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Abstract 
The honeybee (Apis mellifera) is of major importance for the world’s agriculture, therefore it is of 

capital importance to understand the mechanisms underlying its immune response. Diutinus or winter 

honeybees are long-lived workers that exhibit particular immunological features. Since the old diutinus 

workers become the starting nurses and foragers when the hive resumes the activity, it is important to know 

how key genes of the immune system vary their relative expression during winter. According to the qRT-

PCR data, the relative expression of the master regulator dorsal and Toll-1 genes from the Toll signaling 

pathway, and Relish, a core gene of the Imd immune pathway, is significantly different for the compared 

young and old winter bees. These differences could be determined by the specific challenges raised by 

prolonged crowding and non-activity, as well as by other types of stressors. A bioinformatics analysis 

performed on the promoter regions of dorsal, Toll-1, Relish and Duox genes from A. mellifera and D. 

melanogaster, employed herein as a reference organism, revealed that HSF and BR-C transcription factors 

could be major contributors to the fine-tuning of all the four genes. 
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1. Introduction 
 Apis mellifera (the honeybee) is probably one of the most amazing insects, having a 

complex social behavior and a vast ecological and economic significance. Honeybees play a 

crucial role in agriculture as pollinators of crops and plant species, enhancing the biodiversity of 

both agricultural and non-agricultural landscapes. During the last decade, honeybee populations 

in the U.S.A., Canada and several European countries have reported high annual losses. It is of 

common knowledge that many biotic and abiotic factors contribute to colony health/disease state 

and survival (i.e., viruses, microbes, mites, bee genetics, weather, forage quality and availability, 

management practices, and agro-chemical exposure). Numerous epidemiologic and temporal 

monitoring studies indicate that pathogens such as viruses, bacteria, fungi, trypanosomatids and 

mites are intimately involved in colony loss (BRUTSCHER & al. [1]). 
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 Bee products, which are historically used by human communities, contain various innate 

immunity factors that mediate their multiple biological effects: antimicrobial and antipathogenic, 

antiviral, antitumoral, anti-inflammatory, and antioxidant (LAZAR & al., GATEA & al. [2, 3]). 

 Genetic and molecular approaches have shown that Drosophila melanogaster is a 

powerful model system to study innate immunity, which seems to be remarkably conserved from 

flies to mammals. To combat microbial infection, D. melanogaster activates multiple cellular 

and humoral responses including proteolytic cascades that lead to blood coagulation and 

melanization and the production of several effector molecules such as antimicrobial peptides 

(AMPs), which are produced by the fat body, a functional equivalent of the mammalian liver. 

These defence mechanisms are activated via two distinct signalling pathways. One of these, the 

Toll pathway, controls resistance to fungal and Gram-positive bacterial infections, whereas the 

Imd pathway is responsible for defence against Gram-negative bacterial infections 

(HOFFMANN & al. [4]). However, most of the AMP genes can be regulated by either pathway, 

depending on the type of infection. The selective activation of Toll or Imd by different classes of 

pathogens leads to specific AMP gene expression programmes adapted to the aggressors. In the 

absence of these two pathways, the AMP genes cannot be induced and the flies become more 

susceptible to various microbes, even those that are normally non-pathogenic (TANJI & al. [5]).  

 Insect immunity shows many parallels to the innate immune responses of humans and 

other vertebrates. Further, insect immune pathways share both an overall architecture and 

specific orthologous components with the innate immune system of vertebrates, probable a 

consequence of positive selection (EVANS & al. [6]). 

 Honeybees are eusocial organisms that are divided into queens, drones (these first two 

categories almost exclusively involved in reproduction) and a sterile, relatively short-lived, 

workers class that exhibits complex behavioral traits and a sequential labor organization, the 

main activities consisting in food processing, nursing, warming, guarding and foraging 

(AMDAM & al. [7]). Young bees (3 to 45 days old) are usually responsible for the in-nest 

activities while older bees (18 to 65 days old) are involved in riskier and energy consuming tasks 

as guarding and foraging (FREE [8]). Specifically, in the temperate climate, when the cold 

season is approaching, the workers develop into a long-lived, stress indulgent form, the so-called 

diutinus stage (OMHOLT & al. [9]). The diutinus (winter) bees can live more than 240 days and 

their main responsibilities are maintaining a constant temperature inside the hive and cleaning; 

they will also be the first to act as nurses and foragers when the hive is resuming its activities, 

usually during springtime (OMHOLT & al. [9]). During the winter, the prolonged time interval 

of overcrowding and living exclusively inside the hives raises several compartmental challenges 

and creates the proper environment for pathogens' colonization. It is conceivable that during this 

time, several distinct behavioral and immune system changes may characterize the young and old 

winter workers.   

 Honeybees were extensively used as an experimental model, the most recent years 

witnessing an advent of studies deciphering the processes leveling the immune responsiveness of 

drones and worker honeybees at different stages of development (EVANS & al., WILSON-

RICH & al., LAUGHTON & al., CHAIMANEE & al. [10-13]). Despite all these efforts, still few 

details are known regarding the complex regulation and coordination of A. mellifera immune 

system genes, especially when it comes to characterize the diutinus long-lived workers.  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC126042/#cdf282c7


Romanian Biotechnological Letters                                                          Vol. 21, No. 3, 2016  

Copyright © 2016 University of Bucharest                             Printed in Romania. All rights reserved  

ORIGINAL PAPER  

 

 There are important similarities between the genome structure and organization of A. 

mellifera and the genome of D. melanogaster, even if the immune signaling pathways effectors 

of honeybee are fewer than expected considering the many pathogen threats that it has to 

overcome (EVANS & al., HONEYBEE GENOME SEQUENCING CONSORTIUM [6, 14]). 

Nevertheless, many genetic and genomic studies performed on A. mellifera still use the D. 

melanogaster genome as a reference, mainly due to the elaborated functional genomics 

annotations available for this experimental model. 

