detected. We
tested two different types of gels to resolve PCR frag-
ments (Fig. 1A-B): 6.5% polyacrylamide gels run on the
NEN Model 4300 DNA Analyzer system (LI-COR BioSci-
ence, Lincoln NE) which automatically generates a gel
image, and 8% polyacrylamide gels (SequaGel Kit,
National Diagnostics, Atlanta GA) run on a V16-2 gel
system apparatus (Labrepco, Horsham PA). The 8% gels

were stained with SybrGold (Invitrogen Life Technolo-
gies, Carlsbad CA). Bands were visualized on the GEL
DOC XR system and the Quantity One software Version
4.6 (Bio-Rad, Hercules CA). We ultimately chose to use
the 8% gels due to the ease of excising the bands from the
gel as opposed to the tedious and time consuming pro-
cess of recovering PCR products from a gel run on the
NEN Model 4300 DNA Analyzer system. Bands that
showed clear differences in intensity were excised and
eluted from gels after incubating the gel plugs overnight
in water. The differentially expressed transcripts were
then re-amplified using the non-selective primers. The
resulting products were used as template for a second
round of amplification with the selective primers. The
PCR amplification products were gel purified (Qiagen,
Valencia CA), cloned into the pCR® 2.1 vector of the
TOPO-TA cloning kit (Invitrogen Life Technologies,
Carlsbad CA), and sequenced (SeqWright Inc., Houston
TX). For each excised fragment, multiple clones were
sequenced in order to assess the purity and thereby avoid
analysis of uninteresting background fragments.

Bioinformatics
Candidate genes were compared to sequences in Gen-
Bank http://www.ncbi.nlm.nih.gov. tblastx and blastx
searches were done against translated nucleotide data-
bases and the non-redundant protein databases respec-
tively. We have also determined the location of each

Table 1: List of primers and annealing temperatures (Tm)°C used in qRT-PCR, and NCBI accession numbers

Gene and GenBank number Tm°C Forward Primers 5'-3' Reverse Primers 5'-3'

Abaecin [U15954] 65°C GGTAGTGATATTTATCTTCGC TTGAGGCCATTTAATTTTCGG

Defensin-1 [U15955] 65°C GTTGAGGATGAATTCGAGCC TTAACCGAAACGTTTGTCCC

Lysozyme-1 [XM_001120995] 67°C GGAGGCGAGGATTCTGACTCAATG TGTTGCATATCCCTCCGCTGTG

Hexamerin 70b [XP_392868] 67°C CCGCTCTTCAAATGTGGTCTAC GATAGGTAAAAGGTTTGTGGTTC

Vitellogenin [XM_392349] 65°C TTCTGATAAAGGCGTTGCTCAC CTCGTCGTCGGTCGGAACTT

Trypsin like Serine protease
[XM_393882]

65°C TTGTTTACCGGCGAAAAATC ATGTTCACGACCACATCCAA

Glycosyl hydrolase 18 [XM_397146.3] 67°C GTGGTGGCAAACAAGCTGAT CGCTGCAAAATTGTTCCACGA

MyD88
[XM_396644]

65°C GAGAGGTCTTGCTCATTTATGC TCTCAAGTTTATCCACCATTTCA

Actin [AB023025] 67°C GAAATGGCAACTGCTGCATC GAGATCCACATCTGTTGGAA

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=U15954
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=U15955
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001120995
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XP_392868
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_392349
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_393882
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_397146.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_396644
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AB023025
http://www.ncbi.nlm.nih.gov
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candidate gene on the A. mellifera genome linkage groups
using BeeBase dataset http://www.beebase.org/. The
deduced amino acid sequences were analyzed using
NCBI Conserved Domain Database (CCD) search service
version v2.14 and NCBI Conserved Domain Architecture
Retrieval (CDART) tool.

Quantitative gene expression analyses
Differentially expressed genes identified via cDNA-AFLP
as well as other genes expected to be involved in the
insect's immune responses were analyzed using qRT-
PCR. A list of genes, primers, and annealing tempera-
tures used in this study to examine the level of gene
expression is provided in Table 1. The honey bee actin
gene was selected as a reference gene to normalize qRT-
PCR experiments since it was validated among the most
stably expressed genes tested in various honey bee tissues
and developmental stages [28,29]. Furthermore, we vali-
dated the stability of actin expression during early larval
development before using it in this study. The qRT-PCR
reaction mix (20 μl) consisted of 1.0 U of GoTaq® Flexi
DNA polymerase (Promega Co., Madison, WI) with the
colorless 5× GoTaq® Flexi buffer, 0.25 mM dNTP mix, 2.5
mM MgCl2, 0.3 μM of each primer, 0.75 μl of a 1/1000
stock dilution of Sybr-Green (Invitrogen Corp.), and 1 μl
of cDNA. Reactions ran for 40 cycles at 95°C (20 s), 60°C

or 65°C (30 s) depending on the gene (Table 1), and 72°C
(30 s) after initial denaturing at 95°C for 3 minutes. Nega-
tive control reactions were included in each run and con-
tained all reaction components except the template. All
reactions were done in triplicate. Fluorescence was mea-
sured at the end of the elongation stage of every PCR
step. To quantitate gene expression, standard curves were
amplified simultaneously with the experimental samples
using a serial dilution of known amount of column puri-
fied (Qiagen, Valencia CA) gene-specific DNA template.
The quantity (ng/μl) of the DNA template for the stan-
dard curves was determined with Eppendorf 's BioPho-
tometer and validated by running the sample on an
agarose gel prior to use. The templates for the standard
curves were then diluted to either picograms (pg) or fem-
tograms (fg) to ensure that the experimental samples
amplified within the range of the standard curve. Further-
more, a melting curve analysis was performed subse-
quent to each qRT-PCR run to confirm specificity of the
amplified product.

Data analysis
For each qRT-PCR run, the baseline was set to the point
at which fluorescence was 10 times greater than the stan-
dard deviation of mean fluorescence of the cycle range
from cycle one to cycle five. The standard deviation and
average were calculated for each qRT-PCR run. The
abundance of nucleic acid in each sample was normalized
by dividing the calculated abundance of the gene of inter-
est by the abundance of actin. Data was analyzed with the
GraphPad Instat (GraphPad software, San Diego, CA)
using a one-way ANOVA and Tukey's post-test with P <
0.05 being considered statistically significant.

Results and Discussion
Analysis of gene transcripts according to functional classes
Within 24-hr post infection, honey bee larvae in the
experimental group significantly reduced their rate of
feeding, became visibly sluggish at 36 h, and at 48 h post-
infection showed no signs of life. In contrast, 80 % larvae
in control survived up to 10 days post infection. Samples
of ten larvae were collected from experimental and con-
trol groups at 24 and 36 h post-infection. cDNA was
made, followed by AFLP analysis as described above. At
24 h post-infection, a small fraction of transcript frag-
ments differed in intensity between experimental and
control samples. A total of 98 reproducible polymorphic
cDNA-AFLP fragments were excised and sequenced.

