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a b s t r a c t Adult workers of Apis cerana, Apis ﬂorea and Apis mellifera from colonies heavily infected with Nosema ceranae were selected for molecular analyses of the parasite. PCR-speciﬁc 16S rRNA primers were designed, cloned, sequenced and compared to GenBank entries. The sequenced products corresponded to N. ceranae. We then infected A. cerana with N. ceranae spores isolated from A. ﬂorea workers. Newly emerged bees from healthy colonies were fed 10,000, 20,000 and 40,000 spores/bee. There were signiﬁcant dosage dependent differences in bee infection and survival rates. The ratio of infected cells to non-infected cells increased at 6, 10 and 14 d post infection. In addition, hypopharyngeal glands of bees from the control group had signiﬁcantly higher protein concentrations than infected groups. Bees infected with 40,000 spores/bee had the lowest protein concentrations. Thus, N. ceranae isolated from A. ﬂorea is capable of infecting another bee species, impairing hypopharyngeal gland protein production and reducing bee survival in A. cerana. Ó 2010 Elsevier Inc. All rights reserved.



1. Introduction Infection of honeybees by Nosema is one of the most economically damaging diseases to honeybee-product industry. This parasite affects only adult bees, infecting epithelial cells lining the midgut after spores are ingested (Bailey, 1955; Suwannapong et al., 2010). Infection of Apis mellifera by Nosema apis was described more than one hundred years ago by Zander (1909). Worker bees less than a week old have been reported to ingest Nosema spores that disrupted hypopharyngeal gland development, with a consequence of reduced food production for larvae (Wang and Moeller, 1971). Although infected bees do not exhibit obvious external disease signs, Nosema infection caused digestive disorders, shortened life spans, decreased population sizes (Malone et al., 1995), and reduced honey production and yields of crops that rely on bee pollination (Anderson and Giacon, 1992; Fries et al., 1992). There are two species, N. apis and N. ceranae, that can be distinguished using spore morphology and molecular analyses of small subunits of 16S rRNA (Fries et al., 1996; Higes et al., 2006; Higes et al., 2007). The Asiatic honeybee, A. cerana also suffers from N. ceranae (Higes et al., 2006; Huang et al., 2007), and recently, N. ceranae was found in managed A. mellifera colonies (Klee et al., 2007). The disease has broadened distribution in the past decade by cross infection from Asian honeybees, A. cerana, to European honeybees (Klee et al., 2007; Paxton et al., 2007). ⇑ Corresponding author. E-mail address: [email protected] (G. Suwannapong). 0022-2011/$ - see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.jip.2010.10.003



There have been no reports, to date, of Nosema infection in honeybees of Thailand. Here, we used molecular tools to differentiate Nosema strains isolated from A. cerana, A. ﬂorea and A. mellifera. These bees were collected from apiaries in the East and the center of Thailand. We also studied,the experimental infection of A. cerana by N. ceranae isolated from heavily infected A. ﬂorea workers. Infection rate, infection ratio of infected to non-infected cells, and bee survival were investigated. There have been reports that bees infected with N. apis may produce lower levels of protein as a result of reduced hypopharyngeal gland activity (Hassanein, 1951; Wang and Moeller, 1971). We therefore measured hypopharyngeal gland protein concentration in infected and non-infected bees. 2. Materials and methods 2.1. Spore preparation For the experimental infection studies N. ceranae spores were isolated from heavily infected A. ﬂorea workers from Samut Songkhram Province, Thailand. Honeybee midguts were removed and transferred to 1.5 ml microcentrifuge tubes containing 200 ll distilled water, and then homogenized. The homogenate was centrifuged at 6000 g for 10 min and the supernatant was discarded. The white sediment was resuspended and spore concentrations were determined for each dosage using a hemocytometer. Spores for species identiﬁcation were obtained from the midgut of heavily infected A. cerana, A. ﬂorea and A. mellifera workers, collected in December 2009. Collections came from naturally infected
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apiary hives in Samut Songkram Province, Thailand. Spores were prepared as above.



2.2. Specimens and DNA samples Three Nosema strains isolated from experimentally infected A. ﬂorea, A. cerana and A. mellifera were investigated by PCR, cloning and sequencing. DNA extraction was carried out using a commercial GF-1 Tissue Extraction Kit (Vivantis, Malaysia) using the manufacturer’s protocol.



