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Abstract

Nosema ceranae is a widely prevalent microsporidian parasite in the western honey bee.
There is considerable uncertainty regarding infection dynamics of this important pathogen
in honey bee colonies. Understanding the infection dynamics at the colony level may aid in
development of a reliable sampling protocol for N. ceranae diagnosis, and provide insights
into efficient treatment strategies. The primary objective of this study was to characterize
the prevalence (proportion of the sampled bees found infected) and intensity (number of
spores per bee) of N. ceranae infection in bees from various age cohorts in a colony. We
examined N. ceranae infection in both overwintered colonies that were naturally infected
with N. ceranae and in quadruple cohort nucleus colonies that were established and artifi-
cially inoculated with N. ceranae. We also examined and quantified effects of N. ceranae
infection on hypopharyngeal gland protein content and gut pH. There was no correlation
between the prevalence and intensity of N. ceranae infection in composite samples (pooled
bee samples used for analysis). Our results indicated that the prevalence and intensity of
N. ceranae infection is significantly influenced by honey bee age. The N. ceranae infection
prevalence values from composite samples of background bees (unmarked bees collected
from four different locations in a colony) were not significantly different from those pertain-
ing to marked-bee age cohorts specific to each sampling date. The foraging-aged bees had
a higher prevalence of N. ceranae infection when compared to nurse-aged bees. N. cera-
nae did not have a significant effect on hypopharyngeal gland protein content. Further,
there was no significant difference in mean gut pH of N. ceranae infected bees and non-
infected bees. This study provides comprehensive insights into N. ceranae infection
dynamics at the colony level, and also demonstrates the effects of N. ceranae infection on
hypopharyngeal gland protein content and midgut pH.
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Introduction

The European honey bee (Apis mellifera), the world’s most economically important and
intensely managed pollinator is currently facing many stressors. Parasites and pathogens are
among those stressors. Honey bee colonies are often suggested as the definitive example of a
superorganism [1], a complicated biological system composed of many individuals that func-
tion as one whole. As such, the pathology of disease at the colony level may exhibit different
characteristics than that of the same disease in an individual bee. The distribution of the micro-
sporidian gut parasite Nosema ceranae within a colony may well reflect this dichotomy.
Nosema ceranae infection of honey bees has been shown to increase colony loss [2, 3] and
there is evidence suggesting it to be a contributing factor in collapsing colonies [4-6]. There-
fore, a better understanding of N. ceranae infection dynamics at the whole colony level may
ultimately lead to more successful management practices and fewer colony losses.

Nosema ceranae was first described in the Asian honey bee, Apis cerana, in 1996 [7], and
first found infecting A. mellifera in 2006 [8-10]. It is thought that this microsporidian began
parasitizing Apis mellifera relatively recently in comparison to A. cerana, but since its first dis-
covery in the European honey bee, N. ceranae presence has been documented in A. mellifera
samples collected as far back as 1985 [11-13].

Once ingested, N. ceranae spores germinate inside the host’s midgut and inject their sporo-
plasm in to epithelial cells lining the gut [7, 14, 15]. Intracellular proliferation of N. ceranae will
eventually burst the epithelial cell membrane, thus destroying the cells [16]. The combined
effects of cell destruction and robbing of energy by parasites often manifest increased hunger
levels [17] and diminished nestmate food sharing via trophallaxis [18] in infected honey bees.
Nosema ceranae infection has also been shown to alter the expression of portions of the midgut
proteome [19], promote precocious foraging [20], modify vitellogenin titres and queen man-
dibular pheromones in queens [21], decrease immune functions [22] and reduce longevity
[23].

Another area of concern regarding N. ceranae infections is the potentially poor development
of the hypopharyngeal glands in infected honey bees. In nurse bees, hypopharyngeal glands
produce brood food, a protein-rich diet supplied to honey bee larvae [24]. Hypopharyngeal
glands also synthesize enzymes involved in the conversion of sucrose to simple sugars and
honey [25, 26]. Therefore, any detrimental impact on the development of the hypopharyngeal
glands could significantly affect brood rearing and ultimately the colony growth. It is known
that the presence of Nosema apis decreases hypopharyngeal gland protein content [27, 28] and
alters the composition of secretions [29]. Nosema ceranae specific PCR signals were detected in
the hypopharyngeal gland tissue [30] and Alaux et al. [31] demonstrated that Nosema infection
induces gland atrophy. Recent research has also shown that N. ceranae parasitism results in
decreased protein content in hypopharyngeal glands [32]. However, currently it is not well
understood if and how different levels of N. ceranae infection influence hypopharyngeal gland
protein production.

Gut pH is a critical factor in insect health; it is essential for digestion, as well as maintaining
optimal gut microflora. But little is known about the relationship between gut pH and Nosema
infection, as only a few preliminary studies, published decades ago, describe their interactions.
Early literature from Bailey [33] suggests that gut pH alone does not trigger Nosema apis ger-
mination, while Jaronski [34] concluded that Nosema algerae spore germination was influ-
enced by pH stimuli. Additionally, the effect of pH on priming Nosema michaelis spores for
germination is described by Weidner [35]. Ishihara [36] also described a higher rate of polar fil-
ament extrusion, an important step in spore reproduction, in the microsporidium Glugea fumi-
feranae, at higher pH. Hence it appears that it may be possible for a specific gut pH level to
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provide an environment conducive for spore germination. A better understanding of how
honey bee gut conditions influence proliferation of N. ceranae would greatly advance our
efforts in mitigating N. ceranae infections.

Some studies have shown that the intensity of N. ceranae infection varies greatly among
bees in an infected colony—most bees apparently exhibiting no signs of infection, while others
show extremely high spore intensities [37, 38, 39]. Therefore, a few highly infected bees in a
sample may greatly misrepresent the level of infection, possibly providing the false perception
of poor colony health. Conversely, without understanding how Nosema infection is distributed
throughout the colony, there is the potential to inadvertently collect a sample comprised
mainly of bees from an age cohort with far lower infection levels than most other bees in the
colony. Once again, such a sample would produce an inaccurate assessment of N. ceranae
infection level; this time vastly underestimating the infection. Currently, there is no reliable
method of sampling honey bee colonies for N. ceranae infection. Many studies have used the
number of spores from composite samples—samples of bees pooled together and analyzed as
one big sample—to determine colony infection status [40-43]; though others have suggested
that measuring the proportion of infected individuals may be more accurate [44, 45].

Forager bees are likely to have higher Nosema infection levels than nurse bees [2, 38, 44—
471; hence many studies have diagnosed Nosema infections from samples comprised solely of
foragers taken from the hive entrance. However, other studies involving Nosema sampling
have demonstrated that bees obtained from the brood area also exhibit significant Nosema
infection [13, unpublished data Sagili et al.]. There is an urgent need to thoroughly understand
the infection dynamics at the colony level, which may, in turn, aid in developing a reliable sam-
pling protocol for N. ceranae diagnosis, and may also provide useful insights into efficient
treatment strategies for Nosema disease.

Here we sought to determine the infection dynamics (prevalence and intensity) of N. cera-
nae at the colony level. To achieve this objective we set up two separate rigorous experiments.
In the first experiment, we examined the N. ceranae infection in large, overwintered colonies
that were naturally infected with N. ceranae. In the second experiment, we observed the preva-
lence and intensity of N. ceranae in quadruple cohort nucleus colonies that, once established,
were artificially inoculated with N. ceranae. The primary objective of both experiments was to
characterize the prevalence (proportion of the sampled bees found to be infected) and intensity
(number of spores per bee) of N. ceranae infection in infected bees from various age cohorts in
a colony. We also examined and quantified potential effects of N. ceranae infection on hypo-
pharyngeal gland protein content and gut pH.

Materials and Methods

No formal permits were required for field collections or laboratory analysis because honey bee
research is not regulated by animal use committees such as the Institutional Animal Care and
Use Committee (IACUC).

Experiment 1

Five colonies naturally infected with N. ceranae were selected in July 2013 from a single Oregon
State University apiary (Corvallis, OR, USA). Prior to the experiment, we identified the Nosema
species in all five colonies as N. ceranae using the DNA analysis methods of Hamiduzzaman

et al. [48]. Two to three capped combs with emerging bees were collected from each of the five
colonies and incubated in the laboratory under simulated hive conditions (33°C, 55% RH) for
bee emergence. Incubating brood combs were checked for emerging bees 16 hours later. Newly
emerged bees were color-coded by colony with a dot of Testors ™ enamel paint on the thorax.
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Once at least 500 newly emerged bees per colony were painted, they were returned to their
original colonies. Fifty recently emerged bees per colony were also retained to establish a base-
line infection level of N. ceranae.