The transcriptional profiles of the three genes were
then verified by qRT-PCR at 24 h and 36 h post-infection.
In addition, five other gene transcripts were selected for
the qRT-PCR analysis based on their functional classes.
The corresponding entire coding regions of the newly
identified transcripts were determined using NCBI

Figure 1 Polyacrylamide gel electrophoresis. cDNA-AFLP PCR 
products generated using different selective (2+/2+) primer combina-
tions for the 24 h time point. PCR fragments that are in the range of 
100-400 bp have been visualized using two different types of the poly-
acrylamide gels (A) PCR fragments were separated using 6.5% poly-
acrylamide gel and NEN Model 4300 DNA Analyzer (B) fragments 
separated on 8% polyacrylamide that ran on a V16-2 gel system appa-
ratus and stained with 10,000× dilution of SybrGold for 20 minutes. 
Lanes: (M) DNA marker; (C) control group; (1-8) denotes treated group 
plus the primer combination used to generate the PCR product. Each 
pair of a control sample and an experimental sample (e.g., C1, C2, C3) 
was generated by PCR amplification using different primer sets (1-8). 
Some of the differentially expressed PCR fragments are indicated by ar-
rows.

http://www.beebase.org/
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tblastx and blastx database searches followed by CDD
analysis (Table 2). To minimize the false positives, we
used only sequences with an E-value of 0.006 or less for
inclusion in the follow-up analysis. The identification of
functionally characterized domains in putative protein
sequences provided the first indication of their molecular
and cellular functions. Among the identified genes differ-
entially expressed in chalkbrood-infected bee larvae were
those sharing sequence similarities with many known
insect genes previously implicated in stress-related cellu-
lar processes. As seen in Table 2, identified transcripts

encode proteins potentially involved in vesicular trans-
port (Sec61), protein ubiquitination (26S), RNA process-
ing and transcriptional regulation (L23, SAM-MT),
detoxification of xenobiotics by the microsomal cyto-
chrome P450s (cyb5), multi-drug transport (ABC1),
nutritional and hypoxic stress responses (Hex 70b,
PFKFB), immune signaling (Lmtk3, Tryp_SP), and anti-
fungal activity (Glyco_18). Additional file 1TableS1 con-
tains a complete list of cloned honey bee transcripts.

Based on the CDD prediction analysis, we selected for
qRT-PCR analysis several of the differentially-regulated

Table 2: Cloned transcripts after BLAST search with domain and predicted function

Gene Name GenBank
Accession Number

Functional domain Predicted Protein Function

 similar to Lemur Tyrosine Kinase 
3 (PTK)

XM_624449 catalytic PTKc_Aatyk, cd05042 signalling/Apoptosis-associated 
tyrosine kinase (Aatyk)

 similar to CG8172-PA, variant 1 XM_393882 Tryp_SPc, cd00190 trypsin like serine protease

AmelNPC2-like XM_001120140 NPC_2-like lipid binding protein

Hexamerin 70b XP_392868 Hemocyanin_M; Hem_C; Hem_N. larval storage protein

26S proteasome non-ATPase 
regulatory subunit 9

XM_623256.2 PDZ degradation of ubiquitinated 
proteins and apoptotic cells.

 Glycosyl hydrolase 18 -like XM_397146.3 Glyco_18 glycosyl hydrolase/chitinase-like 
protein

ATP-binding cassette (ABC1) 
proteins

XM_394305.3 ABC_subfamily_A,
d03263.

ABC-type multi-drug transport 
system

 (SAM-MT)-like 6 XM_623529 pfam08242, Methyltransf_12 transcriptional regulation

Sec61 beta subunit XM_001119885 protein transport, hypoxic respond 
to stress

 Ribosomal protein L23 XM_392812.3 Ribosome biogenesis, rRNA 
processing

similar to CG17838-PE, isoform E XM_392307 RNA recognition motif (RRM) mRNA processing, biogenesis

6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 
1(PFKFB)

XM_393453.3 energy metabolism, hypoxic 
response

Osiris 6 (Osi6) XM_001121541.1 (DUF1676) transmembrane proteins of 
unknown function

Cytochrome b5-related (cyb5) XM_001120985.1 response to oxidative stress

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_624449
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_393882
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001120140
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XP_392868
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_623256.2
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_397146.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_394305.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_623529
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001119885
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_392812.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_392307
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_393453.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001121541.1
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001120985.1
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genes (e.g., AmelCht, sp6, hex 70b) known to be impor-
tant for response to stress and/or immune defenses in
other insects.

The cDNA-AFLP method surprisingly did not detect
any components of the well characterized Toll and IMD
signaling pathways. However, we decided to analyze com-
ponents of the Toll pathway using qRT-PCR, since this
pathway is activated in response to fungal infection in
Drosophila [12]. Because some of the transcripts were
determined to be differentially expressed using qRT-PCR,
it is clear that a number of differentially-regulated tran-
scripts were missed from the cDNA-AFLP analysis, prob-
ably due to short-comings of the method itself. The short-
comings of the cDNA-AFLP method are also evident
from the discrepancies in the gene expression profiles
determined by these two methods. For example, the
AmelCht transcript was up-regulated 24 h post-infection
if analyzed via cDNA-AFLP, but no significant up-regula-
tion of this gene was determined by qRT-PCR at the same
time point (Fig. 2A). Of course, any pathways activated by
post-transcriptional mechanisms would not be detected
by cDNA-AFLP.

Apoptosis-associated phosphorylation
One of the up-regulated genes in infected larvae encodes
a protein similar to apoptosis-associated lemur tyrosine
kinase 3 (Lmtk3) [GenBank:XM_624440.2]. This protein
includes an apoptosis-associated tyrosine kinase catalytic
domain (AATYK), which has high homology to the same
domain in the mouse homologue [30]. The induction of
the mouse AATYK in cerebellar granule cells induced
apoptosis in these cells [31-33]. It is therefore conceivable
that A. mellifera Lmtk3 is involved in apoptotic removal
of damaged cells in diseased larvae. AATYK tyrosine
kinases may also be involved in production of AMPs,
since they were implicated in activation of the apoptosis-
associated JNK signaling pathway in vertebrates [22,23].

Degradation of proteins
Progressive accumulation of abnormal proteins is one of
the most widely reported stress-related changes in
eukaryotic cells [34,35] and under normal conditions it is
precisely controlled by intracellular degradation. The
ubiquitin-proteasome pathway is critical in this process.
The proteins targeted for degradation are marked by
covalent attachment of ubiquitin (Ub) and are degraded
in an ATP-dependent manner by the 26S proteasome. In
addition, the 26S proteasome mediates intracellular deg-
radation to control levels of key regulatory proteins [34].
We found that a gene similar to the 26S proteasome non-
ATPase regulatory subunit 9 [GenBank:XM_623256.2]
was down-regulated in infected honey bee larvae. The
down-regulation of the 26S proteasomal subunit would
be expected to decrease proteasomal activity in mycosed

bee larvae and result in a failure to cope with proteotoxic
damage, similar to a disorder in Drosophila that affects
proteasome activity [35]. In addition, ATP-depletion
expected to occur during the demise of the larvae would
likely interfere with the ATP-dependent processes of 26S
proteasome assembly and normal protein turnover.
Therefore, low ATP concentration may be part of a regu-
latory signal which inhibits transcription of this gene.