 Winter honeybees apparently have a negligible rate of senescence (OMHOLT & al. [9]) 

and exhibit increased levels of the vitellogenin protein and functional immune cells (AMDAM & 

al. [15]). The longevity of winter bees makes them an attractive model for studying the aging and 

prolonged crowding effects over the relative expression of selected immunity genes. Depending 

on their age, various stress factors as capturing, transport and deprivation of queen presence 

could exercise distinctive influences on diutinus workers.   

 In this study, we analysed the differences between young and old winter honeybees by 

quantifying the relative expression of major members of Toll (dorsal and Toll-1 genes) and Imd 

(Relish gene) pathways (EVANS & al. [6]), as well as of Duox gene, which ensures the 

homeostasis between infectious and commensal bacteria in many insect taxa (CHAKRABARTI 

& al., PALMER & al. [16, 17]). 

 Considering the scarcity of the studies describing biological processes related to the 

diutinus stage, we investigated possible molecular mechanisms by which the relative expression 

levels of the four immunity genes analyzed in this study can be controlled or influenced. 

Therefore, based on the extensive data available for D. melanogaster and consecutive to a 

detailed in silico analysis, we propose that few specific transcription factors (TFs) that 

potentially bind corresponding motifs located in the promoter regions of the four immune genes 

could contribute to their fine-tuning and coordinated action.  

 

2. Materials and Methods 
A. mellifera sampling 

 For our experiments, sister worker honeybees were collected from three different 

colonies of A. mellifera carpatica maintained at an apiary close to Braila, Romania. About 20 

individuals with no foraging activities (no pollen grains collected on adult bees’ legs were 

observed) were sampled from within each hive during the middle of autumn (October 2014). In 

the course of the second half of the winter season (February 2014), a similar number of worker 

bees had been collected from the same colonies; according to a table of the weekly status of a 

bee-population (BODENHEIMER [18]), the honeybees sampled in autumn and late winter were 

approximately 2-3 and 16 weeks old, respectively. Following capture, the worker bees were 

immediately placed in a wooden small cage with four distinct compartments containing 

honeycombs filled with raw honey. Within a day, the wooden cage was shipped to the 

laboratory, where the honeybees were further maintained at 24⁰C and natural light conditions up 

to a total of four (autumn) or six days (winter) since separation from the hive.  

Total RNA extraction and cDNA synthesis 

 Three randomly picked honeybees from each distinct colony were processed for RNA 

extraction. Total RNA was isolated from the whole body of individual worker bees using 

TRIZOL reagent (Invitrogen) as described by Chomcznski and Mackey (1995) (CHOMCZNSKI 
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& al. [19]), except that during the final stage of the protocol, the RNA was dissolved in RNase-

free water. The total RNA samples obtained from the three bees of the same colony were mixed 

in a single PCR tube in order to minimize the genetic variance within a given colony (biological 

replicate) and then the RNA concentrations were measured using an ASP-2680 micro-volume 

spectrophotometer (Avans Biotechnology). The treatment of the RNA samples with DNase 

(Promega) resulted in serious decrease of the RNA concentrations comparative with the 

untreated RNA. Raw RNA was used for the reverse transcription reactions and cDNA was 

synthesized starting from 2000 ng of RNA/biological replicate, using the Reverse Transcription 

System kit (Promega).  

Primers design 

 The target genes analyzed in our study were dorsal, Toll-1, Relish and Duox, which 

theoretically are involved in the innate immunity of honeybees. To increase the specificity of the 

real-time quantitative PCR (qRT-PCR) reactions, at least one primer from each specific pair was 

designed to bind to a target sequence resulted by joining two neighboring exons consecutive to 

the mRNA splicing process. During preliminary tests, regular PCR reactions performed on both 

genomic DNA and cDNA generated the target amplicons exclusively on cDNA (Figure 1).   

 
  

 Since previous studies indicated that actin is a suitable reference gene for qRT-PCR 

(LOURENÇO & al., SCHARLAKEN & al. [20, 21]), we decided to use it in our experiments; 

the sequences of the primers for actin were taken from Lourenco et al. (2008) (LOURENÇO & 

al. [20]). The primers’ sequences and the corresponding amplicons lengths are detailed in Table 

1. 

 
Table 1. Primers used in qRT-PCR reactions. 

Gene name Primers sequences Amplicon 

length (bp) 

Relish Forward: 5' ACATACTAGCAGTGTTGAAG 3' 

Reverse: 5' AGATCTCTATATGGTGGAGT 3' 

195 

Toll-1 Forward: 5' TCTATGTTTTGAGCACCGAGT 3' 

Reverse: 5' CAACGGATAGTTATTCGGCCT 3' 

208 

dorsal Forward: 5' GTAGATTGCGATTGTGGAGA 3' 

Reverse: 5' CTGATTCATTAAGGCGAAAG 3' 

235 

Duox Forward: 5' CCCTAATAGCCCTCGTGAAC 3' 

Reverse: 5' GAGCATTCTCATAACGTGTG 3' 

208 

actin Forward: 5' TGCCAACACTGTCCTTTCTG 3' 
Reverse: 5' AGAATTGACCCACCAATCCA 3' 

156 

 

 

Figure 1. Electrophoresis gel showing the results of the PCR 

amplification generated by the dorsal primer pair on cDNA and genomic DNA 

(gDNA) respectively (cropped image). In the first lane, we run the GeneRuler 

100bp Plus DNA Ladder weight marker (WM) from Promega. As expected, only 

the use of cDNA template allows to obtain the specific 235 bp dorsal amplicon. 
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Real-time quantitative PCR 

 The qRT-PCR reactions were performed using a protocol optimized in our laboratory. 

