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Abstract

:

RNA interference has been frequently applied to modulate gene function in organisms where the production and maintenance of mutants is challenging, as in our model of study, the honey bee, Apis mellifera. A green fluorescent protein (GFP)-derived double-stranded RNA (dsRNA-GFP) is currently commonly used as control in honey bee RNAi experiments, since its gene does not exist in the A. mellifera genome. Although dsRNA-GFP is not expected to trigger RNAi responses in treated bees, undesirable effects on gene expression, pigmentation or developmental timing are often observed. Here, we performed three independent experiments using microarrays to examine the effect of dsRNA-GFP treatment (introduced by feeding) on global gene expression patterns in developing worker bees. Our data revealed that the expression of nearly 1,400 genes was altered in response to dsRNA-GFP, representing around 10% of known honey bee genes. Expression changes appear to be the result of both direct off-target effects and indirect downstream secondary effects; indeed, there were several instances of sequence similarity between putative siRNAs generated from the dsRNA-GFP construct and genes whose expression levels were altered. In general, the affected genes are involved in important developmental and metabolic processes associated with RNA processing and transport, hormone metabolism, immunity, response to external stimulus and to stress. These results suggest that multiple dsRNA controls should be employed in RNAi studies in honey bees. Furthermore, any RNAi studies involving these genes affected by dsRNA-GFP in our studies should use a different dsRNA control.
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1. Introduction


RNA interference (RNAi) technologies (RNAi) are important tools for manipulating transcript levels and exploring gene function in a wide range of species. RNAi is a particularly critical tool for functional genomic studies in species where other genetic manipulations, such as the development of transgenics or mutant strains, are not feasible [1]. Honey bees (Apis mellifera), for example, are an excellent model system for sophisticated studies of cognition, neurobiology, plasticity and complex social behavior, but thus far, the development and maintenance of knockout and transgenic lineages in this species have not been possible [2]. Over the last decade, RNAi has been successfully adopted as the major genetic tool for gene function analysis in honey bees [3,4,5]. However, there can be considerable variability in the levels and duration of transcript knockdowns between tissues, individuals and experiments. In order to take full advantage of this powerful technology to study gene function in honey bees and other insects, it is necessary to develop a complete understanding of the mechanisms by which RNAi decreases transcript abundance and, in particular, to examine and characterize any off-target effects.



Off-target effects are non-specific and caused by undesired base-pairing of non-target genes with small interfering RNA (siRNA) derived from double-stranded RNA (dsRNA) [6]. Off-target effects can be widespread and can alter expression of large numbers of genes, as previously reported in RNAi experiments involving plants, invertebrates, vertebrates [7,8,9], as well as honey bees [10].



A green fluorescent protein (GFP)-derived dsRNA (dsRNA-GFP) has been used as an exogenous control for RNAi assays in several arthropod species, including Marsupenaeus japonicus [11], Pacifastacus leniusculus [12], Spodoptera exigua [13,14], Acyrthosiphon pisum [15], Aedes aegypti [16], Antheraea sp. [17], Locusta migratoria [18], Schistocerca gregaria [19], Bactericerca cockerelli [20] and Apis mellifera [5,21,22,23,24,25,26,27]. Its gene sequence is not found in the honey bee genome. Although dsRNA-GFP is not expected to trigger an RNAi response in treated bees, undesirable effects on gene expression, pupal pigmentation or developmental timing have been routinely observed. To better understand the molecular and phenotypic effects of dsRNA-GFP in honey bees and to evaluate its use as a control for RNAi studies, we examined the impact of dsRNA-GFP on global gene expression patterns in developing workers. The dsRNA-GFP was introduced using a non-invasive feeding protocol [23]. We found that dsRNA-GFP causes large-scale changes in gene expression associated with multiple biological processes. Furthermore, dsRNA-GFP exposure tended to preferentially decrease, rather than increase, expression of genes compared to controls.




2. Results and Discussion


The double-stranded RNA for green fluorescent protein (dsRNA-GFP) is widely used as an exogenous control in honey bee RNAi studies [5,21,22,23,24,25,26,27]. In our studies, changes in gene expression, pupal pigmentation or developmental timing are the most frequent undesired effects in RNAi screens that use dsRNA-GFP as control. These effects have been also noted by other bee researchers during discussions related to RNAi approaches at the IUSSI Congress 2010 (Copenhagen, Denmark) and Workshop on Honey Bee Genomics & Biology 2011 (Cold Spring Harbor, USA). Therefore, those observable side effects are recurring and not yet reported in the literature. Based on this, we decided to perform a large-scale gene expression analysis to compare untreated and dsRNA-GFP treated developing workers.