2.3. PCR primers and ampliﬁcation Speciﬁc 16S rRNA primers, Noce239L (50 –AGGGGCGAAACTTGACCTAT) and Noce950R (50 –GGGCATAACKGACCTGTTTA) were designed from a published sequence for N. ceranae (GenBank accession number DQ673615) using primer3 software (Rozen and Skaletsky, 2000). These primers generate PCR products approximately 710 and 685 bp for N. ceranae and N. apis, respectively. Standard PCR was performed in a total volume of 20 ll containing 50 ng of template DNA, 11.25 pmol of each primer, 0.2 mM dNTPs, 16 mM (NH4)2 SO4, 50 mM Tris–HCl; pH 9.2, 1.75 mM MgCl2, 0.01% Triton™X-100 and 0.6U of Taq DNA polymerase (Vivantis, Malaysia). DNA was ampliﬁed on a T-Personal Thermal Cycler (Biometra, Germany) with a ﬁrst cycle of 3 min at 94 °C, followed by 35 cycles consisting of 50 s at 94 °C, one cycle of 30 s at 55 °C and one cycle of 1 min at 72 °C, followed by a ﬁnal extension of 10 min at 72 °C. The amplicons were then run on a 1% agarose gel, stained with ethidium bromide (0.5 lg/ml) and visualized with a UV transilluminator using the InGenius gel documentation system (Syngene, England). Double stranded DNA were puriﬁed by Gel extraction/PCR clean-up Kit (Geneaid Biotech Ltd., Taiwan), cloned into pGEMÒ–T Easy Vector (Promega, USA) and subsequently sequenced by First BASE Laboratories Sdn Bhd (Malaysia). The partial sequences of the 16S rRNA gene obtained from both directions by primers M13F/R were assembled using BioEdit (Hall, 1999), and conﬁrmed manually. The sequences were then searched against the GenBank nucleotide database (National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov) for gene homology. All three Nosema sequences and their highest homologies obtained from GenBank, including N. apis (accession number. FJ789796), were compared using ClustalX (Thompson et al., 1997). To build dendrograms, the relationships between the Nosema species were determined using the Minimum Evolution (ME) method supplemented by MEGA4 (Tamura et al., 2007).