The cDNA samples (biological replicates) were analyzed using technical triplicates in 20 µl 

reaction mixtures, every single reaction mix consisting of 1 µl 100X SYBR Green (Molecular 

Probes, Life Technologies), 1.2X Colorless GoTaq Flexi Buffer (Promega), 4 mM MgCl2 

(Promega), 0.25 mM dNTPs (Promega), 0.5 µM of each primer, 1.5 U PQ Taq polymerase 

(BioTeke Corporation), ultra-pure water and 20 ng of cDNA. PCR reactions were performed on 

an ABI Prism 7000 (Applied Biosystems) using the following amplification program: 95°C for 

10 min, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s and 72° for 30 s (data collection 

step). The cycle threshold (Ct) values corresponding to the three biological replicates were 

summed (resulting nine Ct values/gene) and were used to determine the relative expression level 

of Relish, Toll-1, dorsal and Duox genes in February versus October winter bees by using the 2-

ΔΔCt formula (LIVAK & al. [22]). The relative expression and statistical analyses graphs were 

generated with GraphPad Prism 5.03 software; for the statistical analyzes we used the 2-ΔCt 

values (LIVAK & al. [22]) and applied unpaired t-test with Welch’s correction. 

Bioinformatics studies 

 Sequences consisting of 2000 nucleotides located upstream the transcription start sites 

(TSSs) of Relish, Toll-1, dorsal and Duox genes from both A. mellifera and D. melanogaster 

genomes were taken from NCBI database (genome assemblies Amel_4.5 and Dmel_6.01, 

respectively). The sets of sequences were organized in two FASTA format files symbolized Am-

S (sequences pertaining to A. mellifera genome) and Dm-S (sequences pertaining to D. 

melanogaster genome). The two query sets were independently analyzed for identification of 

putative transcription factor binding sites (TFBSs) with the Transcription Factor Matrix 

(TFM) Explorer using the following parameters: P-value = 0.01, ratio (density of clusters) = 3.0 

and number of clusters to display = 25.  

 The degree of protein sequence similarity between the D. melanogaster TFs and their A. 

mellifera homologous was estimated by using HMMER web-server available on EMBL-EBI 

website.  

 

3. Results and Discussions 
 In this study, we aimed to detect changes of the relative expression of dorsal, Toll-1, 

Relish and Duox key immune system genes when comparing young and old winter honeybees.  

The qRT-PCR results revealed that the four target genes have particular expression 

profiles in old winter bees relative to young winter bees (Figure 2). Dorsal gene has a very 

significant 2.056-fold increase of its relative expression level in old long-lived workers (P < 

0.0001), while Toll-1 gene is 1.205 folds downregulated (P = 0.006). Similar to dorsal, Relish is 

1.333 folds upregulated (P = 0.0014), an expression profile also observed by the study performed 

by Aurori et al. (2014) (AURORI & al. [23]). They found that the level of Relish in January 

collected winter bees is increased comparative to November collected ones, but their result is not 

statistical significant. Duox gene appears downregulated in old winter bees, but we did not found 

this result as being statistically relevant (P = 0.1253).   



Romanian Biotechnological Letters                                                          Vol. 21, No. 3, 2016  

Copyright © 2016 University of Bucharest                             Printed in Romania. All rights reserved  

ORIGINAL PAPER  

 

 
Figure 2. The variation of the relative expression of dorsal, Duox, Relish and Toll-1 genes in long-lived 

old winter honeybees collected in February versus young winter honeybees collected in October. In figure 2A are 

represented the variations of the relative expression of the target genes as calculated using the Livak method (2-∆∆Ct). 

Figure 2B depicts the statistical significance of the relative expression variation of the target genes in young versus 

old winter bees (the **** symbol indicates a P< 0.0001, the ** symbol stands for a P <0.01, while ns means that the 

differences are not significant). 

 

 As anticipated, we were able to spot significant changes between the relative expressions 

of immunity-related genes in old versus young winter honeybees. Previous studies showed that 

not only genes involved in the immune response, but also genes coding for the anti-oxidative 

enzymes or members of the insulin/insulin-like growth factor signalling pathway vary their 

expressions by aging (AURORI & al., BULL & al. [23, 24]). Besides age-related influences, 

there could be hypothesised complementary explanations for these changes, especially regarding 

dorsal, which exhibited the higher expression variation compared to the other genes. As already 

observed in D. melanogaster, the cold season could determine an anticipatory upregulation of 

some members of the immune system (ZHANG & al. [25]). This observation could be relevant 

considering that A. mellifera does not have as many immunity genes as other organisms, such as 

D. melanogaster, a trait speculatively explained by the fact that maybe it developed a particular 

evolutionary dynamic with a relatively small set of main pathogens (EVANS & al., EVANS & 

al. [6, 10]). One of the most frequent pathogen of A. mellifera is Paenibacillus larvae (QIN & al. 

[26]), a Gram-positive bacterium that threats honeybee colonies especially in overcrowding 

conditions, such as those met during winter. Considering the previous information, it becomes 

plausible that dorsal, a key promoter of Toll signalling pathway that is responsible for the 

immune defence against Gram-positive bacteria, is upregulated in old winter bees. The dorsal 

gene is considered a global regulator involved also in controlling of neural and behavioural 

plasticity (CHANDRASEKARAN & al. [27]). Prolonged near inactive time intervals are 

expected to have an effect on the behavioural traits of old diutinus workers, changes that could 

involve particular expression levels of dorsal.  

 In general, acute stress enhances the immune system function whereas chronic stress 

suppresses it. These effects can be beneficial for some types of immune responses and 

deleterious for others (MCEWEN [28]). The worker bees analysed in our study were subjected to 

a variety of stressors such as their collection and transport, as well as the separation from their 
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hive and queen. The queen calming pheromones (Queen Substance - QS), comprising mainly the 

queen mandibular pheromone (QMP), mediates its behavioural dominance over workers and 

their consecutive emotional stabilization (LIPIÑSKI [29]). After more than four days of QS 

absence, the emotional agitation of queenless bees is sufficiently high that even adding synthetic 

QMP is not effective (MELATHOPOULOS & al. [30]). Various studies performed on different 

insect species found that the immune system response is often affected by stressful events or 

stress hormones such as biogenic amines (BAINES & al., ADAMO & al.; MOWLDS & al., 

ALAUX & al. [31-34]), which usually are defused by QS (LIPIÑSKI [29]). In the light of these 

studies, it is very plausible that at least to some extent the differences between the relative 

expression of dorsal, Toll-1, Relish and Duox genes could be attributable to the stress effects, 

therefore care should be taken when considering these results.  