From each of these five experimental colonies, fifty marked (painted) bees were collected
during midday 8—11 days post-emergence and again at 22—25 days post-emergence. These
sampling periods represent the nursing and foraging phases, respectively, of a worker bee, as
honey bees exhibit temporal polyethism. Each time when collecting these fifty marked bees, an
additional sample of fifty unmarked bees (background bees) was also collected from each col-
ony. Hence, we had three different sampling events pertaining to background bees to examine
temporal differences. Smart and Sheppard [38], in their 2012 study from which our methods
were adapted, collected such background bee samples from the inner cover only. However, our
samples of background bees consisted of ten individuals taken from the brood area, ten from
the cover (lid), ten from the colony entrance and ten each from outer combs. The infection
intensity and prevalence of Nosema ceranae in these random samples of mixed aged bees were
compared to the infections of the marked bees of known age.

All collected marked bees were analyzed individually. The prevalence and intensity of
Nosema infection in all collected bees were determined following the light microscopy tech-
niques described by Cantwell [49]. Briefly, each bee abdomen was macerated by mortar and
pestle in 1 ml of distilled water. A 10 pl drop of that solution was placed on a hemocytometer
(Cat # 3200, Hausser Scientific, PA, USA), from which spores were counted at 400X magnifica-
tion. Although background bees were collected as composite samples, they too were analyzed
individually. This permitted us to observe the prevalence and intensity of infection in the bees
comprising a composite sample, which is usually not known because all bees are typically ana-
lyzed as one pooled sample. Furthermore, individually analyzing bees from the composite sam-
ples allowed us to observe if any significant differences exist between the results derived from
sampling bees of known ages and traditional composite samples.

Experiment 2

Eight nucleus colonies were established for this experiment. Prior to establishing these experi-
mental nucleus colonies, we collected bee samples from several colonies at Oregon State Uni-
versity’s apiaries (Corvallis, OR, USA) in July 2013 and May 2014, and examined them for the
presence of Nosema using light microscopy as described above. Then, during each year (2013
and 2014), four colonies that were determined to be Nosema-free were randomly selected to
serve as foster colonies for the bees that were used to establish the experimental nucleus colo-
nies. The foster colonies were two story standard Langstroth hives with approximately 50,000
bees that were used for releasing the marked bees for aging and to be collected later when
needed (as described in the next paragraph). The nucleus colonies were established according
to standard methods used for triple-cohort colonies [50-52]; however, we created an additional
fourth cohort. Here onwards, we refer to these experimental nucleus colonies as quadruple-
cohort colonies. Each of the eight quadruple-cohort colonies (eight replications) was composed
of 1,000 bees from each of the following age groups: (1) one day old bees (2) one week old bees
(3) two week old bees (4) three week old bees. The detailed procedure for establishing these
four age groups is furnished in the next paragraph. For the purposes of brevity, cohorts will
herein be referred to by their age at the time of colony establishment (as described above)
rather than their actual age when they were sampled for analysis. Because bees were sacrificed
for analysis two weeks after inoculation (see below), each cohort was two weeks older at the
time of analysis than at the time of colony establishment (Table 1).
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Table 1. Summary of the age cohorts at time of quadruple-cohort colony establishment and analysis
two weeks later.

Age at colony establishment Age at time of analysis
1 Day 2 Weeks
1 Week 3 Weeks
2 Weeks 4 Weeks
3 Weeks 5 Weeks

doi:10.1371/journal.pone.0163522.t001

For establishing nucleus colonies, capped combs with emerging bees were obtained from
honey bee colonies headed by sister queens and were incubated in the lab under simulated hive
conditions (33°C, 55% RH) for bee emergence. Sister queen colonies were used to control any
variation in Nosema infection attributed to genetics of the bees. Incubating brood combs were
checked after 16 hours for emerging bees. Beginning three weeks prior to establishing our qua-
druple-cohort colonies (Week —3), newly emerged bees were painted on the thorax with Tes-
tors™ enamel paint to indicate the appropriate age cohort and were then released into their
designated Nosema-free foster colonies for aging. This same procedure was performed at two
weeks prior (Week —2) and one week prior (Week —1) to establishing the nucleus colonies.
Each cohort of bees was painted a unique color. In a given year, at least 2,000 newly emerged
bees per target cohort were released into each of four foster colonies to ensure that 1,000
painted bees per cohort could be easily collected and added to each corresponding nucleus col-
ony at time of establishment (Day 0).

Three weeks after the first cohort of bees were placed in the foster colonies, 1,000 painted
bees from each cohort were vacuumed out of a given foster colony with a BioQuip Insect Vac™
(Cat # 2820GA, BioQuip Products Inc., CA, USA) and placed inside a nucleus colony with
closed entrance. Later, on the same day, 1,000 newly emerged painted bees were also placed
into each of these nucleus colonies. Each quadruple-cohort colony contained three empty
combs, one honey comb and one comb containing uncapped brood. All the combs used in
establishing the nucleus colonies were obtained from colonies that were determined to be free
from N. ceranae infection.

The day after establishing nucleus colonies (Day 1) entrance blockers on each of the nucleus
colonies were removed so that the bees would forage freely. Also, on Day 1, any existing non-
painted bees that were accidentally vacuumed up along with painted bees were removed, and a
queen in a sealed queen cage was placed inside each colony. On Day 2, the sealant on the queen
cage was removed, so that bees could release the queen on their own. On Day 3, the N. ceranae
spores were fed to bees in all the nucleus colonies through mass inoculation methods as
described below. Two weeks after inoculation, colony entrances for all the experimental
nucleus colonies were blocked late in the evening and the colonies were placed inside a —20°C
freezer for two days. The sacrificed bees were then removed from frozen combs, separated into
respective cohorts based on respective paint color, and counted. A summary of the above pro-
cedures, used to establish the infected, quadruple-cohort colonies, is provided in Table 2.

Prior to inoculation, DNA analysis was performed using the methods of Hamiduzzaman
et al. [48] to confirm that only N. ceranae spores were used in the inoculum. The spore concen-
tration of the inoculating solution was formulated following the methods of Fries et al. [53].
Spores were purified through centrifugation and the N. ceranae solution was prepared in 100
ml of 50% (v/v) sugar syrup at a concentration sufficient to inoculate 4,000 bees with an aver-
age of 10,000 spores each. We provided the spore inoculant to experimental colonies via
inverted mason jars placed over a hole in the nucleus colony lid. After the spore inoculant was
consumed completely, bees were fed 300 ml of Nosema-free sugar syrup ad libitum.
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Table 2. Summary of the methods used to establish all experimental quadruple-cohort colonies in

2013 and 2014.
Time relative to nucleus colony Procedure
establishment

Week -3 Bees emerging from selected incubated combs were painted green to
identify them as 3 weeks old and then placed in foster colonies.

Week -2 Bees emerging from incubated combs were painted blue to identify
them as 2 weeks old and then placed in foster colonies.

Week -1 Bees emerging from incubated combs were painted white to identify
them as 1 week old and then placed in foster colonies.

Day 0 Experimental nucleus colonies were made:

¢ Painted bees moved from foster colonies to nucleus colonies.

* Newly emerged bees were painted red to identify them as 1 day old
and moved straight from incubated comb to nucleus colonies.

Day 1 * Entrance blockers and unpainted bees were removed from nucleus
colonies.

» Caged queens were added to nucleus colonies.

Day 2 Plugs of queen cages were removed.

Day 3 Nucleus colonies were inoculated with Nosema ceranae via sugar
syrup.

Day 17 All bees in all nucleus colonies were frozen for future analyses.

doi:10.1371/journal.pone.0163522.t1002

The prevalence and intensity of Nosema infection in each bee were determined by light
microscopy techniques of Cantwell [49] described previously. Similarly, the queens from each
of the eight nucleus colonies were also tested for Nosema infection. The resulting macerated
gut extracts were stored at —20°C for further pH analysis and Nosema species confirmation.

Confirmation of Nosema ceranae via PCR. Gut samples used to determine the preva-
lence and intensity of Noserma infection were saved at —20°C if spores were detected. In order
to confirm the species of Nosema spores found in experimental bees, we randomly selected the
Nosema-positive gut samples from one of the four age cohorts from every colony, such that
each age cohort was selected once within each year’s set of colonies. From these randomly
selected Nosema-positive gut samples, we extracted DNA samples using phenol:chloroform
extraction and alcohol precipitation. Briefly, 2 ml of the bee gut-spore homogenate were well
mixed with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), further macer-
ated by mortar and pestle, and centrifuged at 12,000 rpm for 3 minutes, at room temperature.
The resulting upper aqueous layer was then vigorously mixed with an equal volume of phenol:
chloroform:isoamyl alcohol solution and centrifuged again. The new upper aqueous layer was
gently mixed with an equal volume of room temperature 100% isopropyl alcohol, incubated at
room temperature for 15 minutes and centrifuged as before. Finally, the resulting pellet was
washed with 1 ml of ice cold 80% ethanol, centrifuged again as before, air dried for 1 hour at
room temperature, and resolubilized in 20 yl of chilled, autoclaved distilled water. The nucleic
acid concentration of each DNA sample was quantified on a Take3 micro-volume plate in a
Biotek Synergy 2 plate reader (BioTek Instruments, Inc., VT, USA) and then stored at —20°C
until time of PCR reactions.