Three technically distinct experiments were conducted in two different laboratories. Similar numbers of up- and downregulated genes were found for experiments 1 and 2. In addition, results from both experiments showed a greater number of down- than upregulated genes (Table 1). On the other hand, expression of only a few genes was altered by dsRNA-GFP in experiment 3, which examined adult workers.
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Table 1. Number of honey bee genes displaying different expression levels in response to green fluorescent protein-derived double-stranded RNA (dsRNA-GFP) treatment during worker development. Genes with significant expression levels at FDR < 0.5 (Experiment 1) and adjusted p < 0.05 (Experiments 2 and 3) are reported.
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591
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2

	
239

	
423

	
662




	
3

	
4

	
1

	
5




	
Total

	
446

	
1,015

	
1,461









Analyses of the downregulated gene set revealed that only five genes appear in both lists of differentially expressed genes obtained in experiments 1 and 2 (Table S1). Based on Gene Ontology terms, they are classified as enzymes or proteins with binding functions involved in cellular metabolic process, such as RNA processing and transport. In RNAi experiments, long dsRNA molecules are cleaved into small interfering RNA duplexes (siRNA) of ~21 nucleotides by Dicer enzyme [28]. If these siRNAs have sequence similarity to additional, non-target transcripts, they can cause degradation of these transcripts [6]. To determine if the decreased transcript abundance of these five genes is due to off-target effects, we aligned the sequences of each of these transcripts with the dsRNA-GFP sequence. For each gene, alignments revealed multiple perfect base-pairing matches ranging from eight to 11 nucleotides-long, as well as regions of imperfect complementarity (File S2). Previous studies have demonstrated that off-target gene silencing can be mediated by 7 nt perfect matches between a siRNA and targets [29] and even by microRNA-like mechanisms [30,31] targeting both coding and untranslated regions [32,33,34]. Moreover, the occurrence of multiple off-target sites is suggested to enhance the disturbances [29]. It is also likely that siRNA molecules generated from dsRNA-GFP saturate cellular RNAi machinery, so that siRNAs compete with endogenous microRNAs [34]. Thus, the expected microRNA action is perturbed, and their natural targets may be upregulated [35].



Nine genes were found to be upregulated in both experiments 1 and 2 (Table S1). This is not unexpected, since siRNA off-target effects were previously described to cause both down- and upregulation in mammals [36]. In our studies, these upregulated genes are involved in immune responses, oxidoreductase activity, aging, cell homeostasis, morphogenesis, response to external stimulus and response to stress. Among them, GB10133 (superoxide dismutase 1) and GB15855 (thioredoxin 2) are members of an antioxidant system [37] potentially involved in detoxication by modifying the chemical structure of xenobiotics, such as dsRNA-GFP. Also, GB10398 codes for a ninjurin-1-like protein, member of the metazoan conserved Ninjurin family. Ninjurins are cell adhesion molecules, and it is known that their mRNA levels increase after injury, infection or stress [38,39]. Finally, two members of the apidaecin gene family (GB13473 and GB17782) related to humoral immunity [40] were also upregulated. Thus, of these nine genes, five appear to be involved in response to infection or stress. RNAi machinery plays an important role in the insect immune system [41] by triggering antiviral responses in response to exogenous dsRNA viruses [42]. Thus, it is plausible that dsRNA-GFP molecules are recognized as a viral infection, culminating in the activation of immune genes, RNAi systems, siRNA production and consequent off-target effects.



No overlapping genes were found between experiments 1 and 3. Four genes are upregulated in both experiments 2 and 3 (Table S1), including GB10708, a gene encoding for immune responsive protein of 30 kDa (IRP30). Honey bee IRP30 gene was previously reported as a non-canonical immune factor found in social hymenopterans upon bacterial challenge or viral infection [43,44,45].



Little dsRNA-GFP effects were observed in the adult bees. It is important to remember that the dsRNA-GFP was offered only once per experiment in the diet of second instar larvae. Regarding experiments with adult workers, sampling occurred ~ 23 days after treatment. Previous works have shown that dsRNA molecules remain intact for several days in A. mellifera and produce long lasting effects [4,23]. Therefore, it is unlikely that such molecules have been degraded or eliminated in adults. We believe that over ~ 23 days, the honey bee immune system has become adapted to the presence of this molecule, no longer recognizing it as viral particles.



These results suggest that: (i) RNAi treatment effect is different during worker development, as in different life stages of other insects [46]; (ii) few target genes are primarily affected by dsRNA-GFP off-target effects; (iii) undesired consequences on gene expression and phenotypes observed in bees treated with dsRNA-GFP could be triggered by disturbances in those targets, affecting downstream gene networks in association with particularities of physiological context of each developmental stage. Furthermore, the physiological and developmental context can influence the effects of dsRNA-GFP treatment: in some genes, dsRNA-GFP treatment has opposite effects in the two experiments, i.e., increased expression in experiment 1, decreased expression in experiment 2 or vice-versa (Table S2).



Little overlap in the sets of affected genes between the three experiments/developmental timepoints is not entirely surprising. Side effects triggered by dsRNA-GFP seem to be multifactorial. From a single dsRNA, the resulting off-target effects are specific for different cell types or developmental stage, because the sets of expressed (and consequently misregulated) genes are different in each biological context [47]. Even if dsRNA may be recognized as a viral challenge and upregulate non-self RNA sensors and expression of the immune genes [48], we need to take into account that the range of defense responses can be either evolutionary divergent across species [49,50], as well as developmentally modulated [43,51,52,53].



Data from all experiments were combined to produce a comprehensive list of potential gene targets whose expression is altered in treatments with dsRNA-GFP (Table S3). In total, 1,461 genes showed significant changes in expression in response to dsRNA-GFP treatment. This raises concerns about using dsRNA-GFP as a control for RNAi experiments, since it suggest that this treatment can cause changes in about 10% of A. mellifera genes, undoubtedly triggering associated development, physiological and behavioral changes. Also, it is important to note that there may be possible additional effects on the transcriptome that could not be examined in the microarray, since it undoubtedly does not cover all possible transcripts. Indeed, several novel coding and non-coding genes were only recently discovered and, thus, are not represented in the microarrays.