        The dynamics of gene expression is partially modulated by the intervention of different 

regulators, where transcription factors comprise a major category. In long-lived winter 

honeybees, the relative gene expression levels of dorsal, Toll-1, Relish and Duox genes seem to 

be at least partially age dependent, as it is revealed by comparing February (old) with early 

October (young) winter honeybee workers. Since these four genes are involved in immune 

processes, we aimed to identify shared TFBSs within the genes’ regulatory regions that are 

recognized by immunity-related TFs.  

 Following the sequencing of A. mellifera genome (HONEYBEE GENOME 

SEQUENCING CONSORTIUM [14]), despite the abundance of studies focusing on genome 

exploration, several topics still remained elusive, such as an extensive TFBSs annotation. In 

general, many TFs show high levels of functional conservation across broad evolutionary 

distances (CARROLL [35]). When specific annotations are not available for a certain species, a 

recommended methodology is to extrapolate them from a nearest related genome where these 

data are available, formally named the reference genome. This approach was successfully used 

for inferring motif and TF data for the jewel wasp, Nasonia vitripennis, regardless of its 

evolutionary divergence of approximately 300 Myrs from D. melanogaster, which was used as a 

reference genome (KIM & al. [36]). During the same study, the authors also investigated A. 

mellifera sequences and generated very reliable TF/TFBS results. 

 Considering the aforementioned data, we choose to harness the power of the 

bioinformatics toolbox TFM-Explorer, crafted to improve the finding of locally overrepresented 

TFBSs in sets of coregulated gene sequences (TONON & al. [37]). The toolbox works with input 

sets of TFs from selected organisms, the only included insect being D. melanogaster, which was 

considered as reference. TFM-Explorer’s algorithm relies on a precise identification of TFBSs 

using different weight matrices and the calculation of specific score functions determinant for 

extracting significant TFBS clusters (TONON & al. [37]).  

 We compiled a FASTA file containing a set of specific nucleotide sequences (Am-S) 

pertaining to the 2000 bp regions located upstream the TSSs of dorsal, Toll-1, Relish and 

respectively Duox genes from A. mellifera. These specific genomic windows stand for the 

classical definition of a gene promoter area (STEPANOVA & al. [38]) and the corresponding 

sequence data were taken from NCBI (genome assembly version Amel_4.5).  

 TFM-Explorer was fed with Am-S and ran the query using the public TRANSFAC 

matrices for insects (MATYS & al. [39]), and considering a minimum P-value of 0.01, a ratio of 

3 and the maximum number of 25 clusters to be displayed. The result of the analysis revealed 
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TFBSs corresponding to 10 distinct TFs, usually clustered within several modules, depending on 

the recognized weight matrix. Excepting for dTCF, the other TFs, namely CF2-II, BR-C, HSF, 

dorsal, Deformed (Dfd), STAT, Ftz, Ubx and Elf-1 were also identified as putative regulators 

consecutive to a complementary TFM-Explorer run using as a query a set of 2000 bp long 

promoter sequences (Dm-S) corresponding to the D. melanogaster’s orthologous of the Am-S 

genes. The sequences located upstream the TSS of the D. melanogaster genes were also obtained 

from NCBI (D. melanogaster Release 6 assembly).  

 We analysed the nine Am-S/Dm-S commune TFs considering several discriminatory 

selection criteria, such as the existence of an A. mellifera orthologues, direct or indirect 

involvement in the immune response, and the existence of a certain motif concomitantly in all 

the sequences from Am-S and Dm-S. Four TFs met all the selection criteria, namely HSF, BR-C, 

Ubx and Elf-1. Out of them, two TFBSs proved to be highly represented in the promoter regions 

of dorsal, Toll-1, Relish and Duox from A. mellifera and also recognized by TFs strongly linked 

to immune processes, i.e. HSF and BR-C (Figure 3). 

 

  

Globally, HSF or Heat Shock Factor has the highest number of TFBSs residing in the 

promotor regions of Relish, Toll-1, dorsal and Duox, which are in both + and – orientations (8, 

25, 22 and, respectively, 18, summing 73 TFBSs).  The 34 TFBSs potentially recognized by BR-

C or Broad-Complex are found predominantly in Toll-1 and Relish promoter regions (10 and, 

respectively, 12), an almost two-fold over-representation comparative to dorsal and Duox (each 

with 6 TFBSs).  

Figure 3. The abundance of HSF and 

BR-C transcription factors’ 

characteristic binding motifs within the 

2000 bp region located upstream the 

TSSs of dorsal, Toll-1, Relish and Duox 

genes. The conventional border located 

at 650 bp upstream the genes’ TSSs 

separates the motifs in two distinct sets, 

one comprising exclusively of HSF 

binding sites that, being closer to the 

TSSs, theoretically could be more 

relevant for actual gene regulation, and 

a second mixed set of motifs more 

distantly located in rapport to TSSs (the 

graphic was generated using GraphPad 

Prism5.03 software). 
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 HSF is a master regulator of the heat shock response, highly conserved from yeast to the 

human genome (MORIMOTO [40]). Within seconds after the cell undergoes a variety of stress 

signals, HSF monomer trimerizes, accumulates and binds the corresponding TFBSs, favouring 

the motifs present in the interior of genes and in their promoter regions (GUERTIN & al. [41]). 

Besides its involvement in heat stress response, HSF also mediates the eukaryotic cells 

transcriptional response to infections and inflammation, various pharmacological agents and 

other stresses (HAHN & al., WESTERHEIDE & al., KUS-LISKIEWICZ & al. [42-44]). HSF 

contains a considerable amount of intrinsic disorder, a property that increases its flexibility, 

which in turn facilitates a very broad range of functional implementations. In fact, it seems that 

HSF directly targets nearly 3% of D. melanogaster genes (BIRCH-MACHIN & al. [45]), a 

similar percentage of yeast genes being also targeted by specific HSFs (HAHN & al. [42]).  

