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a b s t r a c t

Multiple stressors, such as chemicals and pathogens, are likely to be detrimental for the health and
lifespan of Apis mellifera, a bee species frequently exposed to both factors in the field and inside hives.
The main objective of the present study was to evaluate comparatively the health of Carniolan and
Africanized honey bees (AHB) co-exposed to thiamethoxam and Nosema ceranae (N. ceranae) spores.
Newly-emerged worker honey bees were exposed solely with different sublethal doses of thiamethoxam
(2% and 0.2% of LD50 for AHB), which could be consumed by bees under field conditions. Toxicity tests for
the Carniolan bees were performed, and the LD50 of thiamethoxam for Carniolan honey bees was 7.86 ng
bee�1. Immunohistological analyses were also performed to detect cell death in the midgut of thiame-
thoxam and/or N. ceranae treated bees. Thiamethoxam exposure had no negative impact on Nosema
development in experimental conditions, but it clearly inhibited cell death in the midgut of thiame-
thoxam and Nosema-exposed bees, as demonstrated by immunohistochemical data. Indeed, thiame-
thoxam exposure only had a minor synergistic toxic effect on midgut tissue when applied as a low dose
simultaneously with N. ceranae to AHB and Carniolan honey bees, in comparison with the effect caused
by both stressors separately. Our data provides insights into the effects of the neonicotenoid thiame-
thoxam on the AHB and Carniolan honey bee life span, as well as the effects of simultaneous application
of thiamethoxam and N. ceranae spores to honey bees.

© 2016 Published by Elsevier Ltd.
1. Introduction

Among several insecticides used in agriculture against insect
pests, special attention is given to a second generation neon-
icotinoid thiametoxam, which has systemic action in plants
(Maienfisch et al., 2001). Because this insecticide is systemic, it
should be considered hazardous to pollinators because nectar,
pollen and exudates could become contaminated (Girolami et al.,
2009; Stoner and Eitzer, 2012). An accumulation of
lovenia, Hacquetova 17, 1000
neonicotinoids occurs in hive products, and thus young emerging
honey bees can be chronically exposed to sublethal doses of thia-
methoxam (Pillin et al., 2013), which induces significant short-term
impacts at the colony level, resulting in decreased colony perfor-
mance and productivity (Sandrock et al., 2014). Africanized and
European honeybees are the same specie (Apis mellifera), and they
are classified as different races or sub-species. Several differences
were established between AHB and European bees, including
morphological, behavioral, genetic, resistance to Varroa parasitism
(Calderon et al., 2010). Comparative analysis of the effects of
pesticide and pathogen are needed on the tissue level to add in-
formation about the mode of action of insecticide and pathogen in
both bee races.

Neonicotinoids act on the insect nervous system through
agonistic actions on nicotinic acetylcholine receptors (Tan et al.,
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2007). For European honeybees, the LD50 for oral administration of
thiamethoxam over 48 h is 5 ng, and LD50 for contact adminis-
tration over 24 h is 29 ng (Decourtye et al., 2005). Furthermore, the
LD50 of thiamethoxam for newly emerged AHBs is 4.28 ng bee�1

(Oliveira et al., 2014).
Multiple stressors have been identified as a potential cause of

individual bee or colony mortality (Goulson et al., 2015), including
pesticides and pathogens. A combination of various pathogens has
been documented as a contributing cause to bee mortality (Cox-
Foster et al., 2007; Higes et al., 2008). In addition to pesticides,
Nosema ceranae, a microsporidium that infects the midgut cells of
several species of the Apis genus (Higes et al., 2007; Garcia-Palencia
et al., 2010), results in reduced colony strength and winter mor-
tality, without any previous evident precocious clinical symptoms
(Higes et al., 2008; Botias et al., 2013). N. ceranae also induces
modifications on bee physiology (Dussaubat et al., 2010).