DNA samples were used in the co-amplification of the 16S rRNA gene of Nosema apis and
Nosema ceranae (NAPIS and MITOC, respectively) and the honey bee ribosomal protein S5
gene (RpS5) in the same multiplex PCR reaction. Each 50 pl reaction contained 5 pl of 10X Ex
Taq® Buffer (Cat # RR001A, Takara Bio Inc., Shiga, Japan), 4 pl of 2.5 mM dNTPs (Cat #
RRO01A, Takara Bio Inc.), 1 ul of 10 pM of each primer (MITOC and RpS5: BioNeer Corp.,
CA, USA; NAPIS: IDT Inc,, IA, USA), 0.25 pl of 5U/ pl Ex Tag® DNA Polymerase (Cat #
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RROO01A, Takara Bio Inc.), approximately 100 ng of template DNA and sterile distilled water to
bring to volume. All PCR reactions were performed in a GeneAmp® PCR System 9700 ther-
mocycler (Applied Biosystems, CA, USA), programmed as follows: 94°C for 2.5 min, followed
by 10 cycles of 94°C for 15 sec, 62°C for 30 sec, and 72°C for 45 sec; then 20 cycles of 94°C for
15 sec, 62°C for 30 sec, and 72°C for 50 sec; with a final extension step of 72°C for 7 min (modi-
fied from Martin-Hernandez et al. [54] and Hamiduzzaman et al. [48]).

Primers amplifying a 218 bp product within the Nosema ceranae 16S rRNA gene were:
MITOC-F (5 CGGCGACGATGTGAT ATGAAAATATTAA 3’) and MITOC-R (5 CCCG
GTCATTCTCAAACAAAAAACCG 3’) [53]. Primers amplifying a 788 bp product within the
Nosema apis 16S rRNA gene were: NAPIS-F (5 GCATGTCTTTGACGTACTATG 3’) and
NAPIS-R (5 CTCAGATCATATCCT CGCAG 3’). The NAPIS primers were designed based
on ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) alignments of Nosema species
sequences published in the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank/):
Nosema apis accession numbers DQ235446, U76706, U97150, U26534, X73894, X74112;
Nosema ceranae accession numbers DQ329034, U26533, DQ078785, DQ286728. As a standard
control, a 115 bp segment of the Apis mellifera house-keeping gene RpS5 was amplified in all
samples using the primers RpS5-F (5 AATTATTTGGTCGCTGGAAT TC 3’) and RpS5-R (5’
TAACGTCCAGCAGAATGTG GTA 3’) [55]. Reference DNA samples for Nosema apis and
Nosema ceranae were obtained from the Solter lab at University of Illinois Urbana-Champaign.
The PCR products were separated by electrophoresis in a 2% agarose gel stained with 5% Mid-
ori Green (Cat # MGO03, Nippon Genetics, Diiren, Germany) and run at 100 volts. For refer-
ence, a 100 bp DNA ladder (Cat # G2101, Promega Corp., WI, USA) was included.

Hypopharyngeal gland protein quantification. The heads of all bees analyzed for
Nosema (as described previously) were placed in individual 0.5-ml microcentrifuge tubes and
stored at —20°C until time of hypopharyngeal gland protein quantification. Only bees from the
four 2013 quadruple-cohort colonies were used for hypopharyngeal gland protein analysis.
Sixty heads from each age cohort (from all four colonies combined) were separated into three
groups of 20 based on N. ceranae infection levels (Nosema free, low infection, high infection).
So, overall 240 (60 bee heads x 4 age cohorts) pairs of hypopharyngeal glands were used for
protein quantification. Infection levels were based on the availability of bees within a similar
range of spore intensity as follows: Nosema free bees with absolutely no spores detected; bees
with low level of infection (between 7.5 x 10° and 1.2 x 10° spores/bee); bees with high infection
level (between 3.685 x 10” and 5.76 x 10” spores/bee).

We collected the complete pair of hypopharyngeal glands from each of these stored heads.
Each honey bee head was placed on a petri dish with wax surface and submerged in few drops
of distilled deionized water. Next, using a stereomicroscope the frons were gently removed to
expose the hypopharyngeal glands below. The hypopharyngeal glands were then carefully
removed from each individual bee head with a fine tip forceps and were stored separately in
1.5-ml microcentrifuge tubes containing 5 ul PBS (Phosphate Buffered Saline, Sigma-Aldrich)
and stored at —80°C until time of analysis. During protein analysis we added 115pl of PBS to
each pair of glands (for a total PBS volume of 120 ul) and homogenized them with one 3-mm
tungsten carbide bead in a Qiagen® TissueLyser II (20 oscillations/sec.,2 x 45 sec.). The sam-
ples were then centrifuged at room temperature for 2 minutes at 13,300 rpm to pellet the
debris.

We quantified the protein content of the resulting supernatant from each homogenized
sample with the Pierce™ Biotech BCA Assay Kit (Cat # 23225, Thermo-Scientific, IL, USA)
microplate procedure. These samples were homogenized in PBS; therefore, PBS was used as
the blank and the diluent for the Bovine Serum Albumin (BSA) standards. BSA standard solu-
tions were stored at —20°C and used for several consecutive days. We loaded 25 pl of each
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sample, standard and blank into each of two duplicate wells on a 96-well plate. Plating this vol-
ume allows the assay to have a protein detection range of 25—2000 pg/ml. After addition of the
BCA working reagent (200 pl/well), the plate was shaken for 30 seconds on a microplate spec-
trophotometer (BioTek Synergy 2, Gen5 2.00 software). The plate was then incubated, uncov-
ered, for 30 minutes at 37°C, followed by 12 minutes, covered, at 4°C. Absorbance at 562 nm
was measured using the same spectrophotometer as above and protein content in pg/bee was
calculated from the resulting standard curve. Due to a slight dilution error in the samples on
one plate (150 pl of PBS were added to each pair of glands), the resulting ug/ml outputs for
samples of this plate were adjusted to compensate for the greater dilution, thus allowing them
to be analyzed and reported on the same scale as all other samples.

Gut pH Analysis. For each of the eight experimental colonies, 50 random Nosema positive
and 50 random Nosema negative macerated gut samples from 3 week, 2 week and 1 week old
cohorts were preserved for pH measurement. Samples from the one day old cohort were not
retained for pH analysis due to the low prevalence of Nosema infection. For a given nucleus
colony and cohort, each of the 50 random Noserma positive and Noserma negative gut samples
mentioned above were collected in a set of five vials (ten 1-ml macerated samples per vial), for
a total of 30 vials per colony (3 cohorts x 2 samples x 5 vials). Samples were stored at —20°C
until time of analysis, when they were thawed and the pH in each vial was measured using a
Waterproof pH EcoTester™ (Cat # WD-35423-10, Oakton Instruments, IL, USA).

Statistical Analyses

Experiment 1. All statistical analyses were performed using the statistical software SAS
9.3. N. ceranae prevalence and intensity data were analyzed using general linear models (PROC
GLM; SAS 9.3) for differences among the sampling periods. Intensity data were log trans-
formed to meet normality assumptions. Prevalence data was normally distributed, hence was
not transformed. Mean separations were performed using least significant difference (LSD) test
(P < 0.05). After statistical analysis, data were back-transformed as needed for presentation
herein.

Experiment 2. All statistical analyses were performed using the statistical software SAS
9.3. N. ceranae prevalence and intensity data were analyzed using generalized linear models
(PROC GLIMMIX; SAS 9.3) for differences among age cohorts. Both prevalence and intensity
data were log transformed to meet normality assumptions. Mean separations were performed
using least significant difference (LSD) test (P < 0.05). Hypopharyngeal gland protein content
data were analyzed using mixed linear models with age and infection level as fixed effects and
different honey bee colonies as random effects (PROC MIXED; SAS 9.3). Mean separations
were again performed using least significant difference (LSD) test (P < 0.05). Hypopharyngeal
gland protein content data were log transformed to meet normality assumptions. After statisti-
cal analysis, data were back-transformed as needed for presentation herein. The gut pH data
were compared using an independent samples t-test.