Anti-fungal activity
We have identified a chitinase-like sequence (AmelCht)
[GenBank:XM_397146] that encodes a putative glycosyl
hydrolase 18. The AmelCht transcript was up-regulated
24 h post infection, however its abundance significantly

Figure 2 qRT-PCR analysis of selected cDNA-AFLP transcripts (A-
C) and transcripts not derived from cDNA-AFLP (D-H):. (A) Glycosyl 
Hydrolase, (B) Serine Protease, (C-D) storage proteins Hex 70b and Vg, 
and (E-H) components on the honey bee immune response pathways 
including anti-microbial peptides. Control group of samples are repre-
sented by blue bars, the experimental samples are represented by 
green bars. Samples were done in triplicate and normalized by divid-
ing the amount (pg or fg as described in Materials and Methods) of the 
gene of interest by the amount for the housekeeping gene, actin. Re-
sults are reported as an average of the triplicates plus the standard de-
viation. Significant by ANOVA at P < 0.05(*), P < 0.01(**), and P < 
0.001(***).

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_624440.2
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_623256.2
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_397146
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dropped (about 6.8-fold) by 36 h post infection (q = 18.94;
P < 0.001) (Fig. 2A). Using the NCBI CDART tool, we
found that AmelCht contains one catalytic (Glyco_18)
and one chitin binding Peritrophin-A (CBM_14) domain.
Members of this group have been characterized as gut-
and fat body-specific chitinases [36,37], which are major
sites of immune activity in insects. The NCBI BLAST
search revealed that the AmelCht gene has high similarity
with Locusta migratoria manilensis midgut chitinase
[GenBank:EF090723], Anopheles gambiae gut-specific
chitinase (AgChi-1) [GebBank:AF008575], and Tribolium
castaneum chitinase 8 (Cht8) [GenBank:XM_967543]
each of which also contains one catalytic and one chitin
binding domain [36]. Glyco_18 chitinases previously
identified in animals and plants have been implicated in
anti-fungal activity [38,39], including reductions in
hyphal diameter, hyphal branching and conidia size [40].
The decrease in AmelCht transcript 36 h post-infection
(Fig. 2A) could be a result of damage to the larvae's gut
tissues as a result of mycosis, which would be expected to
impair the ability of bee larvae to digest food.

Immune signaling
Trypsin-like serine protease (SP) transcript variant 1
[Genbank:XM_393882] was significantly (24.1-fold) up-
regulated in infected larvae at 36 h post-infection (q =
8.52; P < 0.01) (Fig. 2 B). Predicted amino acid sequence
analysis revealed that this honey bee SP contains one cat-
alytic (Tryp_SPc) domain with trypsin specificity, and
one CLIP 1a domain containing the DVAL catalytic site.
According to Zou et al. [41], this honey bee SP
[GI:CG8172], which is classified as Amel cSP6 trypsin-
like serine protease, was transcriptionally up-regulated in
response to septic injections of adult workers with Gram-
positive bacterial spores. In arthropods, CLIP-domain
SPs mediate innate immunity and embryonic develop-
ment [42,43]. Although function prediction of insect SPs
is a very challenging task, the co-existence of these two
functional domains suggests synergistic function for
them in immune responses [7,44,45].

qRT-PCR analysis of previously known immune-related 
transcripts not derived from cDNA-AFLP
Although our cDNA-AFLP method did not detect tran-
scriptional changes in genes of the two primary immune
signaling cascades, the Toll and IMD pathways, we
decided to probe some of the Toll members using qRT-
PCR since the Toll pathway is typically activated by fungi
[12]. Surprisingly, none of the five honey bee Toll recep-
tors had any significant change in the expression level
(not shown). Considering that invertebrate Toll signaling
is strictly MyD88-dependent [46,47,11], we decided to
investigate the expression profile of this universal Toll
adaptor in infected bee larvae. In response to infection,

the level of the MyD88 transcript had no significant
changes at 24 h, but was up-regulated 8.3-fold over the
control at 36 h post-infection (q = 5.9, P < 0.05) (Fig. 2E).
The fact that neither the Toll receptor genes nor MyD88
were detected by the cDNA-AFLP method as being dif-
ferentially-regulated at 24 h post-infection was therefore
confirmed by the qRT-PCR results.

In agreement with our previous study [24], we observed
that the AMP genes, abaecin and defensin-1 (Table 1),
were responsive to stress induced by mycosis. Each was
significantly up-regulated at 36 h post infection (q =
21.21; P < 0.001 and q = 15.81; P < 0.001) respectively
(Fig. 2G, H). In the experimental groups of larvae we
recorded an 8.1-fold increase in the transcript level for
abaecin and a 4.0-fold increase for defensin. The
immune-inducibility of AMPs is a very important indica-
tor of NF-κB signaling, [6,21,22,48,49].

In addition to their well known antibacterial activity,
lysozymes have been implicated in antifungal and antivi-
ral activity [50]. Honey bee C-type lysozyme-1 (Table 1)
showed a 2.1-fold increase at 24 h post infection (q = 5.2;
P < 0.05) (Fig. 2F). An increased level of lysozyme may
improve the ability of phago-lysosomes to break down
fungal mycelia and thereby provide an additional level of
antifungal defense to infected larvae.

Lipid binding
The cDNA-AFLP analysis revealed a significant up-regu-
lation of a honey bee npc2-like transcript that encodes a
secreted lipid-binding protein. Drosophila npc2-like
genes play roles in regulating sterol homeostasis and 20-
hydroxyecdysone (20E) biosynthesis [51,52]. The npc2
gene transcript has been associated with the regulation of
honey bee worker sterility [53].

In vertebrates, NPC2 has been associated with a type of
lipid-storage disorder called Niemann-Pick type C2 dis-
ease [54]. Similarly to mammalian NPC disease, the npc2
mutation in Drosophila was linked to apoptotic neurode-
generation [52]. Furthermore, vertebrate NPC2 has a
similar binding fold as MD-2 (a lipopolysaccharide-bind-
ing protein), which is indispensable for toll-like (TLR4)
receptor signaling in the vertebrate immune system [55].
Although the extracellular events proceeding the activa-
tion of Toll signaling are still poorly understood [12,56],
the up-regulation of a lipid-binding protein which may be
involved in activation of toll signaling in fungus-chal-
lenged bee larvae is intriguing.

Multi-drug transport
An ATP-binding cassette (ABC1) member1 gene [Gen-
Bank:XM_394305.3] was up-regulated in infected honey
bee larvae. Such ATP-binding proteins belong to the ABC
transporter superfamily that is involved in transport of a
variety of macromolecules across biological membranes.