Persistent exposure to pesticides and pathogens threatens
honey bee survival. Interaction between pesticides and Nosema
microspores has an impact on bee health (Alaux et al., 2010;
Aufauvre et al., 2012) and causes a reduction of bee lifespan
(Vidau et al., 2011), indicating that Nosema potentially interacts
with environmental stressors such pesticides. Knowledge about the
effects of interaction among different pathogens or pesticides
within the hives is crucial for understanding the bee disease dy-
namics and bee mortality, which appear in recent years
(vanEngelsdorp et al., 2009; Cornman et al., 2012).

Thiamethoxam binds to the nicotinic acetylcholine receptor in
the insect's nervous system and may affect honey bees through
contaminated food. Together with Nosema spores which is per os
infectious agent potentially could induce changes in bee tissues,
especially in the midgut, which is an absorptive organ and thus
potentially the first affected organ for chemical compounds. It is
therefore necessary to study the toxic effects on bees and the
changes in the honey bee midgut on the cellular level induced by
both oral administration of thiamethoxam and inoculation with
N. ceranae spores. We previously used several cell death assays to
determine the toxic effects of various pesticides on honey bee. The
first method we used to determine the progression of cell death in
situ was the TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling) assay, which enables the visu-
alization of fragmented DNA in the nucleus (Gavrieli et al., 1992).
Previous studies have successfully used the terminal TUNEL tech-
nique to detect cell death in the honey bee midgut (Gregorc and
Bowen, 2000). As different methods assaying DNA fragmentation
(TUNEL technique) can indicate different levels of cell death in
tissues, we used two methods of cell death detection in our ex-
periments. A previous report found that in different human tissues
the ‘in situ cell death detection kit AP’ was unable to differentiate
between apoptosis and necrosis (Matylevitch et al., 1998). Our
experimental design explores the interaction between thiame-
thoxam and N. ceranae infection to demonstrate survival rates of
both Apis mellifera carnica and Africanized Apis mellifera exposed to
thiamethoxam and N. ceranae and to further evaluate both types of
cell death using two TUNEL immunohistological methods. Our
further aim is also to compare the thiamethoxam and N. ceranae
effect in both honey bee subspecies. The honey bee Apis mellifera
carnica Pollmann (commonly known as the “Carniolan bee”) and
the Africanized honeybee (AHB, hybrid of A. m. scutellata from Af-
rica and European subspecies) live in different regions with
different climatic conditions. Thus, a comparative evaluation of
response of these subspecies to insecticides and pathogens is
important for determining the role of stressors on the physiological
health of a bee species exhibiting considerable variability in
defensive behavior.

The main objectives of this study were: (1) to provide
toxicological data of Carniolan honey bees exposed to different
concentrations of thiamethoxam; (2) and to determine the survival
rates of Carniolan and AHB simultaneously exposed to sublethal
concentrations of thiamethoxam andN. ceranae; and (3) to evaluate
the potential differences in the mechanism of action of thiame-
thoxam and N. ceranae spores on the midgut tissue of Carniolan
bees compared to the AHB.

2. Material and methods

2.1. Experimental bees, treatments and sampling

Bioassays were conducted at the Agricultural institute of
Slovenia, Ljubljana, Slovenia, and at the Center of Study about Social
Insects (CEIS-UNESP), Rio Claro, S~ao Paulo State, Brazil. Frames of
capped brood were obtained from healthy colonies to provide a
supply of newly emerged honey bees (A. mellifera carnica Polm.)
free ofNosema for all trials (confirmed by PCR following themethod
from Martin-Hernandez et al., 2007).

Worker honey bees emerging from the brood comb in an
incubator were obtained as a mixture from three colonies. After
emergence, 24 h-old worker bees were confined to cages. The bees
were starved for 2 h before starting the toxicity and inoculation
procedures.

2.2. Experiment design

Newly emerged worker honey bees were divided in groups and
individually treated as later described. Workers were kept into
plastic cups (cages) and maintained at 30±1 �C with a 70 ± 10% of
RH in the dark. For all experiments, the caged bees were fed per os,
using micropipette, with specific treatment solution and all bees in
the cages were fed with sucrose water solution (1:1) ad libitum.