To understand how our data are useful and applicable to other honey bee studies, we performed a multiple alignment of GFP partial sequences used by other authors for dsRNA-GFP synthesis (File S1), which showed that sequences are very close to each other, suggesting similar responses.



To gain additional functional insights, Gene Ontology (GO) comparisons were performed using “all downregulated genes” versus “all upregulated genes” as input. Using GO annotation from Drosophila melanogaster, 253 GO terms were recovered for upregulated genes and 508 GO terms for downregulated ones. A number of different metabolic and developmental processes are altered by dsRNA-GFP, and many of the affected genes function as enzymes or binding proteins (Table S4). Although it is difficult to establish trends from the complete dataset (Tables S3 and S4), the most representative GO categories (top 10, according to number of genes) are illustrated in Figure 1. As noted above, more genes and processes were downregulated than upregulated by dsRNA-GFP treatment.



Interestingly, the microarray data indicate a perturbation in the metabolism of the major honey bee hormones by dsRNA-GFP treatment. Juvenile Hormone (JH) and 20-hydroxyecdysone (20E) precisely govern virtually all biological processes during the honey bee life cycle, such as morphogenesis, developmental timing, molt and metamorphosis and adult behavior. Levels of juvenile hormone acid methyltransferase (JHAMT, GB10517) transcripts were upregulated in experiment 1, but downregulated in experiment 2, while farnesyl pyrophosphate synthase (FPPS, GB12859) transcripts were upregulated in experiment 2. Both genes are associated with JH synthesis. Juvenile hormone epoxide hydrolase gene (JHEH, GB10771) controls one step of the JH degradation pathway, and its mRNA levels were downregulated in experiment 1. Transcript levels of Ecdysone-induced protein 75 (E75, GB11364) were upregulated in experiment 2. E75 plays roles in molting cycle, cuticle formation, ecdysis and regulation of the ecdysteroid metabolic process. Expression of two storage protein genes, hexamerin 70a (GB30362) and hexamerin 70c (GB13613), were respectively down- and up-regulated in experiment 1. Hexamerin 70a is susceptible to exogenous stimulus, since bacterial infections in adult workers also disrupt its expression [54]. Moreover, honey bee hexamerins function as an amino acids source for metamorphosis, as well as they are potential JH-binding proteins modulating JH action [55]. Accordingly, perturbations in the endocrine system affect both JH- and ecdysteroids-modulated gene cascades and could account partially for the undesired effects observed.
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Figure 1. Top 10 Gene Ontology categories representing the major (a) Biological Processes and (b) Molecular Functions affected by dsRNA-GFP treatment during honey bee workers development. For each category (Y axis), the number of down- and up-regulated genes are reported (X axis). 
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3. Experimental Section


3.1. Bees


Three independent experiments were performed. For experiment 1, we used Apis mellifera carnica workers maintained according to standard commercial practices at the Chemical Ecology Lab Apiary (Penn State University, State College, PA, USA), while Africanized A. mellifera workers from the Apiary of the Department of Genetics (University of Sao Paulo, Ribeirao Preto, SP, Brazil) were used for experiments 2 and 3. In order to obtain age-controlled bees, the queen was caged on a comb and left to lay eggs for 6 h in all experiments. Twenty hours after larval hatching, combs containing second instar larvae were retrieved from the colonies for treatments (see section 3.3. RNAi treatments, sampling and RNA isolation).




3.2. dsRNA Synthesis


dsRNA-GFP primers fused with the T7 5’-tail sequence (underlined) were designed (GFP-forward 5’-TAATACGACTCACTATAGGGCGAAGTGGAGAGGGTGAAGGTGA-3’ and GFP-reverse 5’-TAATACGACTCACTATAGGGCGAGGTAAAAGGACAGGGCCATC-3’), and standard PCR was performed using a GFP cDNA clone (File S1) as template. The resulting amplicons were purified with QIAquick PCR Purification kit (Qiagen, Valencia, CA) and used as templates for dsRNA-GFP synthesis using the RiboMaxTM Large Scale RNA Production System – T7 (Promega, Madison, WI)protocol. The synthesized dsRNA-GFP products were purified by the TRIzol® LS Reagent method (Invitrogen, Grand Island, NY) and subjected to a denaturation step at 98 °C for 5 min, followed by 30 min at room temperature.