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=EF090723
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF008575
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_393882
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_394305.3
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In addition, members are known to play a prominent role
in the absorption, distribution, metabolism, and excre-
tion of xenobiotics, and therefore members of this family
have been implicated to play significant role in response
to diseases [57].

Genes with putative roles in responses to various stressors
Similar to findings reported by Zhou et al. [58] we have
found a number of differentially expressed A. mellifera
genes (Table 2) potentially involved in transcriptional
regulation, protein secretion and translocation, ubiquit-
ination, and energy metabolism.

The S-adenosylmethionine dependent methyltrans-
ferase-like 6 (SAM-TM) [GenBank:XM_623529] was up-
regulated more then 5-fold in infected bee larvae. It
encodes an enzyme with a methyltransf_12 domain
(pfam08242) that catalyzes the methylation of proteins,
nucleic acids or small molecules and may be involved in
transcriptional regulation, RNA processing and signal
transduction [59], and have been implicated in disease
responses [60].

The Sec61 transcript [GenBank:XM_001119885] was
up-regulated approximately 2-fold. This gene encodes a
component of the endoplasmic reticulum (ER) protein
translocation apparatus. It was demonstrated previously
in yeast that high levels of expression of Sec61 homo-
logue suppressed components of the exocyst protein
secretory system [61]. Exocyst complex is a critical mech-
anism contributing to the formation and maintenance of
cellular membranes [62-64]. In Drosophila, mutations in
several Sec subunits affected synthesis of membrane pro-
teins, blocked their transport to the cell surface, resulting
in hypoxic cell death [62,63,65].

The ribosomal protein L23 [GenBank:XM_392812.3]
transcript was up-regulated approximately 2- fold in
infected honey bee larvae. This is a multi-functional pro-
tein essential in early ribosome assembly events as well as
in early and late stages of rRNA processing and biogene-
sis [66]. This protein interacts with several protein fold-
ing and translocation components, including the Sec61
subunit mentioned above.

The up-regulated nuclear ribonucleoprotein isoform E
[GenBank:XM_392307] gene is similar to Drosophila and
Aedes aegypti hnRNPs. hnRNPs encode RNA binding
proteins that play fundamental roles in the post-tran-
scriptional control of gene expression, localization and
translational regulation of mRNAs [67].

A gene similar to Cytochrome b5 (cyb5) [Gen-
Bank:XM_001120985.1] was significantly down-regu-
lated (> 10-fold) in the infected honey bee larvae. This
gene encodes a cyb5-related hemoprotein and has been
implicated in oxidation of endogenous and xenobiotic
substances by the microsomal cytochromes (CYP) P450s
[68]. It has been previously reported that infection inhib-

its the expression of cytochrome P450 detoxification
genes in vertebrates [7]. This result is consistent with the
association of immune defense activation and the repres-
sion of oxidation by the P450s.

Another transcript, 6-phosphofructo-2-kinase (PFKFB)
[GenBank:XM_393453.3] encoding a protein similar to
human liver isozyme Fru-2,6-P2ASE was significantly up-
regulated (> 10-fold) in mycosed larvae. In eukaryotes,
this enzyme is involved in regulation of glucose metabo-
lism. The up-regulation of this glycolytic enzyme in dis-
eased animals is a hallmark of the hypoxic response to
reduced oxygen conditions [69,70].

Nutritional stress response
Since overall health, life span, and the level of oxidative
stress of bees depend on the level of the major storage
proteins, hexamerins (Hex) and vitellogenin (Vg) [71], we
measured the expression levels of Hex70b and Vg in
infected and healthy larvae (Fig. 2D). Using cDNA-AFLP,
we determined that the hexamerin (Hex 70b) gene [Gen-
Bank:AY601637] was up-regulated 24 h post infection,
followed by a significant decrease in gene expression at 36
h determined by qRT-PCR (q = 13.8; P < 0.001) (Fig. 2C).
Insects store a large amount of hexamerins during larval
stages. These are large multifunctional storage proteins
composed of several subunits. They are synthesized by
larval fat body cells and then released into the hemo-
lymph [72]. Four A. mellifera hexamerin subunits (HEX
70a, HEX 70b, HEX 70c, and HEX 110) were previously
described in the developing honey bee [73], and some of
them (Hex70a, Hex 70b and Hex 110) have been func-
tionally characterized [73-75].

Recent research has shown that the hexamerins may
play a far more complex role in insect biology and devel-
opment then just a source of amino acids for tissue recon-
struction. They may serve as an environmentally and
nutritionally responsive mechanism helping animals to
survive nutritional, oxidative and disease stressors
[71,76,77]. Current research suggests that levels of stor-
age protein expression rely heavily on nutritional status
and are in direct correlation with the overall health status
of larvae [78]. Furthermore, it has been suggested that
there is a trade-off between immune stimulation and
expression of storage protein genes [79]. Therefore,
changes in storage protein expression may reflect altered
energy metabolism in starving larvae that in our study
had reduced feeding by 24 h and were in a lethargic state
by 36 h post infection. Consistent with results by Gui-
dugli et al. [80], expression of the other major storage
protein, Vg [GenBank: XM_392349], was determined in
bee larvae in this study using previously known gene
sequence (Table 1) and qRT-PCR. Similar to Hex 70b, the
expression level of Vg was affected by fungal pathogene-
sis. First it showed a significant increase in expression at

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_623529
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001119885
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_392812.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_392307
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001120985.1
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_393453.3
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AY601637
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_392349
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the 24 h time point (q = 10.40; P < 0.001). As the disease
progressed, that was followed by a significant decrease in
Vg transcript abundance (q = 5.67; P < 0.05) (Fig. 2D).

Proteins of unknown function
An A. mellifera transcript similar to Osiris 6 [Gen-
Bank:XM-001121541] was down-regulated in challenged
larvae. It belongs to a novel gene family, predicted as type
I transmembrane proteins (DUF1676) of unknown func-
tion, possibly with a role in signaling [81]. A. mellifera
Osiris 6 showed high homology to sequences found in
other insects: 62% identity with Nasonia vitripennis
[GenBank:XM_001602335], 37% with Culex pipiens
quinquefasciatus [GenBank:XM_001849645.1], and 41 %
with Drosophila melanogaster Osiris 6 [Gen-
Bank:NM_141368.2]. We found a cluster of 17 Osiris
genes on AmeLG15 (NW_001253127.1) similar to a clus-
ter of 20 genes (Osiris 1 - 23) in the Triplo-lethal region
(Tpl) of the D. melanogaster genome [81]. Osiris genes are
also known in other insects (e.g., Bombyx mori, Cicindela
campestris, Toxoptera citricida), but no homologues have
been found in any other phyla. That led to speculation
that the function of the Osiris proteins may be insect or
Arthropod specific [81].