2.2.1. Acute toxicity test of thiamethoxam for Carniolan honey bees
inoculated per os

A thiamethoxam stock solution (1000 ng a.i./ml) was prepared
using acetone as an initial solvent. Experimental treatment con-
centrations were prepared by further dilutions of a diet of sucrose
water solution (1:1). Newly emerged bees were separated into
seven groups, with five replicates for each group. In each replicate
there were 20 bees. Bees in each treatment groupwere individually
inoculated with 2 ml of sugar solution containing thiamethoxam. In
group 1, bees received 42.80 ng; bees in group 2 received 21.40 ng;
bees in group 3 received 10.70 ng; bees in group 4 received 5.35 ng;
and bees in group 5 received 2.68 ng thiamethoxam. The bees in the
cages of groups 6 and 7 were control bees individually fed with 2 ml
sugar solution in water (1:1). Dead bees in both the treatment and
control groups were counted after 24 and 48 h. Acute toxicity test
was performed only in Carniolan bee, because toxicity test in AHB
was conducted in previous experiments (Oliveira et al., 2014). Bee
mortality analyses were performed by ANOVA (analysis of variance)
to test whether the treatments affected the bees. When necessary,
ANOVA was followed by a Tukey test for pair wise comparisons.
Statgraphic plus software programmewas used, and P¼ 0.05 as the
significance threshold in all statistical analyses was considered.

2.2.2. Toxicity test with Carniolan and AHB bees
2.2.2.1. Obtention of N. ceranae spores. N. ceranae spores were ob-
tained from the same geographic origin as bees. Thus, for Carniolan
bees, N. ceranae were obtained from the colony maintained at the
experimental apiary at the Agricultural Institute of Slovenia,
Ljubljana, Slovenie. The AHBworkers, used as a source of N. ceranae
spores, were obtained from the colony maintained at the apiary of
APTA, located in Pindamoguangada, S~ao Paulo State, Brazil.



A. Gregorc et al. / Chemosphere 147 (2016) 328e336330
Molecular characterization of the spore inoculums, in both coun-
tries, was performed using PCR (Higes et al., 2007) to confirm that
the spores were correspondent to N. ceranae.

To get Nosema spores for experimental infection of bees,
workers were collected from infected colonies and their midgut
were dissected and macerated. Macerate containing spores was
washed three times by centrifugation in Insect Ringer's solution.
Concentration of spores was determined by counting spores in a
Neubauer chamber under light microscopy. The lowest infective
dose of 60,000 spores per bee was applied. Spore inoculums and/or
thiamethoxam solution were prepared fresh for inoculation and
sterile filter pipette tips for individual bees were used. Each day,
dead bees were removed from cages and counted.

2.2.2.2. Exposure to thiamethoxam and/or N. ceranae spores inocu-
lation. The chosen doses of thiamethoxam were calculated from
established LD50 for AHB (Oliveira et al., 2014) and correspond to
0.2% and 2% of LD50. Both doses are in agreement with the average
maximum neonicotinoid concentrations found in pollen and nectar
consumed by adult honey bees (Godfray et al., 2014). A toxicity test
for the honey bees was performed using two thiamethoxam doses
individually administered by oral administration using a micropi-
pette (per os inoculation). The doses administered to the bees in the
first and second experimental group were: I) 0.0856 ng bee�1 (1/50
or 2% of LD50); II) 0.00856 ng bee�1 (1/500 or 0.2% of LD50). Bees in
the third and fourth group received the doses of thiamethoxam and
additionally 60.000 N. ceranae spores: III) 0.0856 ng bee�1 of
thiamethoxam plus Nosema spores; IV) 0.00856 ng bee�1 of thia-
methoxam plus Nosema. Bees in the fifth group received N. ceranae
spores only and the control group of untreated bees received su-
crose water solution (1:1). The volume of the treatment solution
with thiamethoxamwas 2 ml and the volume of treatment solution
with thiamethoxam and N. ceranae spores was 4 ml, which included
2 ml thiamethoxam in a sucrose water solution (1:1) and
2 ml N. ceranae spore suspension.