 BR-C transcription factor from A. mellifera was identified as a global regulator that 

significantly influences behavioural related traits (CHANDRASEKARAN & al. [27]) and also 

may act as a repressor for particular stages of honeybee development (MELLO & al. [46]). In D. 

melanogaster, BR-C is a member of a transcriptional network that is under the influence of 

ecdysone, a steroidal hormone that acts as an important positive regulator of the innate immune 

response by triggering particular early-acting TFs (ASHBURNER & al. [47]), consequently 

mobilizing the IMD pathway and influencing the AMP genes (REGAN & al., RUS & al. [48, 

49]). 

 As indicated by previous studies, both HSF and BR-C are major regulators of eukaryotic 

genomes, being also intimately related to immune response modulation. The genomes of A. 

mellifera and D. melanogaster followed a divergent evolution for more than 300 Myrs, therefore 

we wanted to determine whether the TFBSs of HSF and BR-C from D. melanogaster genome 

(reference genome) could be representative for estimating the binding affinities of the 

orthologous TFs in A. mellifera genome (target genome). We used the HMMER bioinformatics 

tool (FINN & al. [50]) to identify and compare the major DNA binding or functional domains in 

the amino acid sequences of HSF and BR-C from the target and reference genomes. Both 

reference and target functional domain sequences for a given TF were aligned against the 

consensus sequence (model) of the TF’s functional domain inferred by using hidden Markov 

models (KROGH & al. [51]) (Figure 4, A and B). By this approach, we identified strong 

similarities between the functional domains of the consensus and both reference and target TFs 

(all the E-values that are showing the odds of finding by chance such similarities with the 

consensus are smaller or equal to 2.0e-25), the most conserved amino acid residues being 

highlighted in all analyzed sequences. Regarding BR-C, a member of the zinc finger (ZF) family 

C2H2, we also identified the four key residues known to mediate DNA binding distributed 

according to the canonical formula: x2-C-x2-C-x12-H-x4-H (Figure 4C), where x stands for any 

amino acid excepting C and H (PABO & al. [52]).    

 The HMMER analysis revealed that the functional and DNA-binding domains of HSF 

and BR-C from D. melanogaster and A. mellifera genomes are highly similar, and the key amino 

acids are conserved in both corresponding sequences. Several studies showed that as long as 

fundamental elements of functional domains are conserved among different orthologous 

proteins, they most probably share the same functions and binding affinities (BARDWELL & al., 

GEYER & al., MOROZOV & al. [53-55]). Therefore, it is very plausible that HSF and BR-C 

from A. mellifera behave alike their D. melanogaster orthologous. 
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Figure 4. In the figure, there are represented the major functional domains identified in HSF and BR-C from D. 

melanogaster and A. mellifera genomes. In figure 4A, 79 of the 91 amino acids of the model HSF-type DNA-

binding domain (first line) are aligned with the corresponding regions of HSF from D. melanogaster (Dm_q) and A. 

mellifera (Am_q). With yellow are highlighted different amino acid substitutions in the reference versus the target 

sequences, 10 out of 23 being conservative replacements. In green there are highlighted the most conserved 

positions that are found in both reference and target sequences (two conserved residues of phenylalanine (F) are also 

found in the 80-91 domain interval). In figure 4B, 80 out of 104 amino acids of the model BTB/POZ functional 

domain are aligned with the corresponding regions of BR-C from reference and target genomes; half of the amino 

acid substitutions are conservative and all highly conserved residues are found in both sequences (a conserved 

leucine (L) is also found within the 81-104 domain interval). In figure 4C, the ZF DNA binding domains of BR-C 

from D. melanogaster (Dm_ZnF) and A. mellifera (Am_ZnF) are shown, with blue being highlighted the key 

cysteine (C) and histidine (H) residues; with red characters are indicated identical amino acids between the two 

domains, 6 out of the 14 remaining positions being conservative substitutions. 

 

 We can hypothesize that HSF and BR-C could act as gene expression modulators of 

dorsal, Toll-1, Relish and Duox genes from A. mellifera. Probable, these TFs usually act to adjust 

the expression levels of the four immune-related genes, but they become very important when 

particular quick and subtle gene expression are needed in response to various stressors. 

Interestingly, dorsal, Deformed and Ftz have binding motifs in three of the four bee genes 

analyzed in our study, as well as in all four Drosophila orthologous genes. This result points out 

that there are many other potentially relevant TFs acting over the immune system genes, such as 

Deformed and Ftz, for whom, to our knowledge, there are no studies describing immunity-

relating activities in honeybees or D. melanogaster. Therefore, for a complete picture of the 

immune genes regulatory network, it is reasonable to consider a more detailed analysis of the 

molecular interactions of these TFs. 

 

4. Conclusions 
 Our work was intended to look after differences between young and old long-lived 

diutinus worker bees regarding the relative expression levels of some major regulators/members 

of the innate immune system gene network. With the exception of Duox, which is expected to 
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modify its gene expression especially consecutive to pathogen challenges (AHN & al. [56]), 

dorsal, Toll-1 and Relish vary their relative expression levels in a significant manner, in 

agreement with few available data concerning similar topics. The long period of exclusively 

living within the hive, as well as other stressors that probable affected our experimental bees 

(collection, transport and queen removal), at least partially may have influenced the gene 

expression profiles of the young and old winter bees. Frequently, the fine-tuning of gene 

expression is achieved by the intervention of specific TFs. As a consequence, we decided to 

investigate the promoter regions of dorsal, Toll-1, Relish and Duox genes in order to find similar 

TFBS modules concomitantly present in all four genes. Since there are no systematic data 

available for describing the TFs binding preferences in A. mellifera, we chose the D. 

melanogaster genome as a reference and used TFM-Explorer to find specific Drosophila TFBSs 

in both A. mellifera and D. melanogaster nucleotide sequences. The most representative TFBSs 

modules pertain to HSF and BR-C, two versatile TFs involved in the rapid modulation of gene 

transcription following various types of stress stimuli, including the immunological ones. A 

comparative analysis of the protein sequences of HSF and BR-C from both insect species 

performed using HMMER software allowed us to demonstrate that the key functional elements 

are conserved between the orthologous TFs, therefore they probably have similar binding and 

functional properties.   