Several other sequences identified in this study had no
apparent open reading frames. They were localized in
very close proximity to annotated A. mellifera genes. We
speculate that they could represent 5' regulatory elements
or 3' untranslated regions of flanking genes. One down-
regulated transcript was localized 230 bp upstream of
transcription factor-like 4 [GenBank:XM_395909], a
DNA-binding protein. Family members encode central
regulators of mammalian global gene expression, cell pro-
liferation and apoptosis. Another up-regulated transcript
was localized at AmeLG6 [GenBank:NW_001253446.1],
199 bp downstream of similar to Cut Homeobox tran-
scription factor [GenBank:XM_623854]. Cut proteins
function as transcriptional repressors of genes specifying
terminal differentiation in multiple cell lineages. A tran-
script [GenBank:XP_001121248] located 1961 bp down-
stream of Tis11 [GenBank:XP_001121248] was down-
regulated in infected larvae. In mouse, TIS11 is recruited
to heat shock-induced stress granules and known to
appear in the cytoplasm of cells in response to various
stressors.

Conclusions
Using a combination of cDNA-AFLP and qRT-PCR anal-
yses, we were able to determine several key events that
constitute the overall effort in honey bee larvae to fight
natural fungal infection.

Among them, activation of immune signaling associ-
ated with down regulation of major storage proteins, and
activation of cellular machinery dealing with general

stress responses and progressive accumulation of abnor-
mal proteins. We showed here that chalkbrood infection
had a global effect on several physiological pathways in
bee larvae and caused dramatic changes in the regulation
of a number of genes. Some of these transcripts could be
disease-specific and some of them could play a more gen-
eral role in survival of the mycosed larvae in response to
nutritional deprivation and stress in general.

Intracellular immune signaling
Despite extensive genomic and functional insect studies,
there is still very little known regarding antifungal
humoral immune defenses and specifically Toll signaling
in the honey bee [5,24]. Although many components of
Toll pathway are up-regulated in other insects in
response to fungal infection, we did not find up-regula-
tion of Toll genes in this study. However, the lack of Toll
genes expression activation here may be due to the fact
that Tolls are expected to be up-regulated in only a subset
of tissues. Since we isolated RNA from the entire larvae, a
transcription activation occurring in specific tissues only
might have been masked. Nevertheless, based on the acti-
vation of MyD88 transcription in infected larvae, we sug-
gest that A. apis does activate Toll signaling. MyD88 is a
universal Toll adaptor protein, interacting with Tolls via
Toll/IL-1R (TIR) domain [11,12,46,82,83]. Since Toll sig-
naling in insects is strictly MyD88-dependent
[11,46,47,82], MyD88 up-regulation implies activation of
the Toll pathway. This provides the first evidence (albeit
indirect) that fungal pathogenesis activates the Toll sig-
naling pathway in the honey bee larvae.

In addition, the up-regulation of AMPs seen in this
study is also consistent with activation of the Toll path-
way. Granted, it is unknown which of the NF-κB path-
ways control expression of which AMP. However, a recent
study by Schlüns and Crozier, 2007 [84] sheds some light
on this question. By silencing IMD/Rel signaling, they
showed that abaecin and hymenoptaecin (another AMP)
expression is mostly regulated by the IMD pathway,
whereas expression of defensin-1 was not effected in the
Rel- cells [84], indicating its control by Toll signaling.
Thus, insects appear to rely upon the highly coordinated
activation of both NF-κB signaling pathways [10,11,85]
leading to production of multiple AMPs with distinct
activities [21]. It is also interesting to note that while sep-
tic injection of fungal spores also up-regulates expression
of all antimicrobial peptides [14,24], it is most likely
induced by the mechanical injury.

Stress responses
In addition to direct damage by the fungus itself during
infection, bee larvae suffer physiological side effects due
to activation of the host immune system [86]. Here we
show that activation of immune-related transcripts is

http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM-001121541
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001602335
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_001849645.1
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=NM_141368.2
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=NW_001253127.1
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM_395909
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=NW_001253446.1
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=XM
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temporally associated with significant down-regulation of
major storage proteins (e.g., Hex 70b and Vg), which may
serve as a source of amino acids for metabolism and
development. This finding is consistent with recent
report by Lourenco et al. [79], who showed a significant
down-regulation of Hex70a and Vg in honey bees in
response to bacterial infection.

Taken together, our findings showed that fungal infec-
tion had a profound effect on the overall health of bee lar-
vae causing rapid decrease in the rate of larval feeding,
and substantial decrease in transcription of storage pro-
teins. In addition, competition for food between larvae
and fungus further depleted larvae of the essential nutri-
ents. Mycosis also affected expression of diverse families
of genes, involved in critical functions related to tran-
scriptional regulation, apoptotic degradation of ubiquit-
inated proteins, RNA processing, activation of immune
signaling and up-regulation of AMPs' transcripts. Activa-
tion of multiple mechanisms in bee larvae dealing with
fungal infection suggest that in addition to redundancy
between different NF-κB signaling pathways, there is a
crosstalk between immune and stress response mecha-
nisms in insects. This combined effort of a wide variety of
immune defenses and cellular stress response mecha-
nisms are deployed to protect animals from damage
inflicted by microbial pathogens. However, taking into
account a high level of mortality of the infected larvae, it
is apparent that insect innate immunity is no match for
the impact of a massive mycosis. Clearly, behavioral adap-
tations in social insects provide more efficient mecha-
nisms of protection against diseases at the colony level
often at the cost of the individual colony members. Hope-
fully, development of new pathogen-specific pharmaceu-
ticals and dietary supplements will assist honey bees in
their struggle with this fungal pathogen.

While this study answers some questions, it brings up
many more, and therefore provides the groundwork on
which future studies of transcriptional and post-tran-
scriptional responses of individual genes to fungal infec-
tion may build.

Additional material

Authors' contributions
ES conducted in vivo infection bioassays, carried out the data analysis, and
contributed to manuscript. KDM participated in pathogen related work, inter-
pretations of the results, and drafted the manuscript. KA conceived of the
study, participated in its design and coordination, conducted the bioinformat-
ics and wrote the initial version of the manuscript. All authors read and
approved of the final manuscript.

Acknowledgements
We are indebted to Bob Cox and Arturo Cavazos for their expert beekeeping 
services and technical assistance in carrying out this study. This project is sup-
ported by the basic USDA-ARS Honey Bee Unit funds, CRIS Project #6204-
21000-010-00D entitled "Pests, parasites, diseases and stress of managed 
honey bees used in honey production and pollination".

Author Details
Honey Bee Research Unit, USDA-ARS, Weslaco, TX 78596, USA

References
1. Hornitzky M: Literature review of chalkbrood.  A report for the RIRDC 2001, 

842:.
2. Aronstein K, Murray KD: Chalkbrood disease in honey bees.  J Invertebr 

Pathol 2010, 103:20-29.
3. Spiltoir CF: Life cycle of Ascosphaera apis.  Am J Bot 1955, 42:501-518.
4. Spiltoir CF, Olive LS: A reclassification of the genus Pericystis betts.  

Mycologia 1955, 47:238-244.
5. Evans JD, Aronstein K, Chen YP, Hetru C, Imler J-L, Jiang H, Kanost M, 

Thompson GJ, Zou Z, Hultmark D: Immune pathways and defense 
mechanisms in honey bees Apis mellifera.  Insect Mol Biol 2006, 
15:645-656.