3.3. RNAi Treatments, Sampling and RNA Isolation


Because handling and injections may cause stress and affect physiology and survival, we decided to use a non-invasive RNAi protocol described by [23]. In brief, second instar larvae received a single 1 μL dose of a solution containing 5.0 μg (experiment 1) or 0.5 μg (experiments 2 and 3) of dsRNA-GFP, carefully mixed with their natural diet. After treatment, combs were returned to their original colony to develop under natural conditions until the desired stages for analysis: pre-pupae (PP) and light-brown-eyed pupae (Pbl) were sampled for experiment 1, fifth instar spinning phase larvae (L5S2) were sampled for experiment 2 and seven day-old workers (W7d) were sampled for experiment 3. For experiment 3, in particular, newly-emerged workers were maintained in an incubator at 34 °C and a relative humidity of 80% and were provided with water, pollen and sucrose syrup for seven days (W7d). All samples were staged according to criteria developed by [56]. As control groups, age-controlled larvae were left to develop without any treatment (non-treated) and also sampled at L5S2, PP, Pbl and W7d, depending on the experiment. For experiment 1, a total of 16 individuals were collected: four non-treated with PP, four treated with PP, four non-treated with Pbl and four treated with Pbl. For experiment 2, a total of 10 individuals were collected: five non-treated with L5S2 and five treated with L5S2. For experiment 3, a total of 10 individuals were collected: five non-treated with W7d and five treated with W7d. For experiments 1 and 2, each whole-body sample was homogenized in a 1.5 mL tube containing 1 mL of TRIzol (Invitrogen), while experiment 3 used abdomen with adhering fat body and epidermal tissues, which was similarly homogenized as above. All samples were stored at −80°C until the RNA isolation step. Total RNA from each stored sample was isolated following TRIzol manufacturer’s instructions. Subsequently, a purification step was performed using an RNeasy Mini Kit (Qiagen) followed by DNase treatment using an RNase-Free DNase Set (Qiagen).




3.4. Microarrays: Hybridization and Data Analysis


Gene expression differences were analyzed using a dye-swap design in which each sample was labeled with both Cy3 or Cy5 probes and hybridized to the honey bee whole genome oligonucleotide arrays supplied by the W. M. Keck Center for Comparative and Functional Genomics at the University of Illinois, Urbana-Champaign. For experiment 1 (which performed a loop design), a total of 200 ng of RNA of each individual (four individuals/sample group) was separately amplified using the Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion, Grand Island, NY), and 5 μg was labeled with Cy3 or Cy5 dye using a Kreatech labeling kit (Kreatech Inc, Durham, NC), for a total of four replicates/sample (20 microarrays). For experiment 2, each group (non-treated or treated) was represented by pools containing 200 ng of total RNA from each individual (totaling 1 μg). One microgram of each pool was separately amplified using the Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion) for which 20 μg was labeled with Amersham Cy3 or Cy5 dye (GE Healthcare Life Science, Piscataway, NJ). Thus, two sets of labeled probes were then hybridized to two arrays. Experiment 3 followed the same procedures described for experiment 2. Slides hybridization, scanning, data normalization and data analysis of experiment 1 followed procedures and steps described in [57,58], while experiments 2 and 3 followed procedures and steps described in [59,60]. The microarray data is available on the Gene Expression Omnibus database (GEO, at NCBI database), according to MIAME standards [61], under the following accession numbers: GSE43193 (experiment 1) and GSE41004 (experiments 2 and 3).




3.5. Bioinformatic Analysis


Sequences from the honey bee Official Gene Set version 1.1 [62] and genome assembly version Amel_4.0 [63] available at BeeBase [64] were used for in silico analysis. In addition, some Gene IDs correspond to Expressed Sequence Tags (ESTs) and were recovered from GenBank. Blast searches were performed using NCBI [65] or BeeBase [66] tools. Clustal W [67] was used for multiple alignments of the GFP sequences. Gene Ontology (GO) terms were recovered from Drosophila orthologs available at FlyBase [68] and GO classifications and comparisons were performed using Babelomics tool, version 3.2 [69] at level 3.





4. Conclusions


Our results demonstrate that treatment with dsRNA-GFP can have substantial direct and indirect effects on transcript levels of genes associated with a variety of biological processes in developing honey bee workers. Furthermore, it is clear that the molecular effects of dsRNA-GFP exposure can vary depending on the physiological and developmental context; thus, while our studies identified ~1400 affected transcripts, different transcripts may be impacted in different studies. We recommend the use of a second exogenous control in RNAi studies in honey bees in order to better control for the off-target effects of both the control and experimental genes. Further studies will be necessary to determine the non-sequence specific effects of dsRNA-GFP, the effects of dosages and the duration of treatment.







Acknowledgments


We would like to thank Luiz Roberto Aguiar for technical assistance in the apiary of Ribeirão Preto, Brazil, and Bernardo Niño for assistance in the apiary at Penn State University, USA. We also thank Sarah D. Kocher and Alexandre S. Cristino for their help with microarray analyses and Maria Helena S. Goldman for supplying a GFP clone. We are also grateful to Antje Jarosh, Eyal Maori, Navdeep Mutti and Suresh Desai for providing GFP fasta sequences. Funding was provided by Fundação de Amparo à Pesquisa do Estado de São Paulo (#05/03926-5 and #11/03171-5 to ZLPS, #07/07594-2 to FMFN, #08/01446-4 to ACA, #09/05675-0 to ADB), Conselho Nacional de Desenvolvimento Científico e Tecnológico (#161917/2011-9 and #481000/2099-7 to FMFN, #473748/2008-8 to ARB).