Results
Experiment 1

Nosema ceranae prevalence and intensity. The results of N. ceranae prevalence (propor-
tion of infected bees) are summarized in Fig 1. The prevalence of N. ceranae infection was sig-
nificantly different between some age cohorts (Fs ,4 = 4.92; P = 0.0043). N. ceranae infection
was not detected in any of the recently emerged bees (Table 3). Foraging-aged bees that were
marked had a significantly higher prevalence of N. ceranae infection than both nurse-aged bees
(marked) and recently emerged bees (marked). However, there was no significant difference in
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Fig 1. Prevalence of Nosema ceranae infection in samples of known-age bees (marked) and mixed age
background bees. Shown are mean + SE Nosema ceranae infection levels of marked bees and background bees
at each age group/sampling event. Marked bees were recently emerged bees at the first sampling event, nurse-
aged bees at the second sampling event and forager-aged bees when the third sample was taken. Mean infection
prevalence between marked (known-age) and background (unknown, mixed-age) bees on corresponding
collection days were not significantly different (P > 0.05). Mean prevalence of infection was significantly higher in
marked bees sampled on date 3 than on dates 1 and 2, indicated by different letters (P = 0.0043).

doi:10.1371/journal.pone.0163522.9001

levels of Nosema prevalence between nurse-aged bees and recently emerged bees that were
marked. The prevalence of N. ceranae infection in background bees was not significantly differ-
ent between sampling dates; nor did it differ from that of corresponding marked bees on any of
the sampling dates. Lastly, there was no significant correlation (r = 0.29, P > 0.05) between the
percentage of N. ceranae infected bees (prevalence) and infection level (intensity) in a compos-
ite sample (multiple bees of unknown age collected from different locations in a colony).

The mean N. ceranae infection intensities were significantly different between all age
cohorts (Fs, 25, = 243.64; P < 0.01). Foraging-aged bees had significantly higher N. ceranae
spore intensities when compared to both nurse-aged bees and recently emerged bees. Nurse-
aged bees had significantly higher spore intensities than recently emerged bees. The results of
N. ceranae intensity (number of spores per infected bee) are summarized in Fig 2. The mean
infection intensities in background bees were significantly different between some sampling
dates. Background bees from the second and third sampling dates, while not significantly dif-
ferent from each other, demonstrated higher intensities than bees from the first sampling date.
Moreover, the background bees from the first and second sampling dates had higher mean
intensities than the marked bees sampled at the same time—recently emerged bees and nurse-
aged bees, respectively. In background bee samples, the mean number of spores across all
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Table 3. Summary of Nosema ceranae infection levels and percent of individual bees infected with N. ceranaein each of the five experimental

colonies.

Colony #

1

Age Group

RE
Nurse
Forager
BG

RE
Nurse
Forager
BG

RE
Nurse
Forager
BG

RE
Nurse
Forager
BG

RE
Nurse
Forager
BG

n sampled n infected % infected NSI (x106) NSS (x10°)
50 0 0 0 0
26 2 7.7 0.93 0.07
50 3 6 41.77 2.56
150 7 4.7 19.19 0.9
50 0 0 0 0
50 9 18 0.35 0.06
50 15 30 2.01 0.6
150 5 3.3 5.54 0.18
50 0 0 0 0
50 3 6 6.53 0.39
50 9 18 28.32 5.1
150 12 8 14.25 1.14
50 0 0 0 0
50 5 10 0.11 0.01
50 18 36 7.08 2.55
150 24 16 9.27 1.48
50 0 0 0 0
50 11 22 1.33 0.29
50 37 74 1.52 1.13
150 61 40.7 2.89 1.18

RE = recently emerged bees, BG = background bees collected from the inner hive cover, outer frames, hive entrance and brood area at the same time as
each group (RE, Nurse-aged bees, Foraging-aged bees), NSI = mean number of spores across infected bees, NSS = mean number of spores across all

sampled bees (composite sample).

doi:10.1371/journal.pone.0163522.t003

sampled bees (NSS) was always much lower than the one calculated across infected bees only
(NSI) (Table 3).

Experiment 2

Nosema ceranae prevalence. DNA analysis revealed that only N. ceranae was present in
bee samples in all eight experimental nucleus colonies (S1 Fig). The total number of bees ana-
lyzed is summarized in Table 4 and the results of Nosema ceranae prevalence are summarized in
Fig 3. Because the effect of age on N. ceranae prevalence was not dependent on the year (F; 15 =
1.86; P = 0.1723), data from both years were combined for subsequent analyses. The prevalence
of Nosema ceranae infection was significantly different between some age cohorts (F;, 15 = 75.64;
P < 0.01). Nosema ceranae infection prevalence was significantly higher in 3 week old bees
(38.78% infected) than in any other age cohort. One day old bees i.e. the age cohort that was actu-
ally 2 weeks old when analyzed had significantly lower prevalence (10% infected) of Nosema cera-
nae infection when compared to any other age cohort. There was no significant difference in
infection prevalence between 1 week old bees (25.38% infected) and 2 week old bees (29.11%
infected). Further, N. ceranae infection was not detected in any of the eight queens analyzed from
the experimental nucleus colonies using spore analysis method.

Nosema ceranae intensity. The results of N. ceranae intensity are summarized in Fig 4.
The effect of age on N. ceranae intensity was dependent on the year (F; ;3 = 15.89; P < 0.01);
therefore, data from each year were analyzed separately. Mean Nosema ceranae infection inten-
sity was significantly different between some age cohorts in 2013 (F5 ¢ = 14.72; P < 0.01). One
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Fig 2. Nosema ceranae infection intensity in samples of known-age bees (marked) and mixed-age background
bees. Shown are mean + SE Nosema ceranae infection intensities of marked bees and background (unknown, mixed-
age) bees at each age group/sampling event. Marked bees were recently emerged bees at the first sampling event,
nurse-aged bees at the second sampling event and forager-aged bees at the third sampling event. There were significant
differences among the age cohorts, as indicated by different letters (P < 0.01).

doi:10.1371/journal.pone.0163522.9002

day old bees had a significantly lower mean intensity of N. ceranae infection when compared to
any other age cohort. The mean infection intensities in 3 week, 2 week, and 1 week old bees
were not significantly different (Fig 4A). Mean Nosema ceranae infection intensities were also
significantly different between some age cohorts in 2014 (F; ¢ = 5.38; P = 0.0213). Both 1 day
old and 1 week old bees exhibited significantly higher mean spore intensities than the beesin 3

Table 4. Summary of the number of bees analyzed in each of the eight quadruple-cohort colonies.

Year Hive
1 1
2
3
4
2 5
6
7
8
Total:

doi:10.1371/journal.pone.0163522.t004

Age of bees at colony establishment

1 Day 1 Week 2 Weeks 3 Weeks
Number of Bees
794 702 662 469
854 452 600 248
895 585 739 301
1005 644 514 436
1051 691 823 298
923 648 576 113
826 625 550 258
1044 512 480 130
7392 4859 4944 2253
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Fig 3. Prevalence of Nosema ceranae infection in bees of four age cohorts within experimental nucleus
colonies. The proportion of bees infected with Nosema ceranae spores within different age cohorts are shown for all 8
quadruple-cohort colonies combined. Different letters indicate significant differences among the infection prevalences
of age cohorts (P < 0.01). Age labels indicate age at colony establishment; bees were two weeks older when
analyzed.

doi:10.1371/journal.pone.0163522.g003
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Fig 4. Nosema ceranae infection intensity in bees of four age cohorts within experimental nucleus colonies in 2013 and 2014. Mean + SE
Nosema ceranae infection intensities within different age cohorts are shown for (A) all four 2013 quadruple-cohort colonies combined, and (B) all four 2014
quadruple-cohort colonies combined. Different letters indicate significant differences between age cohorts (P < 0.01) of the same year. Age labels indicate
age at colony establishment; bees were two weeks older when analyzed.

doi:10.1371/journal.pone.0163522.9004
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Fig 5. Hypopharyngeal gland protein content in bees of four age cohorts within experimental nucleus
colonies in 2013. Mean = SE hypopharyngeal gland protein content within different age cohorts are shown for
all four of the 2013 quadruple-cohort colonies combined. Different letters indicate significant differences
among the age cohorts (P < 0.0153). Age cohort labels indicate age at colony establishment. Bees of all
cohorts were two weeks older when analyzed.

doi:10.1371/journal.pone.0163522.9005

week old cohort. When compared to 2 week old bees, however, only the 1 week old cohort had
a significantly higher spore intensity (Fig 4B).

Hypopharyngeal gland protein content. The results of hypopharyngeal gland protein
content are summarized in Fig 5. The effect of age on hypopharyngeal gland protein content
was not dependent on N. ceranae infection level (Fy 17 = 1.48; P = 0.2432); therefore, age and
infection level data were combined for subsequent analyses. There were significant differences
in mean hypopharyngeal gland protein concentration between some age cohorts (F; ¢ = 17.74;
P =0.0153). The hypopharyngeal glands of 1 day old bees (i.e. two weeks old when sampled)
and 2 week old bees (i.e. 4 week old bees when sampled) contained significantly more protein
(63.1+4.2 pg/bee (SE) and 62.8 £5.0 pg/bee (SE), respectively) than those of 1 week old bees
(i.e. 3 weeks old when sampled) (41.8 £4.1 ug/bee (SE)) and 3 week old bees (i.e. 5 weeks old
when sampled) (26.4 +3.2 ug/bee (SE)). We found no significant differences in mean hypo-
pharyngeal gland protein content among bees within the three levels of N. ceranae infection
severity (Nosema free bees; low level of infection (7.5 x 10°-1.2 x 10° spores) and high level of
infection (3.685 x 107-5.76 x 107 spores); F, ¢ = 0.30; P = 0.7538). These infection levels were
selected because, among the infected bees, most exhibited either a minor infection or severe
infection, i.e. most infected bees had spore intensities that fell within the range of either the low
infection level or the high infection level. The mean hypopharyngeal gland protein content
(ug/bee) in bees with no Nosema infection, low level of infection and high level of infection was
44.4+3.7 (SE), 52.7+4.7 (SE) and 48.5%3.7 (SE) respectively.