6. De Gregorio E, Spellman PT, Rubin GM, Lemaitre B: Genome-wide 
analysis of the Drosophila immune response by using oligonucleotide 
microarrays.  PNAS 2001, 98:12590-12595.

7. De Gregorio E, Han SJ, Lee WJ, Baek MJ, Osaki T, Kawabata S, Lee BL, 
Iwanaga S, Lemaitre B, Brey PT: An immune-responsive Serpin regulates 
the melanization cascade in Drosophila.  Dev Cell 2002, 3:581-592.

8. Hoffmann JA: The immune response of Drosophila.  Nature 2003, 
426:33-38.

9. Hultmark D: Drosophila immunity: Paths and patterns.  Curr Opin 
Immunol 2003, 15:12-19.

10. Tanji T, Ip YT: Regulators of the Toll and Imd pathways in the Drosophila 
innate immune response.  Trends Immunol 2005, 26:193-198.

11. Tanji T, Hu X, Weber ANR, Ip YP: Toll and IMD Pathways Synergistically 
Activate an Innate Immune Response in Drosophila melanogaster.  Mol 
Cell Biol 2007, 27:4578-4588.

12. Govind S: Innate immunity in Drosophila: Pathogens and pathways.  
Insect Science 2008, 15:29-43.

13. Strand MR: The insect cellular immune response.  Insect Science 2008, 
15:1-14.

14. Lemaitre B, Nicolas E, Michaut L, Reichhar JM, Hoffmann JA: The 
Dorsoventral regulatory gene cassette spätzle/Toll/cactus controls the 
potent antifungal response in Drosophila adults.  Cell 1996, 86:973-983.

15. Lemaitre B, Reichhart J-M, Hoffmann JA: Drosophila host defense: 
Differential induction of antimicrobial peptide genes after infection by 
various classesofmicroorganisms.  Proc Natl Acad Sci USA 1997, 
94:14614-14619.

16. Glinski Z, Jarosz J: Infection and immunity in the honey bee Apis 
mellifera.  Apiacta 2001, 36:12-24.

17. Glinski Z, Buczek K: Response of the Apoidea to fungal infections.  
Apiacta 2003, 38:183-189.

18. Rutschmann S, Kilinc A, Ferrandon D: Cutting Edge: The Toll Pathway Is 
Required for Resistance to Gram-Positive Bacterial Infections in 
Drosophila.  J Immunol 2002, 168:1542-1546.

19. Altincicek B, Knorr E, Vilcinskas A: Beetle immunity: Identification of 
immune-inducible genes from the model insect Tribolium castaneum.  
Dev Comp Immunol 2008, 32:585-595.

20. Govind S: Control of development and immunity by Rel transcription 
factors in Drosophila.  Oncogene 1999, 18:6875-6887.

21. Lazzaro BP: Natural selection on the Drosophila antimicrobial immune 
system.  Curr Opin Microbiol 2008, 11:284-289.

22. Delaney JR, Stöven S, Uvell H, Anderson KV, Engström Y, Mlodzik M: 
Cooperative control of Drosophila immune responses by the JNK and 
NF-κB signaling pathways.  EMBO J 2006, 12(25):3068-3077.

23. Aggarwa K, Silverman N: Positive and negative regulation of the 
Drosophila immune Response.  BMB reports 2008, 41:267-277.

Additional file 1 Table S1 - Complete list of cloned honey bee tran-
scripts. Cloned transcripts identified by cDNA-AFLP approach with the cor-
responding NCBI GenBank accession numbers and functional domains 
found in the predicted protein sequences. Arrows in front of the gene 
names indicate up- or down regulated transcripts in the experimental sam-
ples.

Received: 19 November 2009 Accepted: 21 June 2010 
Published: 21 June 2010
This article is available from: http://www.biomedcentral.com/1471-2164/11/391© 2010 Aronstein et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.BMC Genomics 2010, 11:391

http://www.biomedcentral.com/content/supplementary/1471-2164-11-391-S1.PDF
http://www.biomedcentral.com/1471-2164/11/391
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17069638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12408809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14603309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12495727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15797509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17438142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20485470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8808632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9405661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11823479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17981328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10602463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18555739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18452646


Aronstein et al. BMC Genomics 2010, 11:391
http://www.biomedcentral.com/1471-2164/11/391

Page 11 of 12
24. Aronstein K, Saldivar E: Characterization of a honey bee Toll related 
receptor gene Am18w and its potential involvement in antimicrobial 
immune defense.  Apidologie 2005, 36:3-14.

25. Vandenberg JD, Shimanuki H: Technique for rearing worker honey bees 
in the laboratory.  J Apic Res 1987, 26:90-97.

26. Murray KD, Aronstein KA, Jones WA: A molecular diagnostic method for 
selected Ascosphaera species using PCR amplification of internal 
transcribed spacer regions of rDNA.  J Apic Res 2005, 44:61-64.

27. Aronstein K, Pankew T, Saldivar E: SID-1 is implicated in systemic gene 
silencing in the honey bee.  J Apic Res 2006, 45:20-22.

28. Lourenco AP, Mackert A, Cristino AS, Simoes ZLP: Validation of reference 
genes for gene expression studies in the honey bee, Apis mellifera, by 
quantitative real-time RT-PCR.  Apidologie 2008, 39:372-385.

29. Scharlaken B, de Graaf DC, Goossens K, Brunain M, Peelman LJ, Jacobs FJ: 
Reference gene selection for insect expression studies using 
quantitative real-time PCR: The honeybee, Apis mellifera, head after a 
bacterial challenge.  J Insect Sci 2008, 8:1-10.

30. Gaozza E, Baker SJ, Vora RK, Reddy EP: AATYK: a novel tyrosine kinase 
induced during growth arrest and apoptosis of myeloid cells.  
Oncogene 1997, 15:3127-3135.

31. Coffey ET, Smicience G, Hongisto V, Cao J, Brecht S, Herdegen T, Courtney 
MJ: c-Jun N-Terminal Protein Kinase (JNK) 2/3 Is Specifically Activated 
by Stress, Mediating c-Jun Activation, in the Presence of Constitutive 
JNK1 Activity in Cerebellar Neurons.  J Neurosci 2002, 22:4335-4345.

32. Zhao LZ, Su XW, Huang YJ, Qiu PX, Yan GM: Activation of c-Jun and 
suppression of phospho-p44/42 were involved in diphenylhydantoin-
induced apoptosis of cultured rat cerebellar granule neurons.  Acta 
Pharmacol Sin 2003, 24:539-548.

33. Tomomura M, Furuichi T: Apoptosis-associated Tyrosine Kinase (AATYK) 
Has Differential Ca2+-dependent Phosphorylation States in Response 
to Survival and Apoptotic Conditions in Cerebellar Granule Cells.  J Biol 
Chem 2005, 280:35157-35163.

34. Hochstrasser M, Wang J: Unraveling the means to the end in ATP-
dependent proteases.  Nature Structural Biol 2001 8:294-296.