 In the light of our results, we argue that HSF and BR-C, probable along with other TFs, 

are intimately involved in the fine-tuning of dorsal, Toll-1, Relish and Duox genes from A. 

mellifera. The immune system is sensitive to a large variety of stressors that consequently 

influence the amplitude of immunological response. Considering their known functions, HSF 

and BR-C are arguably top candidate genes that could accomplish the information transfer from 

the stress stimuli to a precise immune response mediated by variations in the relative expression 

levels of key immune system genes.  

  Although well conserved from insects to mammals, the innate immunity mechanisms are 

still less understood, especially regarding the environmental and internal factors influencing its 

efficiency and major regulators. Therefore, this research area is a hotspot for further genetic, 

genomics and bioinformatics studies aiming to reveal the intricate immune mechanisms. Such an 

inter-disciplinary approach may also cast a new light upon the biology of honeybee, leading to 

the development of effective strategies of treatment against various infections which affect this 

insect of crucial importance for agriculture.       

 

5. Acknowledgment 
 This work has been supported from the strategic grant POSDRU/159/1.5/S/133391, 

Project “Doctoral and Post-doctoral programs of excellence for highly qualified human 

resources training for research in the field of Life sciences, Environment and Earth Science” 

cofinanced by the European Social Fund within the Sectorial Operational Program Human 

Resources Development 2007 – 2013. 

 

6. References 
1. L.M. BRUTSCHER, K.F. DAUGHENBAUGH, M.L. FLENNIKEN, Antiviral defense mechanisms in honey 

bees. Current Opinion in Insect Science, 10,71–82 (2015). 

2. V. LAZAR, T. COLTA, L. MARUTESCU, L.M. DITU, C. CHIFIRIUC, 2013, New anti-infectious strategy 

based on antimicrobial and quorum sensing inhibitors from vegetal extracts and propolis. In: Microbial 



Romanian Biotechnological Letters                                                          Vol. 21, No. 3, 2016  

Copyright © 2016 University of Bucharest                             Printed in Romania. All rights reserved  

ORIGINAL PAPER  

 

pathogens and strategies for combating them: science, technology and education, vol. 2, A. MÉNDEZ-VILAS, 

ed., Formatex Reasearch Center, 2013, pp. 1209-1219. 

3. F. GATEA, E.D. TEODOR, A.M. SECIU, O.I. COVACI, S. MANOIU, V. LAZAR, G.L. RADU, Anti-tumour, 

antimicrobial and catalytic activity of gold nanoparticles synthesized by different pH propolis extracts. Journal 

of Nanoparticle Research, 17, 320 (2015). 

4. J.A. HOFFMANN, J.M. REICHHART, Drosophila innate immunity: an evolutionary perspective. Nature 

immunology, 3(2), 121-126 (2002). 

5. T. TANJI, X. HU, A.N.R. WEBER, Y.T. IP, Toll and IMD pathways synergistically activate an innate immune 

response in Drosophila melanogaster. Molecular and cellular biology, 27(12), 4578–4588 (2007). 

6. J.D. EVANS, K. ARONSTEIN, Y.P. CHEN, C. HETRU, J.L. IMLER, H. JIANG, M. KANOST, G.J. 

THOMPSON, Z. ZOU, D. HULTMARK, Immune pathways and defence mechanisms in honey bees Apis 

mellifera. Insect Molecular Biology, 15(5), 645-656 (2006). 

7. G.V. AMDAM, R.E. JR. PAGE, Intergenerational transfers may have decoupled physiological and 

chronological age in a eusocial insect. Ageing Res Rev., 4, 398-408 (2005). 

8. J.B. FREE, The allocation of duties among worker honeybees. Zool Soc Lond., 14, 39-59 (1965). 

9. S.W. OMHOLT, G.V. AMDAM, Epigenetic regulation of aging in honeybee workers. Sci. Aging Knowl. 

Environ., 26, pe28 (2004). 

10. J.D. EVANS, J.S. PETTIS, Colony-level impacts of immune responsiveness in honey bees, Apis mellifera. 

Evolution, 59(10), 2270-2274 (2005). 

11. N. WILSON-RICH, S.T. DRES, P.T. STARKS, The ontogeny of immunity: Development of innate immune 

strength in the honey bee (Apis mellifera). Journal of Insect Physiology, 54, 1392-1399 (2008). 

12. A.M. LAUGHTON, M. BOOTS, M.T. SIVA-JOTHY, The ontogeny of immunity in the honey bee, Apis 

mellifera L. following an immune challenge. Journal of Insect Physiology, 57(7), 1023-1032 (2011). 

13. V. CHAIMANEE, P. CHANTAWANNAKUL, Y. CHEN, J.D. EVANS, J.S. PETTIS, Differential expression 

of immune genes of adult honey bee (Apis mellifera) after inoculated by Nosema ceranae. Journal of Insect 

Physiology, 58(8), 1090-1095 (2012). 

14. HONEYBEE GENOME SEQUENCING CONSORTIUM, Insights into social insects from the genome of the 

honeybee Apis mellifera. Nature, 443(7114), 931-949 (2006). 

15. G.V. AMDAM, Z.L. SIMÕES, A. HAGEN, K. NORBERG, K. SCHRØDER, Ø. MIKKELSEN, T.B. 

KIRKWOOD, S.W. OMHOLT, Hormonal control of the yolk precursor vitellogenin regulates immune function 

and longevity in honeybees. Exp Gerontol., 39(5), 767-773 (2004). 