2.4. Experimental infection: Infection rate Frames of sealed brood were obtained from three Nosema-free apiary colonies of A. cerana in Samut Songkhram Province, Thailand. They were kept in an incubator at 34 ± 2 °C with relative humidity between 50 and 55% to provide newly emerged Nosema-free honeybee workers. The newly emerged bees were carefully removed, conﬁned to cages in groups of 50, and kept in the incubator for two days. Two days after eclosion, bees were each fed 2 ll of 50% sucrose solution (w/v) in water containing Nosema spores isolated from A. ﬂorea at doses of zero (control), 10,000, 20,000 and 40,000 spores/bee. Each of three replicated cages of 50 bees each were used ﬁtted with two gravity feeders, one containing water and the other sugar syrup (50% w/v sucrose solution) that was replenished during the experiment. Food was prepared as 60 g pollen mixed with 17 ml of 50% sucrose solution (w/v). Each cage was checked daily to remove and count any dead bees.
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2.5. Parasitic ratio between infected cells and non-infected cells 2.5.1. Light microscopy Ventriculi of dead bees were individually examined to verify the presence of Nosema spores. Three bees from each cage were collected at 6, 10 and 14 days post inoculation (p.i.), and their ventriculi were processed for microscopic examination. The midguts of collected bees were removed and ﬁxed with Bouin’s solution for 24 h, washed three times in 70% ethanol (or until the solution became colorless), dehydrated with a standard alcohol series (50– 100%) and embedded in melted paraplast. Six micron sections were cut with a rotary microtome (Leica, Germany), stained with PAS, counterstained with light green, and examined with a light microscope. The parasitism ratio was considered the proportion of infected to non-infected cells per one hundred cells counted. Bees from the control group were sacriﬁced and analyzed using the same methods. 2.5.2. Transmission electron microscopy To check for ultrastructural changes, midguts were removed in insect saline (NaCl 75 g/l, Na2HPO4 2.38 g/l, KH2PO4 2.72 g/l) and ﬁxed with modiﬁed Karnovsky ﬁxative (4% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2) for 1 h at 4 °C. Once ﬁxed, tissues were washed in the same buffer for 3 h at room temperature. Tissues were post-ﬁxed in 2% osmium tetroxide in cacodylate buffer for 1 h at room temperature. They were then washed three times in the same buffer for 10 min each. Specimens were soaked for 12 h in 1% phospotungstic acid dissolved in 50% ethanol, alcohol dehydrated, cleared in propylene oxide, and embedded in Epon 812–Aradite 502 resins. Tissue sections of 500 lm and 90 nm were cut using an LKB ultramicrotome. The sections were processed with 10% uranyl acetate and lead citrate dissolved in 50% ethanol for 15 min and examined under the TEM (JEOL CX 200). 2.6. Hypopharyngeal gland protein contents Three bees were removed from each cage on days six, ten, and fourteen p.i. and stored frozen until analyzed. Bees were then thawed, decapitated and the hypopharyngeal glands were removed and stored in 50 ll phosphate buffer (pH 7.8) in 1.5 ml microcentrifuge tubes, homogenized, and then centrifuged at 1000 rpm for 2 min. Supernatant from each tube was used for analysis using the Bradford protein assay (Bradford, 1976). Standard curves were prepared using bovine serum albumin (BSA). Protein absorbance was measured at 595 nm against a blank reagent using a Shimadzu UV–visible spectrophotometer (UV–1610). Data were analyzed using one-way ANOVA and appropriate post-tests (e.g., Duncan’s Multiple Range Test). 2.7. Survival analysis The number of dead bees per cage was recorded and bodies removed daily for 30 days. To evaluate mortality among the treatments, Kaplan–Meier survival curves were generated by plotting the number of surviving bees against days from the initiation of the experiment (Le, 1997). 3. Results 3.1. Parasite species determination The 710-bp fragment of the 16S rRNA gene from three Nosema strains was successfully ampliﬁed by PCR (data not shown) using the newly designed primers (Noce 239L/950R). After PCR products
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were cloned and sequenced, slight differences were found at nine nucleotide positions (positions 86, 120, 130, 170, 257, 357, 358, 363 and 521; Fig. 1 shows only the 670-bp aligned sequences). Three gaps were present among these three Nosema specimens (N. ceranae from A. ﬂorea, N. ceranae from A. cerana, and N. ceranae from A. mellifera) and the GenBank retrieved sequences (N. ceranae (DQ673615), NcFrance (DQ374655), NcGermany (DQ374656). These base differences may be due to recombination, mutation, or loss. When comparing the Nosema species to the N. apis 16S rRNA sequences obtained from GenBank (N. apis (FJ789796)) there were 31 additional positional differences and 25 gaps. These



results indicate that all three Nosema strains tested in this study were N. ceranae. The dendrogram shows that all three N. ceranae strains cluster together with the GenBank N. ceranae strains and are clearly separated from N. apis (Figs. 1 and 2). 3.2. Infection rates Control bees were negative throughout the study and all experimentally infected bees were positive for Nosema spores. The infection rates of bees dosed with 10,000, 20,000 and 40,000 spores/bee were 45.0% ± 1.41, 73.0% ± 4.24 and 68.0% ± 2.82, respectively. The



Fig. 1. Comparisons of Nosema 16S rRNA sequences. The Nosema 16S rRNA sequences were aligned using ClustalX. Numbers on the top refer to nucleotide position. The nucleotide differences are denoted and similarities are shaded and (–) indicates gap. Abbreviations: N. ceranae (A. ﬂorea), N. ceranae (A. cerana) and N. ceranae (A. mellifera) = N. ceranae, isolated from A. ﬂorea; A. cerana and A. mellifera, respectively; N. ceranae (DQ673615), NcFrance (DQ374655), NcGermany (DQ374656) = N. ceranae retrieved from GenBank accession number. DQ673615, DQ375655-6, respectively; N. apis (FJ789796) = N. apis retrieved from GenBank accession number. FJ789796.
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N.ceranae France *(DQ374655) N.ceranae (A.cerana) N.ceranae (A.mellifera) N.ceranae (A.florea) N.apis *(FJ789796)



0.005 Distance Fig. 2. Unrooted consensus tree derived from partial 16S rRNA sequences shows the relationships of Nosema strains tested in this study (N. ceranae from A. cerana, N. ceranae from A. mellifera, N. ceranae from A. ﬂorea) and clustering together. Sequences obtained from GenBank are indicated by an asterisk followed by the GenBank accession number. The phylogenetic tree was complied based on a total of 670 bp using Minimum Evolution (ME) supplemented in the MEGA4 program. Numbers give the percentage support values (>40%) from 1000 replicates.