35. Vernace VA, Arnaud L, Schmidt-Glenewinkel T, Figueiredo-Pereir ME: 
Aging perturbs 26S proteasome assembly in Drosophila melanogaster.  
FASEB J 2007, 21:2672-2682.

36. Zhu Q, Arakane Y, Banerjee D, Beeman RW, Kramer KJ, Muthukrishnan S: 
Domain organization and phylogenetic analysis of the chitinase-like 
family of proteins in three species of insects.  Insect Biochem Mol Biol 
2008, 38:452-466.

37. Zhu Q, Arakane Y, Banerjee D, Beeman RW, Kramer KJ, Muthukrishnan S: 
Functional specialization among insect chitinase family genes 
revealed by RNA interference.  Proc Natl Acad Sci USA 2008, 
105:6650-6655.

38. Fitches E, Wilkinson H, Bell H, Brown DP, Gatehouse JA, Edwards JP: 
Cloning, expression and functional characterization of chitinase from 
larvae of tomato moth (Lacanobia oleracea): a demonstration of the 
insecticidal activity of insect chitinase.  Insect Biochem Mol Biol 2004, 
34:1037-1050.

39. Kabir KE, Hirowatari D, Watanabe K, Koga D: Purification and 
characterization of a novel isozyme of chitinase from Bombyx mori.  
Biosci Biotechnol Biochem 2006, 70:252-262.

40. Fung KL, Zhao KJ, He ZM, Chye ML: Tobacco-expressed Brassica juncea 
chitinase BjCHI1 shows antifungal activity in vitro.  Plant Mol Biol 2002, 
50:283-294.

41. Zou Z, Lopez DL, Kanost MR, Evans JD, Jiang H: Comparative analysis of 
serine protease-related genes in the honey bee genome: possible 
involvement in embryonic development and innate immunity.  Insect 
Mol Biol 2006, 15:603-614.

42. Jiang HB, Kanost MR: The clip-domain family of serine proteinases in 
arthropods.  Insect Biochem Mol Biol 2000, 30:95-105.

43. Kanost MR, Clarke T: Proteases.  In "Comprehensive Molecular Insect 
Science" Volume 4. Edited by: Gilbert LI, Iatrou K, Gill S. Elsevier; 
2005:247-266. 

44. Ligoxygakis P, Pelte NJA, Reichhart J-M: Activation of Drosophila Toll 
during fungal infection by a blood serine protease.  Science 2002, 
297:114-116.

45. Shah PK, Tripathi LP, Jensen LJ, Gahnim M, Mason C, Furlong EE, Rodrigues 
V, White KP, Bork P, Sowdhamini R: Enhanced function annotations for 
Drosophila serine proteases: a case study for systematic annotation of 
multi-member gene families.  Genes Dev 2008, 407:199-215.

46. Horng T, Medzhitov R: Drosophila MyD88 is an adapter in the Toll 
signaling pathway.  Proc Natl Acad Sci 2001, 98:12654-12658.

47. Takeda K: Toll-like Receptors and their Adaptors in Innate Immunity.  
Curr Med Chem - Anti-Inflammatory & Anti-Allergy Agents 2005, 4:3-11.

48. Engstrom Y, Kadalayil L, Sun SC, Samakovlis C, Hultmark D, Faye I: B-like 
motifs regulate the induction of immune genes in Drosophila.  J Mol 
Biol 1993, 232:327-333.

49. Kappler C, Meister M, Lagueux M, Gateff E, Hoffmann JA, Reichhart JM: 
Insect immunity. Two 17 bp repeats nesting a kappaB-related 
sequence confer inducibility to the diptericin gene and bind a 
polypeptide in bacteria-challenged Drosophila.  EMBO J 1993, 
12:1561-1568.

50. Samaranayake YH, Samaranayake LP, Pow EHN, Beena VT, Yeung KWS: 
Antifungal Effects of Lysozyme and Lactoferrin against Genetically 
Similar, Sequential Candida albicans Isolates from a Human 
Immunodeficiency Virus-Infected Southern Chinese Cohort.  J Clinic 
Microbiol 2001, 39:3296-3302.

51. Huang X, Suyama K, Buchanan J, Zhu AJ, Scott MP: A Drosophila model 
of the Niemann-Pick type C lysosome storage disease: dnpc1a is 
required for molting and sterol homeostasis.  Development 2005 
132:5115-5124.

52. Huang X, Warren JT, Buchanan J, Gilbert LI, Scott MP: Drosophila 
Niemann-Pick type C-2 genes control sterol homeostasis and steroid 
biosynthesis: a model of human neurodegenerative disease.  
Development 2007, 134:3733-3742.

53. Thompson GJ, Kucharski R, Maleszka R, Oldroyd BP: Towards a molecular 
definition of worker sterility: differential gene expression and 
reproductive plasticity in honey bees.  Insect Mol Biol 2006, 15:637-644.

54. Garver WS, Heidenreich RA: The Niemann-Pick C proteins and trafficking 
of cholesterol through the late endosomal/lysosomal system.  Curr Mol 
Med 2002, 2:485-505.

55. Gruber A, Mancek M, Wagner H, Kirschning CJ, Jerala R: Structural model 
of MD-2 and functional role of its basic amino acid clusters involved in 
cellular lipopolysaccharide recognition.  J Biol Chem 2004, 
279:28475-28482.

56. Gottar M, Gobert V, Matskevich AA, Reichhart J-M, Wang C, Butt TM, Belvin 
M, Hoffmann JA, Ferrandon D: Dual detection of fungal infections in 
Drosophila via recognition of glucans and sensing of virulence factors.  
Cell 2006, 127:1425-1437.

57. Dean M, Hamon Y, Chimini G: The human ATP-binding cassette (ABC) 
transporter superfamily.  J Lipid Res 2001, 42:1007-1017.

58. Zhou D, Xue J, Chen J, Morcillo P, Lambert JD, White KP, Haddad GG: 
Experimental selection for Drosophila survival in extremely low O2 
environment.  PLoS ONE 2007, 2:e490.

59. Martin JL, McMillan FM: SAM (dependent) I AM: the S-
adenosylmethionine-dependent methyltransferase fold.  Curr Opin 
Struct Biol 2002, 12:783-793.

60. Boulanger MC, Liang C, Russell RS, Lin R, Bedford MT, Wainberg MA, 
Richard S: Methylation of Tat by PRMT6 regulates human 
immunodeficiency virus type 1 gene expression.  J Virol 2005, 
79:124-131.

61. Toikkanen J, Gatti E, Takei K, Saloheimo M, Olkkonen VM, Soderlund H, De 
Camilli P, Keranen S: Yeast protein translocation complex: isolation of 
two genes SEB1 and SEB2 encoding proteins homologous to the Sec61 
beta subunit.  Yeast 1996, 12:425-438.

62. Murthy M, Garza D, Scheller RH, Schwarz TL: Mutations in the 
exocyst:component Sec5 disrupt neuronal membrane traffic, but 
neurotransmitter release persists.  Neuron 2003, 37:433-447.