PLOS ONE | DOI:10.1371/journal.pone.0163522 September 22, 2016
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Gut pH Analysis. As the effect of N. ceranae infection on mean gut pH did not depend on
the year (F; ¢ =0.29; P = 0.6126), data from both years were combined for subsequent analyses.
There was no significant difference in mean gut pH of N. ceranae infected bees and non-
infected bees (independent samples t-test, t = -0.31; df = 46; P = 0.756). The mean gut pH val-
ues pertaining to infected and non-infected bees were 6.09+0.11 (SE) and 6.04+0.11 (SE)
respectively.

Discussion

This study provides comprehensive insights into N. ceranae infection dynamics (prevalence
and intensity) at the colony level, and also demonstrates that N. ceranae doesn’t have an effect
on hypopharyngeal gland protein content and midgut pH. This is one of the few studies that
have directly compared the efficacies of employing individual and composite bee samples
(multiple bees per sample) for colony level diagnosis of N. ceranae infection [38, 40]. We found
no correlation between the prevalence and intensity of N. ceranae infection in composite sam-
ples (Experiment 1). Further, our results suggest that the prevalence and intensity of N. ceranae
infection is significantly influenced by honey bee age. These findings emphasize the risk of
using composite samples (samples constituting multiple bees) to determine Nosema infection
levels within a colony and the potential bias of collecting samples solely comprised of same
aged bees. To our knowledge, this is the first study to analyze each individual bee from whole
nucleus colonies infected by N. ceranae in order to gain a comprehensive understanding of the
colony level infection dynamics (Experiment 2).

In the first experiment, there was no significant correlation between N. ceranae infection
intensity and percentage of infected bees in composite samples. These results further indicate
the risk of using spore counts from composite samples (samples containing multiple bees) for
making inferences regarding N. ceranae infection in colonies. It may not be possible to accu-
rately estimate N. ceranae infection prevalence based on infection intensity in composite sam-
ples. Hence, it appears that analysis of individual bee samples would be ideal to accurately
diagnose a colony’s infection level even though it is more time-consuming and expensive, espe-
cially if using the PCR method for analysis.

Furthermore, the N. ceranae infection prevalence values from composite samples of back-
ground bees were not significantly different than those of the marked-bee age cohorts specific
to each sampling date, and appear to lie between the prevalence values of nurse-aged and forag-
ing-aged bees (Fig 1). These results support the assertion made by Smart and Sheppard [38]
and Traver et al. [13] that a bee sample containing a mixture of ages provides a better represen-
tation of colony’s infection level. Although the results from both Experiment 1 and 2 indicate a
lower N. ceranae infection prevalence in nurse-aged bees than in foraging-aged bees, the infec-
tion is still likely to be detected by sampling nurse bees; therefore, nurse bees should be repre-
sented in colony infection diagnosis. Forager bees only represent a portion of the colony; but in
this experiment, the odds of infection in foraging-aged bees were significantly higher than in
other age cohorts. Therefore, exclusively sampling forager bees may bias the sample to the
most severely infected bees and may create an inaccurate impression of colony infection level.
On the other hand, sampling only nurse bees may create a perceived infection level that is
lower than what the colony as a whole is experiencing. Other factors such as climate [56], sea-
son [13, 43], exposure to chemicals [31, 57, 58] and time of sampling [44] may also influence
the proportion of infected bees in a sample and should also be considered for establishing a
robust sampling protocol.

In Experiment 2, there were major differences in N. ceranae intensity between the experi-
mental colonies established in 2013 and 2014 (Fig 4). This discrepancy can likely be explained
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by the time of year in which these colonies were established and sampled, in turn influencing
the diets to which these colonies would have been exposed. Several studies have demonstrated
that bees with a greater quantity of pollen in their diet have increased N. ceranae spore intensi-
ties [32, 59-61]. The 2014 experimental colonies were established in May whereas the 2013 col-
onies were established in late July when fewer plants species offering pollen were in bloom. The
lower amount of pollen available to the experimental colonies in 2013 likely contributed to
lower spore intensities.

Additionally, bees from the 1 day old and 1 week old cohorts of 2014 demonstrated the
highest N. ceranae intensities (Fig 4B). This again may be a result of differences in diet among
the age cohorts. Crailsheim et al. [62] reported that nurse bees at 4 and 9 days old had the high-
est amount of pollen in their gastrointestinal tracts and foragers only contained minimal
amounts of pollen. Thus, when we inoculated our experimental colonies with N. ceranae, the 1
day and 1 week old cohorts (3 days and 10 days old at the time of inoculation, respectively)
may have more recently consumed pollen when compared to foragers; potentially further exac-
erbating N. ceranae spore intensities. Bees in older cohorts likely would have greatly reduced
their pollen consumption, as well as taken cleansing flights—thereby reducing the amount of
spores present in their gut at the time of sampling. Similar results were not observed in the
2013 experimental colonies (Fig 4A) as these colonies were both sampled and established at a
different time of the year (July), when pollen forage was relatively scarce.

Further, the studies that found N. ceranae intensity to increase as a result of high pollen in
the diet also found that the bees fed with high pollen diets survived better than the bees that
received low pollen diets, despite higher spore intensities [32, 59-61]. In an earlier study we
demonstrated that N. ceranae prevalence is not influenced by diet [32], which suggests that
prevalence may be a more reliable indicator of colony infection status, as infection prevalence
does not appear to fluctuate based on the nutritional status of the bees. Therefore, we propose
that measuring the prevalence of infection in individual bees of mixed ages may provide the
most accurate diagnosis of a colony’s N. ceranae infection levels. Further research using this
proposed colony diagnostic method is critical to ascertain the necessary amount of individual
bees to be analyzed for an accurate diagnosis of the disease and to determine the infection
thresholds at which to begin treatment for N. ceranae infection.

In our study (both experiments), we found that foraging-aged bees had a higher prevalence
of N. ceranae infection when compared to nurse-aged bees (Figs 1 and 3). These results are in
agreement with findings of several other studies [2, 38, 44-47]. This phenomenon may be a
result of differential spore production in nurse- and forager-aged bees. In some nurse-aged
bees, spores may not have been produced yet, as compared to forager-aged bees in which
spores may have had ample time to develop. Further, Schmid-Hempel [63] explains that dis-
eases are more likely to be picked up by foragers, while young workers are at less risk of
infection.

It is presumed that the oral transfer of food is the primary mode of N. ceranae infection
transmission between bees [64]; in this manner, queens become infected from sick attending
bees [65]. However, none of the queens in our study (Experiment 2) tested positive for N. cera-
nae infection. This is likely due to the low prevalence of infected bees in the 1 day old cohort
(which were two weeks old at the time of sampling), as these would have been the nurse bees
feeding the queen [66, 67]. In contrast to our results, Higes et al. [65] found the queens of their
cage experiment were heavily infected 21 days after exposure to N. ceranae infected workers.
Three factors may explain this disparity: a shorter length of our study (our colonies were eutha-
nized 14 days after inoculation), a lower infection intensity in the queen attendants in our
study (in year 2013) compared to Higes et al. [65] (infection prevalence was not measured by
Higes et al. [65]), and the experimental design (our experimental colonies were in the field,
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while Higes et al. [65] placed newly emerged workers and queens directly into cages). Deter-
mining the minimum infection prevalence in workers attending the queen that leads to queen
infection should be a targeted objective of future research, as it would greatly benefit beekeepers
in their colony management decisions. Further, it should be noted that spore counts may
underestimate the actual number of bees infected with N. ceranae as some bees may not have
spores yet but have vegetative stages.

Our results suggest that N. ceranae did not have a significant effect on hypopharyngeal
gland protein content. Previous studies with caged bees have demonstrated negative effects of
N. ceranae on hypopharyngeal glands; one study reported a reduction in gland size [31] and
another showed a significant reduction in protein content [32]. Hypopharyngeal gland devel-
opment is influenced by the age/role of workers [68], their diet [69], and the presence of brood
[70, 71]. Hence, hypopharyngeal gland protein content is influenced by several factors. This
may explain the discrepancy between our findings and the results from above mentioned stud-
ies, as the rearing environments were different in these studies. In our study the bees were in
colonies under natural field conditions, whereas bees were reared in a cage environment in oth-
ers. Further, as reduction in hypopharyngeal gland protein from N. ceranae infection was
observed in laboratory conditions but not in field conditions, we may speculate that stimuli
affecting protein synthesis in hypopharyngeal glands might exist in field colonies and may off-
set the negative impact of N. ceranae infection on hypopharyngeal gland protein. In this study
it was not possible to directly compare the hypopharyngeal gland protein between uninfected
and infected bees. This fact should also be kept in mind when interpreting the hypopharyngeal
gland protein data. However, further research is needed to understand how above mentioned
factors mitigate the effects of N. ceranae on the hypopharyngeal glands of bees in the field.