References


	



Perrimon, N.; Ni, J.Q.; Perkins, L. In vivo RNAi: today and tomorrow. Cold Spring Harb. Perspect. Biol. 2010, 2, a003640. [Google Scholar] [CrossRef]

	



Page, R.E., Jr; Gadau, J.; Beye, M. The emergence of hymenopteran genetics. Genetics 2002, 160, 375–379. [Google Scholar]

	



Beye, M.; Härtel, S.; Hagen, A.; Hasselmann, M.; Omholt, S.W. Specific developmental gene silencing in the honey bee using a homeobox motif. Insect Mol. Biol. 2002, 11, 527–532. [Google Scholar] [CrossRef]

	



Amdam, G.V.; Simões, Z.L.; Guidugli, K.R.; Norberg, K.; Omholt, S.W. Disruption of vitellogenin gene function in adult honeybees by intra-abdominal injection of double-stranded RNA. BMC Biotechnol. 2003, 3, 1. [Google Scholar] [CrossRef]

	



Ament, S.A.; Wang, Y.; Chen, C.C.; Blatti, C.A.; Hong, F.; Liang, Z.S.; Negre, N.; White, K.P.; Rodriguez-Zas, S.L.; Mizzen, C.A.; Sinha, S.; Zhong, S.; Robinson, G.E. The transcription factor ultraspiracle influences honey bee social behavior and behavior-related gene expression. PLoS Genet. 2012, 8, e1002596. [Google Scholar]

	



Jackson, A.L.; Bartz, S.R.; Schelter, J.; Kobayashi, S.V.; Burchard, J.; Mao, M.; Li, B.; Cavet, G.; Linsley, P.S. Expression profiling reveals off-target gene regulation by RNAi. Nat. Biotechnol. 2003, 21, 635–637. [Google Scholar] [CrossRef]

	



Fedorov, Y.; Anderson, E.M.; Birmingham, A.; Reynolds, A.; Karpilow, J.; Robinson, K.; Leake, D.; Marshall, W.S.; Khvorova, A. Off-target effects by siRNA can induce toxic phenotype. RNA 2006, 12, 1188–1196. [Google Scholar] [CrossRef]

	



Kulkarni, M.M.; Booker, M.; Silver, S.J.; Friedman, A.; Hong, P.; Perrimon, N.; Mathey-Prevot, B. Evidence of off-target effects associated with long dsRNAs in Drosophila melanogaster cell-based assays. Nat. Methods 2006, 3, 833–838. [Google Scholar]

	



Schüssler, M.D.; Alexandersson, E.; Bienert, G.P.; Kichey, T.; Laursen, K.H.; Johanson, U.; Kjellbom, P.; Schjoerring, J.K.; Jahn, T.P. The effects of the loss of TIP1;1 and TIP1;2 aquaporins in Arabidopsis thaliana. Plant. J. 2008, 56, 756–767. [Google Scholar] [CrossRef]

	



Jarosch, A.; Moritz, R.F. RNA interference in honeybees: Off-target effects caused by dsRNA. Apidologie 2012, 43, 128–138. [Google Scholar] [CrossRef]

	



Wang, S.; Chen, A.J.; Shi, L.J.; Zhao, X.F.; Wang, J.X. TRBP and eIF6 homologue in Marsupenaeus. japonicus play crucial roles in antiviral response. PLoS One 2012, 7, e30057. [Google Scholar]

	



Liu, H.; Jiravanichpaisal, P.; Söderhäll, I.; Cerenius, L.; Söderhäll, K. Antilipopolysaccharide factor interferes with white spot syndrome virus replication in vitro and in vivo in the crayfish Pacifastacus. leniusculus. J. Virol. 2006, 80, 10365–10371. [Google Scholar] [CrossRef]

	



Yao, Q.; Zhang, D.; Tang, B.; Chen, J.; Chen, J.; Lu, L.; Zhang, W. Identification of 20-hydroxyecdysone late-response genes in the chitin biosynthesis pathway. PLoS One 2010, 5, e14058. [Google Scholar]

	



Tang, B.; Wang, S.; Zhang, F. Two storage hexamerins from the beet armyworm Spodoptera. exigua: Cloning, characterization and the effect of gene silencing on survival. BMC Mol. Biol. 2010, 11, 65. [Google Scholar] [CrossRef]

	



Mutti, N.S.; Park, Y.; Reese, J.C.; Reeck, G.R. RNAi knockdown of a salivary transcript leading to lethality in the pea aphid, Acyrthosiphon. pisum. J. Insect Sci. 2006, 6, 1–7. [Google Scholar]

	



Sim, S.; Ramirez, J.L.; Dimopoulos, G. Dengue virus infection of the Aedes. aegypti salivary gland and chemosensory apparatus induces genes that modulate infection and blood-feeding behavior. PLoS Pathog. 2012, 8, e1002631. [Google Scholar] [CrossRef]

	



Shukla, J.N.; Nagaraju, J. Two female-specific DSX proteins are encoded by the sex-specific transcripts of dsx and are required for female sexual differentiation in two wild silkmoth species, Antheraea. assama and Antheraea. mylitta (Lepidoptera, Saturniidae). Mol. Biol. 2010, 40, 672–682. [Google Scholar]

	



Liu, X.; Zhang, H.; Li, S.; Zhu, K.Y.; Ma, E.; Zhang, J. Characterization of a midgut-specific chitin synthase gene (LmCHS2) responsible for biosynthesis of chitin of peritrophic matrix in Locusta. migratoria. Insect Biochem. Mol. Biol. 2012, 42, 902–910. [Google Scholar] [CrossRef]

	



Wynant, N.; Verlinden, H.; Breugelmans, B.; Simonet, G.; Vanden Broeck, J. Tissue-dependence and sensitivity of the systemic RNA interference response in the desert locust, Schistocerca. gregaria. Insect Biochem. Mol. Biol. 2012, 42, 911–917. [Google Scholar] [CrossRef]

	