63. Murthy M, Ranjan R, Denef N, Higashi MEL, Schupbach T, Schwarz TL: 
Sec6 mutations and the Drosophila exocyst complex.  J Cell Sci 2005, 
118:1139-1150.

64. Murthy M, Schwarz TL: The exocyst component Sec5 is required for 
membrane traffic and polarity in the Drosophila ovary.  Development 
2004, 131:377-388.

65. Beronja S, Laprise P, Papoulas O, Pellikka M, Sisson J, Tepass U: Essential 
function of Drosophila Sec6 in apical exocytosis of epithelial 
photoreceptor cells.  J Cell Biol 2005, 169:635-646.

66. Ross CL, Patel RR, Mendelson TC, Ware VC: Functional conservation 
between structurally diverse ribosomal proteins from Drosophila 
melanogaster and Saccharomyces cerevisiae: fly L23a can substitute 
for yeast L25 in ribosome assembly and function.  Nucleic Acids Res 
2007, 35:4503-4514.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9444961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12040039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12791180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16100393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17413001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18342250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18436642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15475298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16428844
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12175020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17069636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10696585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12098703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8345514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8467806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17804599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17069629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12125814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15111623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17190605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11441126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17534440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12504684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8740416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12575951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15728258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15897260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17584789


Aronstein et al. BMC Genomics 2010, 11:391
http://www.biomedcentral.com/1471-2164/11/391

Page 12 of 12
67. Norvell A, Kelley RL, Wehr K, Schüpbach T: Specific isoforms of squid, a 
Drosophila hnRNP, perform distinct roles in Gurken localization during 
oogenesis.  Genes Dev 1999, 13:864-876.

68. Guengerich FP: Cytochrome p450 and chemical toxicology.  Chem Res 
Toxicol 2008, 21:70-83.

69. Hertz L, Dienel GA: Energy metabolism in the brain.  Int Rev Neurobiol 
2002, 51:1-102.

70. Ikemoto A, Bole DG, Ueda T: Glycolysis and glutamateaccumulation into 
synaptic vesicles.  J Biol Chem 2003, 278:5929-5940.

71. Seehuus SC, Norberg K, Gimsa U, Krekling T, Amdam GV: Reproductive 
protein protects sterile honey bee workers from oxidative stress.  Proc 
Natl Acad Sci USA 2006, 103:962-967.

72. Chan QWT, Howes CG, Foster LJ: Quantitative comparison of caste 
differences in honeybee hemolymph.  Mol Cell Prot 2006.

73. Danty E, Arnold G, Burmester T, Huet JC, Huet D, Pernollet JC, Masson C: 
Identification and developmental profiles of hexamerins in antenna 
and hemolymph of the honeybee, Apis mellifera.  Insect Biochem Mol 
Biol 1998, 28:387-397.

74. Cunha AD, Nascimento AM, Guidugli KR, Simoes ZL, Bitondi MM: 
Molecular cloning and expression of a hexamerin cDNA from the 
honey bee, Apis mellifera.  J Insect Physiol 2005, 51:1135-1147.

75. Bitondi MM, Nascimento AM, Cunha AD, Guidugl KR, Nunes FM, Simxes 
ZL: Characterization and expression of the Hex 110 gene encoding a 
glutamine-rich hexamerin in the honey bee, Apis mellifera.  Arch Insect 
Biochem Pisiol 2006, 63:57-72.

76. Scharf ME, Buckspan CE, Grzymala TL, Zhou X: Regulation of polyphenic 
caste differentiation in the termite Reticulitermes flavipes by 
interaction of intrinsic and extrinsic factors.  J Exp Biol 2007, 
210:4390-4398.

77. Nelson CM, Ihle KE, Fondrk MK, Page RE Jr, Amdam GV: The gene 
vitellogenin has multiple coordinating effects on social organization.  
PLoS Biol 2007, 5:.

78. Lietze VU, Geden CJ, Blackburn P, Boucias DG: Effects of salivary gland 
hypertrophy virus on the reproductive behavior of the housefly, Musca 
domestica.  Appl Environ Microbiol 2007, 73:6811-6818.

79. Lourenco AP, Martins JR, Bitondi MMG, Simoes ZLP: Trade-off between 
immune stimulation and expression of storage protein genes.  Arch 
Insect Biochem Physiol 2009, 40:29-39.

80. Guidugli KR, Piulachs MD, Bellés X, Lourenço AP, Simões ZLP: Vitellogenin 
expression in queen ovaries and in larvae of both sexes of Apis 
mellifera.  Archives of Insect Biochemistry and Physiology 2005, 59:211-218.

81. Dorer DR, Rudnick JA, Moriyama EN, Christensen AC: A Family of Genes 
Clustered at the Triplo-lethal Locus of Drosophila melanogaster Has an 
Unusual Evolutionary History and Significant Synteny With Anopheles 
gambiae.  Genetics 2003, 165:613-621.

82. Tauszig-Delamasure S, Bilak H, Capovilla M, Hoffamann JA, Imler JL: 
Drosophila MyD88 is required for the response to fungal and Gram-
positive bacterial infections.  Nat Immunol 2002, 3:91-97.

83. Van Eijk M, Scheij SS, Van Roomen CP, Speijer D, Boot RG, Aerts JM: TLR- 
and NOD2-dependent regulation of human phagocyte-specific 
chitotriosidase.  FEBS Lett 2007, 581:5389-5395.

84. Schlüns H, Crozier RH: Relish regulates expression of antimicrobial 
peptide genes in the honeybee, Apis mellifera, shown by RNA 
interference.  Insect Molecular Biology 2007, 16:753-759.

85. Bulmer MS, Ross H, Crozier RH: Duplication and Diversifying Selection 
Among Termite Antifungal Peptides.  Mol Biol Evol 2004, 21:2256-2264.

86. Moret Y, Schmid-Hempel P: Survival for Immunity: The Price of Immune 
System Activation for Bumblebee Workers.  Science 2000, 
290:1166-1168.

doi: 10.1186/1471-2164-11-391
Cite this article as: Aronstein et al., Transcriptional responses in Honey Bee 
larvae infected with chalkbrood fungus BMC Genomics 2010, 11:391

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18052394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12420357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12488440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16418279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9692239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16055147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18232118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17341131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17827327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16034983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14573474
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11743586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17976376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18093004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15317879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11073456

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Infection Bioassay
	RNA isolation and cDNA synthesis
	Gene expression analysis
	Bioinformatics
	Quantitative gene expression analyses
	Data analysis

	Results and Discussion
	Analysis of gene transcripts according to functional classes
	Apoptosis-associated phosphorylation
	Degradation of proteins
	Anti-fungal activity
	Immune signaling
	qRT-PCR analysis of previously known immune-related transcripts not derived from cDNA-AFLP
	Lipid binding
	Multi-drug transport
	Genes with putative roles in responses to various stressors
	Nutritional stress response
	Proteins of unknown function

	Conclusions
	Intracellular immune signaling
	Stress responses

	Additional material
	Authors' contributions
	Acknowledgements
	Author Details
	References