Nurse bees have well-developed and highly active hypopharyngeal glands [70, 72] that pro-
duce and secrete most of the proteins contained in royal jelly [73,74]. This was, in fact, corrobo-
rated in our study as the 1 day old cohort (2 weeks old at time of analysis) had the highest mean
concentration of hypopharyngeal gland protein (Fig 5). Surprisingly, bees in the 2 week old
cohort exhibited high protein concentrations in the hypopharyngeal glands similar to the bees in
the 1 day old cohort. These bees were 4 weeks old at the time of analysis and were expected to
have transitioned to foraging tasks. The only plausible explanation for this unexpected finding is
that the foraging bees may have reverted back to nursing tasks to adjust the brood rearing work
force, thereby meeting the needs of increasing brood in the colony. Sagili et al. [52] have shown
that high brood pheromone in a colony signals the presence of greater number of larvae, and the
bees in a high brood pheromone environment have higher hypopharyngeal gland protein.

Supporting Information

S1 Fig. Gel showing multiplex PCR amplicons of lengths specific to the 16S rRNA of
Nosema ceranae and Nosema apis, as well as the honey bee house-keeping gene RpS5. Lanes
1-8 show samples from infected honey bees from each of the eight quadruple-cohort colonies.
Only the Nosema ceranae species was present in the colonies. Lane 9 is a sample infected only
with Nosema ceranae, Lane 10 is a sample infected only with Nosema apis. Lane 11 is a sample
of non-infected honey bees. Lane M is a 100 bp DNA ladder.

(TIFF)

Acknowledgments

The authors would like to thank Dr. Leellen Solter lab at University of Illinois Urbana-Cham-
paign for providing Nosema apis and N. ceranae DNA. We would also like to thank Dr. Hiro

PLOS ONE | DOI:10.1371/journal.pone.0163522 September 22, 2016 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163522.s001

@° PLOS | ONE

Nosema ceranae in Honey Bee Colonies

Nonogaki and members of his lab for allowing us access to equipment and providing technical
support.

Author Contributions

Conceptualization: C] TW RS.

Formal analysis: C] RS.

Funding acquisition: C] RS.

Investigation: C] HL.

Methodology: C] HL TW RS.

Project administration: RS.

Supervision: RS.

Validation: C] HL RS.

Visualization: C] HL RS.

Writing - original draft: CJ.

Writing - review & editing: C] HL TW RS.

References

10.

1.

12

Tautz J. The buzz about bees: Biology of a superorganism. 1sted. Berlin: Springer; 2008.

Higes M, Martin-Hernandez R, Botias C, Garrido-Baildn E, Gonzalez-Porto AV, Barrios L, et al. How
natural infection by Nosema ceranae causes honey bee colony collapse. Environ Microbiol. 2008; 10:
2659-2669. doi: 10.1111/j.1462-2920.2008.01687.x PMID: 18647336

Higes M, Martin-Hernandez R, Garrido-Bailén E, Gonzalez-Porto AV, Garcia-Palencia P, Meana A.
Honeybee colony collapse due to Nosema ceranae in professional apiaries. Environ Microbiol Rep.
2009; 1:110-113. doi: 10.1111/].1758-2229.2009.00014.x PMID: 23765741

Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, Moran NA, et al. A metagenomic survey
of microbes in honey bee Colony Collapse Disorder. Sci. 2007; 318: 283-287.

vanEngelsdorp D, Evans JD, Saegerman C, Mullin C, Haubruge E, Nguyen BK, et al. Colony collapse
disorder: a descriptive study. PLoS ONE. 2009; 4: e6481. doi: 10.1371/journal.pone.0006481 PMID:
19649264

Bromenshenk JJ, Henderson CB, Wick CH, Stanford MF, Zulich AW, Jabbour RE, et al. Iridovirus and
microsporidian linked to honey bee colony decline. PLoS ONE. 2010; 5: e13181. doi: 10.1371/journal.
pone.0013181 PMID: 20949138

Fries |, Feng F, da Silva A, Slemenda SB, Pieniazek NJ. Nosema ceranae sp. (Microspora, Nosemati-
dae), morphological and molecular characterization of a microsporidian parasite of the Asian honey
bee Apis cerana (Hymenoptera, Apidae). Eur J Protistol. 1996; 32: 356—365.

Higes M, Martin R, Meana A. Nosema ceranae, a new microsporidian parasite in honeybees in Europe.
J Invertebr Pathol. 2006; 92: 93-95. PMID: 16574143

Klee J, Besana AM, Genersch E, Gisder S, Nanetti A, Tam DQ, et al. Widespread dispersal of the
microsporidian Nosema ceranae, an emergent pathogen of the western honey bee, Apis mellifera. J
Invertebr Pathol. 2007; 96: 1-10. PMID: 17428493

Chen'Y, Evans JD, Smith BI, Pettis JS. 2008. Nosema ceranaeis a long present and wide spread
microsporidian of the European honey bee (Apis mellifera) in the United States. J Invertebr Pathol. 97:
186-188. PMID: 17880997

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

Invernizzi C, Abud C, Tomasco IH, Harriet J, Ramallo G, Campa J, et al. Presence of Nosema ceranae
in honeybees (Apis mellifera) in Uruguay. J Invertebr Pathol. 2009; 101:150-153. doi: 10.1016/}.jip.
2009.03.006 PMID: 19358851

PLOS ONE | DOI:10.1371/journal.pone.0163522 September 22, 2016 17/20


http://dx.doi.org/10.1111/j.1462-2920.2008.01687.x
http://www.ncbi.nlm.nih.gov/pubmed/18647336
http://dx.doi.org/10.1111/j.1758-2229.2009.00014.x
http://www.ncbi.nlm.nih.gov/pubmed/23765741
http://dx.doi.org/10.1371/journal.pone.0006481
http://www.ncbi.nlm.nih.gov/pubmed/19649264
http://dx.doi.org/10.1371/journal.pone.0013181
http://dx.doi.org/10.1371/journal.pone.0013181
http://www.ncbi.nlm.nih.gov/pubmed/20949138
http://www.ncbi.nlm.nih.gov/pubmed/16574143
http://www.ncbi.nlm.nih.gov/pubmed/17428493
http://www.ncbi.nlm.nih.gov/pubmed/17880997
http://dx.doi.org/10.1016/j.jip.2009.03.006
http://dx.doi.org/10.1016/j.jip.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19358851

@° PLOS | ONE

Nosema ceranae in Honey Bee Colonies

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Traver BE, Williams MR, Fell RD. Comparison of within hive sampling and seasonal activity of Nosema
ceranae in honey bee colonies. J Invertebr Pathol. 2012; 109: 187-193. doi: 10.1016/}.jip.2011.11.001
PMID: 22085836

Fries |. Nosema ceranae in European honey bees (Apis mellifera). J Invertebr Pathol. 2010; 103:
S73-S79. doi: 10.1016/j.jip.2009.06.017 PMID: 19909977

Weiss LM, Becnel JJ. Microsporidia: Pathogens of Opportunity. Hoboken, NJ: Wiley-Blackwell; 2014.

Higes M, Garcia-Palencia P, Martin-Hernandez R, Meana A. Experimental infection of Apis mellifera
honeybees with Nosema ceranae (Microsporidia). J Invertebr Pathol. 2007; 94:211-217. PMID:
17217954

Mayack C, Naug D. Energetic stress in the honeybee Apis mellifera from Nosema ceranae infection. J
Invertebr Pathol. 2009; 100: 185-188. doi: 10.1016/}.jip.2008.12.001 PMID: 19135448

Naug D, Gibbs A. Behavioral changes mediated by hunger in honeybees infected with Nosema cera-
nae. Apidologie. 2009; 40: 595-599.

Vidau C, Panek J, Texier C, Biron DG, Belzunces LP, Le Gall M, et al. Differential proteomic analysis
of midguts from Nosema ceranae-infected honeybees reveals manipulation of key host functions. J
Invertebr Pathol. 2014; 121: 89-96. doi: 10.1016/}.jip.2014.07.002 PMID: 25038465

Goblirsch M, Huang ZY, Spivak M. Physiological and behavioral changes in honey bees (Apis melli-
fera) induced by Nosema ceranae infection. PLoS ONE. 2013; 8: €58165. doi: 10.1371/journal.pone.
0058165 PMID: 23483987

Alaux C, Folschweiller M, McDonnell C, Beslay D, Cousin M, Dussaubat C, et al. Pathological effects
of the microsporidium Nosema ceranae on honey bee queen physiology (Apis mellifera). J Environ
Pathol. 2011; 106: 380-385.