Wuriyanghan, H.; Rosa, C.; Falk, B.W. Oral delivery of double-stranded RNAs and siRNAs induces RNAi effects in the potato/tomato psyllid, Bactericerca. cockerelli. PLoS One 2011, 6, e27736. [Google Scholar] [CrossRef]

	



Nelson, C.M.; Ihle, K.E.; Fondrk, M.K.; Page, R.E.; Amdam, G.V. The gene vitellogenin has multiple coordinating effects on social organization. PLoS Biol. 2007, 5, e62. [Google Scholar] [CrossRef]

	



Maori, E.; Paldi, N.; Shafir, S.; Kalev, H.; Tsur, E.; Glick, E.; Sela, I. IAPV, a bee-affecting virus associated with Colony Collapse Disorder can be silenced by dsRNA ingestion. Insect Mol. Biol. 2009, 18, 55–60. [Google Scholar] [CrossRef]

	



Nunes, F.M.F.; Simões, Z.L.P. A non-invasive method for silencing gene transcription in honeybees maintained under natural conditions. Insect Biochem. Mol. Biol. 2009, 39, 157–160. [Google Scholar] [CrossRef]

	



Jarosch, A.; Moritz, R.F. Systemic RNA-interference in the honeybee Apis mellifera: Tissue dependent uptake of fluorescent siRNA after intra-abdominal application observed by laser-scanning microscopy. J. Insect Physiol. 2011, 57, 851–857. [Google Scholar] [CrossRef]

	



Kamakura, M. Royalactin induces queen differentiation in honeybees. Nature 2011, 473, 478–483. [Google Scholar] [CrossRef]

	



Mutti, N.S.; Wang, Y.; Kaftanoglu, O.; Amdam, G.V. Honey bee PTEN--description, developmental knockdown and tissue-specific expression of splice-variants correlated with alternative social phenotypes. PLoS One 2011, 6, e22195. [Google Scholar]

	



Desai, S.D.; Eu, Y.J.; Whyard, S.; Currie, R.W. Reduction in deformed wing virus infection in larval and adult honey bees (Apis mellifera L.) by double-stranded RNA ingestion. Insect Mol. Biol. 2012, 21, 446–455. [Google Scholar]

	



Elbashir, S.M.; Lendeckel, W.; Tuschl, T. RNA interference is mediated by 21- and 22-nucleotide RNAs. Genes Dev. 2001, 15, 188–200. [Google Scholar] [CrossRef]

	



Lin, X.; Ruan, X.; Anderson, M.G.; McDowell, J.A.; Kroeger, P.E.; Fesik, S.W.; Shen, Y. siRNA-mediated off-target gene silencing triggered by a 7 nt complementation. Nucleic Acids Res. 2005, 33, 4527–4535. [Google Scholar]

	



Jackson, A.L.; Burchard, J.; Schelter, J.; Chau, B.N.; Cleary, M.; Lim, L.; Linsley, P.S. Widespread siRNA "off-target" transcript silencing mediated by seed region sequence complementarity. RNA 2006, 12, 1179–1187. [Google Scholar] [CrossRef]

	



Betancur, J.G.; Yoda, M.; Tomari, Y. miRNA-like duplexes as RNAi triggers with improved specificity. Front. Genet. 2012, 3, 127. [Google Scholar]

	



Jackson, A.L.; Burchard, J.; Schelter, J.; Chau, BN.; Cleary, M.; Lim, L.; Linsley, P.S. Widespread siRNA "off-target" transcript silencing mediated by seed region sequence complementarity. RNA 2006, 12, 1179–1187. [Google Scholar] [CrossRef]

	



Schultz, N.; Marenstein, D.R.; De Angelis, D.A.; Wang, W.Q.; Nelander, S.; Jacobsen, A.; Marks, D.S.; Massagué, J.; Sander, C. Off-target effects dominate a large-scale RNAi screen for modulators of the TGF-β pathway and reveal microRNA regulation of TGFBR2. Silence 2011, 2, 3. [Google Scholar] [CrossRef]

	



Sigoillot, F.D.; King, R.W. Vigilance and validation: keys to success in RNAi screening. ACS Chem. Biol. 2011, 6, 47–60. [Google Scholar] [CrossRef]

	



Khan, A.A.; Betel, D.; Miller, M.L.; Sander, C.; Leslie, C.S.; Marks, D.S. Transfection of small RNAs globally perturbs gene regulation by endogenous microRNAs. Nat. Biotechnol. 2009, 27, 549–555. [Google Scholar]

	



Persengiev, S.P.; Zhu, X.; Green, M.R. Nonspecific, concentration-dependent stimulation and repression of mammalian gene expression by small interfering RNAs (siRNAs). RNA 2004, 10, 12–18. [Google Scholar] [CrossRef]

	



Corona, M.; Robinson, G.E. Genes of the antioxidant system of the honey bee: Annotation and phylogeny. Insect Mol. Biol. 2006, 15, 687–701. [Google Scholar] [CrossRef]

	



Boutros, M.; Agaisse, H.; Perrimon, N. Sequential activation of signaling pathways during innate immune responses in Drosophila. Dev. Cell. 2002, 3, 711–722. [Google Scholar] [CrossRef]

	



Broderick, S.; Wang, X.; Simms, N.; Page-McCaw, A. Drosophila Ninjurin A induces nonapoptotic cell death. PLoS One 2012, 7, e44567. [Google Scholar]

	