16. S. CHAKRABARTI, M. POIDEVIN, B. LEMAITRE, The Drosophila MAPK p38c regulates oxidative stress 

and lipid homeostasis in the intestine. PLoS Genet., 10(9), e1004659 (2014). 

17. W.J. PALMER, F.M. JIGGINS, Comparative genomics reveals the origins and diversity of arthropod immune 

systems. Mol Biol Evol., 32(8), 2111-2129 (2015). 

18. F.S. BODENHEIMER, Studies in animal populations. II. Seasonal population-trends of the honey-bee. The 

Quarterly Review of Biology, 12(4), 406-425 (1937). 

19. P. CHOMCZNSKI, K. MACKEY, Short technical report. Modification of the TRI reagent procedure for 

isolation of RNA from polysaccharide- and proteoglycan-rich sources. Biotechniques, 19(6), 942-945 (1995). 

20. A.P. LOURENÇO, A. MACKERT, A. CRISTINO, Z.L.P. SIMÕES, Validation of reference genes for gene 

expression studies in the honey bee, Apis mellifera, by quantitative real-time RT-PCR. Apidologie, 39(3), 372-

385 (2008). 

21. B. SCHARLAKEN., D.C. DE GRAAF, K. GOOSSENS, M. BRUNAIN, L.J. PEELMAN, F.J. JACOBS, 

(2008). Reference gene selection for insect expression studies using quantitative Real-Time PCR: The head of 

the honeybee, Apis mellifera, after a bacterial challenge. Journal of Insect Science, 8, 33 

doi:10.1673/031.008.3301 (2008). 

22. K.J. LIVAK, T.D. SCHMITTGEN, Analysis of relative gene expression data using Real-Time quantitative PCR 

and the 2-ΔΔCt method. Methods, 25(4), 402-408 (2001). 

23. C.M. AURORI, A. BUTTSTEDT, D.S. DEZMIREAN, L.A. MĂRGHITAŞ, R.F. MORITZ, S. ERLER, What 

is the main driver of ageing in long-lived winter honeybees: antioxidant enzymes, innate immunity, or 

vitellogenin? J Gerontol A Biol Sci Med Sci., 69(6), 633-639 (2014). 



Romanian Biotechnological Letters                                                          Vol. 21, No. 3, 2016  

Copyright © 2016 University of Bucharest                             Printed in Romania. All rights reserved  

ORIGINAL PAPER  

 

24. J.C. BULL, E.V. RYABOV, G. PRINCE, A. MEAD, C. ZHANG, L.A. BAXTER, J.K. PELL, J.L. OSBORNE, 

D. CHANDLER, A strong immune response in young adult honeybees masks their increased susceptibility to 

infection compared to older bees. PLoS Pathog., 8, e1003083. doi: 10.1371/journal.ppat.1003083 (2012). 

25. J. ZHANG, K.E. MARSHALL, J.T. WESTWOOD, M.S. CLARK, B.J. SINCLAIR, Divergent transcriptomic 

responses to repeated and single cold exposures in Drosophila melanogaster. J Exp Biol., 214(Pt 23), 4021–

4029 (2011). 

26. X. QIN, J.D. EVANS, K.A. ARONSTEIN, K.D. MURRAY, G.M. WEINSTOCK, Genome sequences of the 

honey bee pathogens Paenibacillus larvae and Ascosphaera apis. Insect Mol Biol., 15(5), 715–718 (2006). 

27. S. CHANDRASEKARAN, S.A. AMENT, J.A. EDDY, S.L. RODRIGUEZ-ZAS, B.R. SCHATZ, N.D. PRICE, 

G.E. ROBINSON, Behavior-specific changes in transcriptional modules lead to distinct and predictable 

neurogenomic states. Proc Natl Acad Sci U S A., 108(44), 18020–18025 (2011). 

28. B.S. MCEWEN, The neurobiology of stress: from serendipity to clinical relevance. Brain Res., 886(1-2), 172-

189 (2000).  

29. Z. LIPIÑSKI, The calming properties of the honeybee queen, young brood and older bees. Journal of 

Apicultural Science, 50(1), 63-70 (2006). 

30. A.P. MELATHOPOULOS, M.L. WINSTON, J.S. PETTIS, T. PANKIW, Effect of queen mandibular 

pheromone on initiation and maintenance of queen cells in the honey bee (Apis mellifera L.). Can Entomol., 

128, 263–272 (1996). 

31. D. BAINES, T. DESANTIS, R.G.H. DOWNER, Octopamine and 5-hydroxytryptamine enhance the phagocytic 

and nodule formation activities of cockroach (Periplaneta americana) haemocytes. J. Insect Physiol., 38(11), 

905-914 (1992). 

32. S.A. ADAMO, N.M. PARSONS, The emergency life-history stage and immunity in the cricket, Gryllus 

texensis. Anim. Behav., 72, 235-244 (2006). 

33. P. MOWLDS, A. BARRON, K. KAVANAGH, Physical stress primes the immune response of Galleria 

mellonella larvae to infection by Candida albicans. Microbes Infect., 10, 628-634 (2008). 

34. C. ALAUX, J.L. BRUNET, C. DUSSAUBAT, F. MONDET, S. TCHAMITCHAN, M. COUSIN, J. 

BRILLARD, A. BALDY, L.P. BELZUNCES, Y. LE CONTE, Interactions between Nosema microspores and a 

neonicotinoid weaken honeybees (Apis mellifera). Environ. Microbiol., 12(3), 774-782 (2010). 

35. S.B. CARROLL, Endless forms: The evolution of gene regulation and morphological diversity. Cell, 101(6), 

577-580 (2000). 

36. J. KIM, R. CUNNINGHAM, B. JAMES, S. WYDER, J.D. GIBSON, O. NIEHUIS, E.M. ZDOBNOV, H.M. 

ROBERTSON, G.E. ROBINSON, J.H. WERREN, S. SINHA, Functional characterization of transcription 

factor motifs using cross-species comparison across large evolutionary distances. PLoS Comput Biol., 6(1), 

e1000652. doi: 10.1371/journal.pcbi.1000652 (2010). 