Antinez K, Martin-Hernandez R, Prieto L, Meana A, Zunino P, Higes M. Immune suppression in the
honey bee (Apis mellifera) following infection by Nosema ceranae (Microsporidia). Environ Microbiol.
2009; 11:2284—-2290. doi: 10.1111/j.1462-2920.2009.01953.x PMID: 19737304

Eiri DM, Suwannapong G, Endler M, Nieh JC. Nosema ceranae can infect honey bee larvae and
reduces subsequent adult longevity. PLoS ONE. 2015; 10: e0126330. doi: 10.1371/journal.pone.
0126330 PMID: 26018139

Patel NG, Haydak MH, Gochnauer TA. Electrophoretic components of the proteins in honeybee larval
food. Nat. 1960; 186: 633—-634.

White JW Jr, Subers MH, Schepartz Al. The identification of inhibine, antibacterial factor in honey, as
hydrogen peroxide, and its origin in a honey glucose oxidase system. BBA. 1963; 73: 57—-70. PMID:
14000328

Ohashi K, Natori S, Kubo T. Expression of amylase and glucose oxidase in the hypopharyngeal glands
with an age-dependent role change of the worker honeybee (Apis melliferalL.). Eur J Biochem. 1999;
265: 127—-133. doi: 10.1046/].1432-1327.1999.00696.x PMID: 10491166

Malone LA, Gatehouse HS. Effects of Nosema apis infection on honey bee (Apis mellifera) digestive
proteolytic enzyme activity. J Invertebr Pathol. 1998; 71: 169—-174. doi: 10.1006/jipa.1997.4715

Wang I, Moeller FE. Ultrastructural changes in the hypopharyngeal glands of worker honey bees
infected by Nosema apis. J Invertebr Pathol. 1971; 17: 308-320.

Liu TP. Ultrastructural analysis on the gland secretion in the extracellular ducts of the hypopharyngeal
glands of the honeybee infected by Nosema apis. Tissue Cell. 1990; 22: 533-540. PMID: 18620319

Chen YP, Evans JD, Murphy C, Gutell R, Zuker M, Gundensen-Rindal D, Pettis JS. Morphological,
molecular, and phylogenetic characterization of Nosema ceranae, a microsporidian parasite isolated
from the European honey bee, Apis mellifera. J Eukaryot Microbiol. 2009; 56: 142—-147. doi: 10.1111/].
1550-7408.2008.00374.x PMID: 19457054

Alaux C, Brunet JL, Dussaubat C, Mondet F, Tchamitchan S, Cousin M, et al. Interactions between
Nosema microspores and a neonicotinoid weaken honeybees (Apis mellifera). Environ Microbiol.
2010; 12: 774-782. doi: 10.1111/j.1462-2920.2009.02123.x PMID: 20050872

Jack CJ, Uppala SS, Lucas HM, Sagili RR. Effects of pollen dilution on infection of Nosema ceranaein
honey bees. J Ins Physiol. 2016; 87:12-19.

Bailey L. The infection of the ventriculous of the adult honey bee by Nosema apis (Zander). Parasitol.
1955; 45: 86-94.

Jaronski ST. Role of the larval mosquito midgut in determining host susceptibility to Nosema algerae
(Microsporidia). Ph.D. Thesis, Cornell University; 1979.

Weidner E. Ultrastructural study of microsporidian invasion into cells. Z. Parasitenk. 1972; 40: 227—
242. PMID: 4346238

PLOS ONE | DOI:10.1371/journal.pone.0163522 September 22, 2016 18/20


http://dx.doi.org/10.1016/j.jip.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22085836
http://dx.doi.org/10.1016/j.jip.2009.06.017
http://www.ncbi.nlm.nih.gov/pubmed/19909977
http://www.ncbi.nlm.nih.gov/pubmed/17217954
http://dx.doi.org/10.1016/j.jip.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19135448
http://dx.doi.org/10.1016/j.jip.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25038465
http://dx.doi.org/10.1371/journal.pone.0058165
http://dx.doi.org/10.1371/journal.pone.0058165
http://www.ncbi.nlm.nih.gov/pubmed/23483987
http://dx.doi.org/10.1111/j.1462-2920.2009.01953.x
http://www.ncbi.nlm.nih.gov/pubmed/19737304
http://dx.doi.org/10.1371/journal.pone.0126330
http://dx.doi.org/10.1371/journal.pone.0126330
http://www.ncbi.nlm.nih.gov/pubmed/26018139
http://www.ncbi.nlm.nih.gov/pubmed/14000328
http://dx.doi.org/10.1046/j.1432-1327.1999.00696.x
http://www.ncbi.nlm.nih.gov/pubmed/10491166
http://dx.doi.org/10.1006/jipa.1997.4715
http://www.ncbi.nlm.nih.gov/pubmed/18620319
http://dx.doi.org/10.1111/j.1550-7408.2008.00374.x
http://dx.doi.org/10.1111/j.1550-7408.2008.00374.x
http://www.ncbi.nlm.nih.gov/pubmed/19457054
http://dx.doi.org/10.1111/j.1462-2920.2009.02123.x
http://www.ncbi.nlm.nih.gov/pubmed/20050872
http://www.ncbi.nlm.nih.gov/pubmed/4346238

@° PLOS | ONE

Nosema ceranae in Honey Bee Colonies

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

Ishihara R. Stimuli causing extrusion of polar filaments of Glugea fumiferanae spores. Can J Microbiol.
1967; 13: 1321-1332. PMID: 6064339

El-Shemy AAM, Pickard PS. Seasonal variation in the infection of honeybee colonies with Nosema
apis Zander. J Apicult Res. 1989; 28: 93-100.

Smart M, Sheppard W. Nosema ceranae in age cohorts of the western honey bee (Apis mellifera). J
Invert Pathol. 2012; 109: 148-151.

Mulholland GE, Traver BE, Johnson NG, Fell RD. Individual Variability of Nosema ceranae Infections
in Apis mellifera Colonies. Insects. 2012; 3: 1143—1155. doi: 10.3390/insects3041143 PMID:
26466731

Burgher-MacLellan KL, Williams GR, Shutler D, MacKenzie K, Rogers REL. Optimization of duplex
real-time PCR with meltingcurve analysis for detecting the microsporidian parasites Nosema apis and
Nosema ceranae in Apis mellifera. Can Entomol. 2010; 142: 271-283.

Williams GR, Shutler D, Little CM, Burgher-MacLellan KL, Rogers REL. The Microsporidian Nosema
ceranae, the antibiotic Fumagillin-B, and western honey bee (Apis mellifera) colony strength. Apidolo-
gie. 2010; 42: 15-22. doi: 10.1051/apido/2010030

Botias C, Martin-Hernandez R, Garrido-Bailén E, Gonzalez-Porto A, Martinez-Salvador A, De La Rua
P, et al. The growing prevalence of Nosema ceranae in honey bees in Spain, an emerging problem for
the last decade. Res Vet Sci. 2012; 93: 150—155. doi: 10.1016/j.rvsc.2011.08.002 PMID: 21906767

Traver BE, Fell RD. Prevalence and infection intensity of Nosema in honey bee (Apis melliferaL.) colo-
nies in Virginia. J Invertebr Pathol. 2011; 107: 43—49. doi: 10.1016/}.jip.2011.02.003 PMID: 21345338

Meana A, Martin-Hernandez R, Higes M. The reliability of spore counts to diagnose Nosema ceranae
infections in honey bees. J Apic Res. 2010; 49: 212-214.

Botias C, Martin-Herandez R, Dias J, Garcia-Palencia P, Matabuena M, Juarranz A, et al. The effect
of induced queen replacement on Nosema spp. infection in honey bee (Apis mellifera iberiensis) colo-
nies. Environ Microbiol. 2012; 14: 845-859. doi: 10.1111/j.1462-2920.2011.02647.x PMID: 22118366

Martin-Hernandez R, Botias C, Bailén EG, Martinez-Salvador A, Prieto L, Meana A, et al. Microspori-
dia infecting Apis mellifera: coexistence or competition. Is Nosema ceranae replacing Nosema apis?
Environ Microbiol. 2012; 14:2127-2138. doi: 10.1111/j.1462-2920.2011.02645.x PMID: 22176602

Botias C, Martin-Hernandez R, Barrios L, Meana A, Higes M. Nosema spp. infection and its negative
effects on honey bees (Apis mellifera iberiensis) at the colony level. Vet Res. 2013; 44:25. doi: 10.
1186/1297-9716-44-25 PMID: 23574888

Hamiduzzaman MM, Guzman-Nova E, Goodwin PH. A multiplex PCR assay to diagnose and quantify
Nosema infections in honey bees (Apis mellifera). J Invertebr Pathol. 2010; 105: 151-155. doi: 10.
1016/}.jip.2010.06.001 PMID: 20570679

Cantwell GE. Standard methods for counting Nosema spores. Am Bee J. 1970; 110: 222-223.