Casteels, P.; Ampe, C.; Jacobs, F.; Vaeck, M.; Tempst, P. Apidaecins: Antibacterial peptides from honeybees. EMBO J. 1989, 8, 2387–2391. [Google Scholar]

	



Wu, Q.; Luo, Y.; Lu, R.; Lau, N.; Lai, E.C.; Li, W.X.; Ding, S.W. Virus discovery by deep sequencing and assembly of virus-derived small silencing RNAs. Proc. Natl. Acad. Sci. USA 2010, 107, 1606–1611. [Google Scholar]

	



Zambon, R.A.; Vakharia, V.N.; Wu, L.P. RNAi is an antiviral immune response against a dsRNA virus in Drosophila melanogaster. Cell Microbiol. 2006, 8, 880–889. [Google Scholar] [CrossRef]

	



Randolt, K.; Gimple, O.; Geissendörfer, J.; Reinders, J.; Prusko, C.; Mueller, M.J.; Albert, S.; Tautz, J.; Beier, H. Immune-related proteins induced in the hemolymph after aseptic and septic injury differ in honey bee worker larvae and adults. Arch. Insect Biochem. Physiol. 2008, 69, 155–167. [Google Scholar] [CrossRef]

	



Fujiyuki, T.; Matsuzaka, E.; Nakaoka, T.; Takeuchi, H.; Wakamoto, A.; Ohka, S.; Sekimizu, K.; Nomoto, A.; Kubo, T. Distribution of Kakugo virus and its effects on the gene expression profile in the brain of the worker honeybee Apis mellifera L. J. Virol. 2009, 83, 11560–11568. [Google Scholar]

	



Gätschenberger, H.; Azzami, K.; Gimple, O.; Grimmer, G.; Sumner, S.; Fujiyuki, T.; Tautz, J.; Mueller, M.J. Evidence of a novel immune responsive protein in the Hymenoptera. Insect Biochem. Mol. Biol. 2011, 41, 968–981. [Google Scholar] [CrossRef]

	



Terenius, O.; Papanicolaou, A.; Garbutt, J.S.; Eleftherianos, I.; Huvenne, H.; Kanginakudru, S.; Albrechtsen, M.; An, C.; Aymeric, J.L.; Barthel, A.; Bebas, P.; Bitra, K.; Bravo, A.; Chevalier, F.; Collinge, D.P.; Crava, C.M.; de Maagd, R.A.; Duvic, B.; Erlandson, M.; Faye, I.; Felföldi, G.; Fujiwara, H.; Futahashi, R.; Gandhe, A.S.; Gatehouse, H.S.; Gatehouse, L.N.; Giebultowicz, J.M.; Gómez, I.; Grimmelikhuijzen, C.J.; Groot, A.T.; Hauser, F.; Heckel, D.G.; Hegedus, D.D.; Hrycaj, S.; Huang, L.; Hull, J.J.; Iatrou, K.; Iga, M.; Kanost, M.R.; Kotwica, J.; Li, C.; Li, J.; Liu, J.; Lundmark, M.; Matsumoto, S.; Meyering-Vos, M.; Millichap, P.J.; Monteiro, A.; Mrinal, N.; Niimi, T.; Nowara, D.; Ohnishi, A.; Oostra, V.; Ozaki, K.; Papakonstantinou, M.; Popadic, A.; Rajam, M.V.; Saenko, S.; Simpson, R.M.; Soberón, M.; Strand, M.R.; Tomita, S.; Toprak, U.; Wang, P.; Wee, C.W.; Whyard, S.; Zhang, W.; Nagaraju, J.; Ffrench-Constant, R.H.; Herrero, S.; Gordon, K.; Swevers, L.; Smagghe, G. RNA interference in Lepidoptera: an overview of successful and unsuccessful studies and implications for experimental design. J. Insect Physiol. 2011, 57, 231–245. [Google Scholar]

	



Vankoningsloo, S.; de Longueville, F.; Evrard, S.; Rahier, P.; Houbion, A.; Fattaccioli, A.; Gastellier, M.; Remacle, J.; Raes, M.; Renard, P.; Arnould, T. Gene expression silencing with 'specific' small interfering RNA goes beyond specificity - a study of key parameters to take into account in the onset of small interfering RNA off-target effects. FEBS J. 2008, 275, 2738–2753. [Google Scholar] [CrossRef]

	



Olejniczak, M.; Galka, P.; Krzyzosiak, W.J. Sequence-non-specific effects of RNA interference triggers and microRNA regulators. Nucleic Acids Res. 2010, 38, 1–16. [Google Scholar]

	



Watson, F.L.; Püttmann-Holgado, R.; Thomas, F.; Lamar, D.L.; Hughes, M.; Kondo, M.; Rebel, V.I.; Schmucker, D. Extensive diversity of Ig-superfamily proteins in the immune system of insects. Science 2005, 309, 1874–1878. [Google Scholar] [CrossRef]

	



Evans, J.D.; Aronstein, K.; Chen, Y.P.; Hetru, C.; Imler, J.L.; Jiang, H.; Kanost, M.; Thompson, G.J.; Zou, Z.; Hultmark, D. Immune pathways and defence mechanisms in honey bees Apis mellifera. Insect Mol. Biol. 2006, 15, 645–656. [Google Scholar] [CrossRef]

	



Laufer, H. Blood proteins in insect development. Ann. N. Y. Acad. Sci. 1960, 89, 490–515. [Google Scholar] [CrossRef]