37. L. TONON, H. TOUZET, J.S. VARRE, TFM-Explorer: mining cis-regulatory regions in genomes. Nucleic 

Acids Research, 38, 286-292 (2010). 

38. M. STEPANOVA, T. TIAZHELOVA, M. SKOBLOV, A. BARANOVA, A comparative analysis of relative 

occurrence of transcription factor binding sites in vertebrate genomes and gene promoter areas. Bioinformatics, 

21(9), 1789-1796 (2005). 

39. V. MATYS, O.V. KEL-MARGOULIS, E. FRICKE, I. LIEBICH, S. LAND, A. BARRE-DIRRIE, I. REUTER, 

D. CHEKMENEV, M. KRULL, K. HORNISCHER, N. VOSS, P. STEGMAIER, B. LEWICKI-POTAPOV, H. 

SAXEL, A.E. KEL, E. WINGENDER, TRANSFAC and its module TRANSCompel: transcriptional gene 

regulation in eukaryotes. Nucleic Acids Res., 34, D108-110 (2006). 

40. R.I. MORIMOTO, Proteotoxic stress and inducible chaperone networks in neurodegenerative disease and 

aging. Genes & Development, 22(11), 1427–1438 (2008). 

41. M.J. GUERTIN, J.T. LIS, Chromatin landscape dictates HSF binding to target DNA elements. PLoS Genetics, 

6(9), e1001114 (2010). 

42. J.S. HAHN, Z. HU, D.J. THIELE, V.R. IYER, Genome-wide analysis of the biology of stress responses 

through heat shock transcription factor. Molecular and Cellular Biology, 24(12), 5249–5256 (2004). 

43. S.D. WESTERHEIDE, R. RAYNES, C. POWELL, B. XUE, V.N. UVERSKY, HSF transcription factor family, 

heat shock response, and protein intrinsic disorder. Current Protein and Peptide Science, 13, 86-103 (2012). 



Romanian Biotechnological Letters                                                          Vol. 21, No. 3, 2016  

Copyright © 2016 University of Bucharest                             Printed in Romania. All rights reserved  

ORIGINAL PAPER  

 

44. M. KUS-LIŚKIEWICZ, J. POLAŃSKA, J. KORFANTY, M. OLBRYT, N. VYDRA, A. TOMA, W. 

WIDŁAK, Impact of heat shock transcription factor 1 on global gene expression profiles in cells which induce 

either cytoprotective or pro-apoptotic response following hyperthermia. BMC Genomics, 14, 456 (2013). 

45. I. BIRCH-MACHIN, S. GAO, D. HUEN, R. MCGIRR, R.A. WHITE, S. RUSSELL, Genomic analysis of heat-

shock factor targets in Drosophila. Genome Biology, 6(7), R63. doi:10.1186/gb-2005-6-7-r63 (2005). 

46. T.R.P. MELLO, A.C. ALEIXO, D.G. PINHEIRO, F.M.F. NUNES, M.M.G. BITONDI, K. HARTFELDER, 

Z.L.P. SIMÕES, Developmental regulation of ecdysone receptor (EcR) and EcR-controlled gene expression 

during pharate-adult development of honeybees (Apis mellifera). Frontiers in Genetics, 5, 445. 

doi:10.3389/fgene.2014.00445 (2014). 

47. M. ASHBURNER C. CHIHARA, P. MELTZER, G. RICHARDS, Temporal control of puffing activity in 

polytene chromosomes. Cold Spring Harb Symp Quant Biol., 38, 655-662 (1974).  

48. J.C. REGAN, A.S. BRANDÃO, A.B. LEITÃO, Â.R. MANTAS DIAS, É. SUCENA, A. JACINTO, A. 

ZAIDMAN-RÉMY, Steroid hormone signaling is essential to regulate innate immune cells and fight bacterial 

infection in Drosophila. PLoS Pathogens, 9(10), e1003720. doi: 10.1371/journal.ppat.1003720 (2013). 

49. F. RUS, T. FLATT, M. TONG, K. AGGARWAL, K. OKUDA, A. KLEINO, E. YATES, M. TATAR, N. 

SILVERMAN, Ecdysone triggered PGRP-LC expression controls Drosophila innate immunity. The EMBO 

Journal, 32, 1626–1638 (2013). 

50. R.D. FINN, J. CLEMENTS, S.R. EDDY, HMMER web server: interactive sequence similarity searching. Nucl. 

Acids Res., 39 (suppl 2), W29–W37. 10.1093/nar/gkr367 (2011). 

51. A. KROGH, M. BROWN, I.S. MIAN, K. SJÖLANDER, D. HAUSSLER, Hidden Markov models in 

computational biology: Applications to protein modeling. J. Mol. Biol., 235(5), 1501–1531 (1994). 

52. C.O. PABO, E. PEISACH, R.A. GRANT, Design and selection of novel Cys2His2 zinc finger proteins. Annual 

Review of Biochemistry 70, 313-340 (2001). 

53. V.J. BARDWELL, R. TREISMAN, The POZ domain: a conserved protein-protein interaction motif. Genes 

Dev., 8(14): 1664–1677 (1994). 

54. R. GEYER, S. WEE, S. ANDERSON, J. YATES, D.A. WOLF, BTB/POZ domain proteins are putative 

substrate adaptors for cullin 3 ubiquitin ligases. Mol Cell., 12(3), 783-790 (2003). 

55. A.V. MOROZOV, E.D. SIGGIA, Connecting protein structure with predictions of regulatory sites. Proc Natl 

Acad Sci U S A., 104(17), 7068–7073 (2007). 

56. H.M. AHN, K.S. LEE, D.S. LEE, K. YU, JNK/FOXO mediated PeroxiredoxinV expression regulates redox 

homeostasis during Drosophila melanogaster gut infection. Dev Comp Immunol., 38(3), 466-473 (2012). 

 

 