Giray T, Robinson GE. Effects of intracolony variability in behavioral development on plasticity of divi-
sion of labor in honeybee colonies. Behav. Ecol. Sociobiol. 1994; 35: 13-20.

Le Conte Y, Mohammedi A, Robinson GE. Primer effects of a brood pheromone on honeybee behav-
ioral development. Proc R Soc B. 2001; 268: 163—168. PMID: 11209886

Sagili RR, Pankiw T, Metz BN. Division of labor associated with brood rearing in the honey bee: how
does it translate to colony fithess? PLoS ONE 2011; 6: e16785. doi: 10.1371/journal.pone.0016785
PMID: 21347428

Fries |, Chauzat MP, Chen YP, Doublet V, Genersch E, Gisder S, et al. Standard methods for Nosema
research. J Apic Res. 2013; 51:

Martin-Hernandez R, Meana A, Prieto L, Martinez-Salvador A, Garrido-Bailén E, Higes M. Outcome of
colonization of Apis melliferaby Nosema ceranae. Appl Environ Microbiol. 2007; 73: 6331-6338.
PMID: 17675417

Thompson GJ, Yockey H, Lim J, Oldroyd BP. Experimental manipulation of ovary activation and gene
expression in honey bee (Apis mellifera) queens and workers: testing hypotheses of reproductive regu-
lation. J Exp Zool. 2007; 307: 600-610.

Gisder S, Hedtke K, Mockel N, Frielitz MC, Linde A, Genersch E. Five-year cohort study of Nosema
spp. in Germany: does climate shape virulence and assertiveness of Nosema ceranae? Appl Environ
Microbiol. 2010; 76: 3032—3038. doi: 10.1128/AEM.03097-09 PMID: 20228103

Pettis JS, vanEngelsdorp D, Johnson J, Dively G. Pesticide exposure in honey bees results in
increased levels of the gut pathogen Nosema. Naturwissenschaften. 2012; 99: 153—158. doi: 10.
1007/s00114-011-0881-1 PMID: 22246149

PLOS ONE | DOI:10.1371/journal.pone.0163522 September 22, 2016 19/20


http://www.ncbi.nlm.nih.gov/pubmed/6064339
http://dx.doi.org/10.3390/insects3041143
http://www.ncbi.nlm.nih.gov/pubmed/26466731
http://dx.doi.org/10.1051/apido/2010030
http://dx.doi.org/10.1016/j.rvsc.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21906767
http://dx.doi.org/10.1016/j.jip.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21345338
http://dx.doi.org/10.1111/j.1462-2920.2011.02647.x
http://www.ncbi.nlm.nih.gov/pubmed/22118366
http://dx.doi.org/10.1111/j.1462-2920.2011.02645.x
http://www.ncbi.nlm.nih.gov/pubmed/22176602
http://dx.doi.org/10.1186/1297-9716-44-25
http://dx.doi.org/10.1186/1297-9716-44-25
http://www.ncbi.nlm.nih.gov/pubmed/23574888
http://dx.doi.org/10.1016/j.jip.2010.06.001
http://dx.doi.org/10.1016/j.jip.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20570679
http://www.ncbi.nlm.nih.gov/pubmed/11209886
http://dx.doi.org/10.1371/journal.pone.0016785
http://www.ncbi.nlm.nih.gov/pubmed/21347428
http://www.ncbi.nlm.nih.gov/pubmed/17675417
http://dx.doi.org/10.1128/AEM.03097-09
http://www.ncbi.nlm.nih.gov/pubmed/20228103
http://dx.doi.org/10.1007/s00114-011-0881-1
http://dx.doi.org/10.1007/s00114-011-0881-1
http://www.ncbi.nlm.nih.gov/pubmed/22246149

@° PLOS | ONE

Nosema ceranae in Honey Bee Colonies

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Pettis JS, Lichtenberg EM, Andree M, Stitzinger J, Rose R, vanEngelsdorp D. Crop pollination exposes
honey bees to pesticides which alters their susceptibility to the gut pathogen Nosema ceranae. PLoS
ONE 2013; 8:e70182. doi: 10.1371/journal.pone.0070182 PMID: 23894612

Porrini MP, Sarlo EG, Medici SK, Garrido PM, Porrini DP, Damiani N, et al. Nosema ceranae develop-
ment in Apis mellifera: influence of diet and infective inoculum. J Apic Res. 2011; 50: 35—41. doi: 10.
3896/IBRA.1.50.1.04

Zheng HQ, Lin ZG, Huang SK, Sohr A, Chen YP. Spore loads may not be used alone as a direct indica-
tor of the severity of Nosema ceranae infection in honey bees Apis mellifera (Hymenoptera:Apidae). J
Econ Entomol. 2014; 107: 2037-2044. doi: 10.1603/EC13520 PMID: 26470067

Fleming JC, Schmehl DR, Ellis JD. Characterizing the impact of commercial pollen substitute diets on
the level of Nosema spp. in honey bees (Apis melliferaL.). PLoS ONE 2015; 10: e0132014. doi: 10.
1371/journal.pone.0132014 PMID: 26226229

Crailsheim K, Schneider LHW, Hrassnigg N, Buhimann G, Brosch U, Gmeinbauer R, et al. Pollen con-
sumption and utilization in worker honeybees (Apis mellifera carnica): dependence on individual age
and function. J Insect Physiol. 1992; 38: 409-419.

Schmid-Hempel P. Infection and colony variability in social insects. Phil Trans R Soc Lond. B. 1994;
346: 313-321.

Smith ML. The honey bee parasite Nosema ceranae: transmissible via food exchange? PLoS ONE
2012; 7:e43319. doi: 10.1371/journal.pone.0043319 PMID: 22916241

Higes M, Martin-Hernandez R, Garcia-Palencia P, Marin P, Meana A. Horizontal transmission of
Nosema ceranae (Microsporidia) from worker honeybees to queens (Apis mellifera). Environ Microbiol
Rep. 2009; 1: 495-498. doi: 10.1111/j.1758-2229.2009.00052.x PMID: 23765927

Seeley TD. Adaptive significant of the age polyethism schedule in honeybee colonies. Behav Eco
Sociobiol. 1982; 11:287-293.

Winston ML. The Biology of the Honey Bee. Cambridge, MA: Harvard University Press; 1987.

Kubo T, Sasaki M, Nakamura J, Sasagawa H, Ohashi K, Takeuchi H, et al. Change in the expression

of hypopharyngeal-gland proteins of the worker honeybees (Apis mellifera L.) with age and/or role. J
Biochem. 1996; 119: 291-295. PMID: 8882720

Hrassnigg N, Crailsheim K. The influence of brood on the pollen consumption of worker bees (Apis
melliferaL.). J Insect Physiol. 1998; 44: 393—-404. PMID: 12770157

Brouwers EVM. Measurement of hypopharyngeal gland activity in the honeybee. J ApiculRes. 1982;
21:193-198.

Huang ZY, Otis GW, Teal PEA. Nature of brood signal activating the protein synthesis of hypopharyn-
geal gland in honey bees, Apis mellifera (Apidae: Hymenoptera). Apidologie. 1989; 20: 455-464.

Crailsheim K, Stolberg E. Influence of diet, age and colony condition upon intestinal proteolytic activity
and size of the hypopharyngeal glands in the honeybee (Apis mellifera L.). JInsect Physiol. 1989; 35:
595-602.

Knecht D, Kaatz HH. Patterns of larval food production by hypopharyngeal glands in adult worker
honey bees. Apidologie. 1990; 21: 457-468.

Lass A, Crailsheim K. Influence of age and caging upon protein metabolism, hypopharyngeal glands
and trophallactic behavior in the honey bee (Apis melliferal). Insectes Soc. 1996; 43: 347-358.

PLOS ONE | DOI:10.1371/journal.pone.0163522 September 22, 2016 20/20


http://dx.doi.org/10.1371/journal.pone.0070182
http://www.ncbi.nlm.nih.gov/pubmed/23894612
http://dx.doi.org/10.3896/IBRA.1.50.1.04
http://dx.doi.org/10.3896/IBRA.1.50.1.04
http://dx.doi.org/10.1603/EC13520
http://www.ncbi.nlm.nih.gov/pubmed/26470067
http://dx.doi.org/10.1371/journal.pone.0132014
http://dx.doi.org/10.1371/journal.pone.0132014
http://www.ncbi.nlm.nih.gov/pubmed/26226229
http://dx.doi.org/10.1371/journal.pone.0043319
http://www.ncbi.nlm.nih.gov/pubmed/22916241
http://dx.doi.org/10.1111/j.1758-2229.2009.00052.x
http://www.ncbi.nlm.nih.gov/pubmed/23765927
http://www.ncbi.nlm.nih.gov/pubmed/8882720
http://www.ncbi.nlm.nih.gov/pubmed/12770157