infection rate of bees dosed with 10,000 spores/bee was signiﬁcantly different from those dosed with 20,000 and 40,000 spores/ bee (F = 317.05, df = 3, P < 0.0001). The highest infection rate was found in bees dosed with 20,000 spores/bee, whereas it was the lowest in bees dosed 10,000 spores/bee. However, there was no signiﬁcant difference between bees dosed with 20,000 and 40,000 spores/bee (P > 0.05) (Fig. 3). 3.3. Infection ratio The infection ratios between infected cells and non-infected cells of bees dosed with 10,000, 20,000 and 40,000 spores/bee at six days p.i. were 25.5% ± 2.1, 52.5% ± 2.1 and 57% ± 1.4, respectively. They increased at 10 days p.i. to 50.0% ± 2.8, 70.5% ± 3.5 and 74.5% ± 3.5, respectively. At fourteen days p.i. nearly all cells were infected (74.0% ± 1.4, 91% ± 2.82 and 92.5% ± 2.1, respectively). The highest infection ratio occurred in bees fed with 40,000 spores/bee at fourteen days p.i. (92.5% ± 2.12, Fig. 4). The infection ratios of bees dosed with 10,000, 20,000 and 40,000 spores/bee at 6, 10, 14 days p.i. were signiﬁcantly different (df = 8, F = 139.94; P < 0.0001). The ventricular cells of control bees showed no Nosema infection. In contrast, spores were found in all samples of bees infected with spores at day six, ten and fourteen after infection. Each epithelial cell contained spores distributed throughout the cell
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cytoplasm, particularly at the apical part of the cell (Fig. 4a). The swollen apical parts of Nosema-infected epithelia were observed in ventricular cells (Fig. 4b). Heavy infection was found in bees by day 14 p.i., when spores were clearly observed at the bottom of the cells near the basement membrane and closely surrounding the nuclear membrane. The damaged and disorganized organelles and cytoplasm were also found at days six and 10 p.i. (Fig. 4). Degeneration of epithelial cells also was observed at 14 days p.i. showing plasma membrane disruption in both apical and basal parts of the cells. There were 21 polar ﬁlament coils inside the spores. The average size (mean ± SD) of spores was 2.8 ± 0.081  1.83 ± 0.083 lm. 3.4. Protein contents of the hypopharyngeal glands The mean total hypopharyngeal gland protein content for control and infected bees are shown in Fig. 5. On day six p.i. there was no signiﬁcant difference between 10,000 spores/bee and the control (F = 1.09, 14.75; df = 1, 3; P < 0.3099). However, hypopharyngeal protein contents resulting from these two treatments were signiﬁcantly higher than bees infected with 20,000 and 40,000 spores/bee (F = 1.09, 14.75; df = 1, 3; P < 0.0001). Signiﬁcant differences were observed between the control and all infected bees on days 10 (F = 0.01, 4.70; df = 1, 3; P < 0.9087, 0.0128) and 14 p.i (F = 0.77, 4.76; df = 1, 2; P < 0.3951, 0.0264). Control bees had the highest hypopharyngeal gland protein concentration (508.8 ± 70.0 lg/ll, average 25.44 mg/bee) compared to bees infected with all other dosages (P < 0.0001). Bees infected with 40,000 spores/bee showed the lowest protein concentration (164.8 ± 63.5 lg/ll, average 8.24 mg/bee). 3.5. Honeybee survival rate Honeybee workers infected with N. ceranae at 40,000 or 20,000 spores/bee had signiﬁcantly lower survival than control bees (Duncan multiple-rank test, P < 0.05, Fig. 6). There were signiﬁcant survival differences among bees infected with various doses of N. ceranae spores (F = 11.75, df = 3, P < 0.0001). Kaplan–Meier curves showed that bees infected with N. ceranae at 40,000 spores/bee had the lowest survival (highest mortality rate), followed by workers infected with 20,000 and 10,000 spores/bee. The control had the highest survival. Signiﬁcantly more control bees were alive on day 30 p.i. compared to infected bees (Fig. 6).



Fig. 3. Mean (±SD) infection rate of A. cerana infected with three dosages of Nosema isolated from A. ﬂorea: 10,000 spores/bee (10 K), 20,000 spores/bee (20 K), and 40,000 spores/bee (40 K) at day six, ten and fourteen post inoculation. Vertical bars with different letters represent signiﬁcantly different means (ANOVA–Duncan’s Multiple Range Test, F8 = 139.94; P 
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