	



Dimopoulos, G.; Seeley, D.; Wolf, A.; Kafatos, F.C. Malaria infection of the mosquito Anopheles gambiae activates immune-responsive genes during critical transition stages of the parasite life cycle. EMBO J. 1998, 17, 6115–6123. [Google Scholar] [CrossRef]

	



Wilson-Rich, N.; Dres, S.T.; Starks, P.T. The ontogeny of immunity: development of innate immune strength in the honey bee (Apis mellifera). J. Insect Physiol. 2008, 54, 1392–1399. [Google Scholar] [CrossRef]

	



Lourenço, A.P.; Martins, J.R.; Guidugli-Lazzarini, K.R.; Macedo, L.M.; Bitondi, M.M.G.; Simões, Z.L.P. Potential costs of bacterial infection on storage protein gene expression and reproduction in queenless Apis mellifera worker bees on distinct dietary regimes. J. Insect Physiol. 2012, 58, 1217–1225. [Google Scholar] [CrossRef]

	



Martins, J.R.; Nunes, F.M.F.; Cristino, A.S.; Simões, Z.LP.; Bitondi, M.M.G. The four hexamerin genes in the honey bee: structure, molecular evolution and function deduced from expression patterns in queens, workers and drones. BMC Mol. Biol. 2010, 11, 23. [Google Scholar] [CrossRef]

	



Michelette, E.R.F.; Soares, A.E.E. Characterization of preimaginal developmental stages in Africanized honey bee workers (Apis mellifera L). Apidologie 1993, 24, 431–440. [Google Scholar] [CrossRef]

	



Kocher, S.D.; Richard, F.J.; Tarpy, D.R.; Grozinger, C.M. Genomic analysis of post-mating changes in the honey bee queen (Apis mellifera). BMC Genomics 2008, 9, 232. [Google Scholar] [CrossRef]

	



Kocher, S.D.; Ayroles, J.; Stone, E.A.; Grozinger, C.M. Individual variation in pheromone response correlates with reproductive traits and brain gene expression in worker honey bees. PLoS One 2010, 5, e9116. [Google Scholar]

	



Barchuk, A.R.; Cristino, A.S.; Kucharski, R.; Costa, L.F.; Simões, Z.L.P.; Maleszka, R. Molecular determinants of caste differentiation in the highly eusocial honeybee Apis mellifera. BMC Dev. Biol. 2007, 7, 70. [Google Scholar] [CrossRef][Green Version]

	



Bomtorin, A.D.; Barchuk, A.R.; Moda, L.M.; Simões, Z.L.P. Hox gene expression leads to differential hind leg development between honeybee castes. PLoS One 2012, 7, e40111. [Google Scholar]

	



Brazma, A. Minimum Information About a Microarray Experiment (MIAME)--successes, failures, challenges. Sci. World J. 2009, 9, 420–423. [Google Scholar] [CrossRef]

	



Elsik, C.G.; Mackey, A.J.; Reese, J.T.; Milshina, N.V.; Roos, D.S.; Weinstock, G.M. Creating a honey bee consensus gene set. Genome Biol. 2007, 8, R13. [Google Scholar] [CrossRef]

	



Honeybee Genome Sequencing Consortium. Insights into social insects from the genome of the honeybee Apis mellifera. Nature 2006, 443, 931–949. [Google Scholar]

	



Apis mellifera Genome Sequences. Available online: http://hymenopteragenome.org/beebase/?q=download_sequences (accessed on 9 December 2012).

	



BLAST Assembled RefSeq Genomes. Available online: http://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 9 December 2012).

	



BLAST resources for Species of Apis. Available online: http://hymenopteragenome.org/beebase/?q=apis_blast (accessed on 9 December 2012).

	



Multiple Sequence Alignment by CLUSTALW. Available online: http://www.genome.jp/tools/clustalw/ (accessed on 9 December 2012).

	



A Database of Drosophila Genes & Genomes. Available online: http://flybase.org (accessed on 9 December 2012).

	



BABELOMICS. v3.2! new release. Available online: http://babelomics3.bioinfo.cipf.es (accessed on 9 December 2012).






Supplementary Materials


File S1. GFP fasta sequences used in different studies and a multiple alignment of them using Clustal W tool (http://www.genome.jp/tools/clustalw/).



File S2. BlastN alignments of dsRNA-GFP sequence with the coding region of some honey bee genes.



Table S1. Common honey bee genes perturbed in the three different experiments.



Table S2. Opposite gene expression effects triggered by dsRNA-GFP treatment in experiments 1 and 2.



Table S3. List of genes up- and downregulated in response to dsRNA-GFP treatment in all 3 experiments. Statistical significance for experiment 1 is provided at FDR>0.05 values, while the adjusted p-value>0.05 is used for experiments 2 and 3. For experiment 1, positive and negative values for fold change mean down- and upregulation by dsRNA-GFP, respectively. For experiments 2 and 3, positive and negative values for fold change mean up- and downregulation by dsRNA-GFP, respectively.



Table S4. Molecular functions and biological processes of up- and downregulated genes in response to dsRNA-GFP treatment in all 3 experiments. Classification was based on Gene Ontology terms from Drosophila orthologs. Comparisons were performed using Babelomics tool, version 3.2 (http://babelomics3.bioinfo.cipf.es) at level 3.
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