Each experimental group consisted of five replicates, with 15
bees in each one. The experiment established the mortality rate of
inoculated workers, thus only dead workers were sampled daily.

2.3. Immunohistological analyses

We also populated six cages in parallel to conduct immunohis-
tological analyses. Thirty bees in each cage were individually per os
inoculated, using the same protocol for each experimental group as
described in 2.2.2.1. Thirty bees in the first cage were inoculated
with the doses of thiamethoxam: I) 0.0856 ng bee�1 or II)
0.00856 ng bee�1; in the third and fourth cages, bees received a
high and a lowdose of thiamethoxammixedwith 60,000N. ceranae
spores, respectively. Bees in the fifth cage received N. ceranae
spores only and the control bees in the sixth cage received sucrose
water solution (1:1).

2.3.1. Immunohistochemical analyses
For immunohistochemical procedure, worker bees were

randomly sampled from each experimental group at different times
post-inoculation: 5th, 10th, 17th and 20th days. Three bees of each
collection time for each experimental group were anesthesed by
cold temperature for few minutes and dissected in order to remove
the midgut.

Midguts were fixed in 10% formalin, dehydrated in ethanol and
embedded in paraffinwax for the posterior immunohistochemistry
procedure. The 5-mm sections were then deparaffinized and pro-
cessed per the instructions of the two kits used: the ‘In situ cell
death detection kit, AP’ (ISCDDK) (Roche, Ljubljana, Slovenia) and
the ‘ApoTag’ colorimetric apoptosis detection system’ (Millipore,
Labena, Ljubljana, Slovenia).
The EnVision System alkaline phosphatase kit (Dako, Labormed,

Ljubljana, Slovenia) was used to obtain a red-colored precipitate in
sections submitted to ISCDDK assay. The sections were counter-
stained with hematoxylin. TUNEL-positive cells appeared red,
which are indicated by a reaction product localized to the nucleus
and indicative of cell death, and the TUNEL-negative nuclei of
healthy cells appeared blue.

Histological sections submitted to ApopTag in situ apoptosis
detection kit were incubated with diaminobenzidine tetrahydro-
chloride (DAB). The sections were counterstained with hematoxy-
lin. TUNEL-positive cells appeared brown, which are indicated by a
reaction product localized to the nucleus and indicative of cell
death, and the TUNEL-negative nuclei of healthy cells appeared
blue.

In both assays for cell death detection a control labeling was
achieved by substituting the deoxynucleotidyl transferase (TdT)
enzyme with phosphate buffered saline (PBS) during TUNEL reac-
tion. Sections were mounted in Faramount aqueous mounting
medium (Dako). All slides were analyzed and photodocumented
with a bright field light microscope.

Some slides containing deparaffinized midgut sections from
experimental groups inoculated with Nosema spores were sub-
mitted to incubation with 40,6-diamidino-2-phenylindole (DAPI) at
2 mg/mL for 30 min, at room temperature, and washed in distilled
water. Sections were mounted in Faramount aqueous mounting
medium (Dako) and analyzed under epi-fluorescence microscopy.

2.3.2. Semi-quantitative analysis of cell death
TUNEL-labeled tissue slides were used for quantification of cell

type and impending cell death using ISCDDK and ApopTag kits. For
each experimental group of bees, approximately 300 total cells
from each individual (three bees at different collection times per
group) were counted in random fields within the tissue on different
slides. The results were expressed as the proportion of cells with
positive staining. To confirm reproducibility, 25% of the slides were
chosen randomly and scored twice. The proportion of cells with
positive staining was converted in scores, based on the study by
Bernet et al. (1999) with the following score adaptations: (0) spo-
radic positive cells; (2) 5e15% positive cells; (4) 20e55% positive
cells; (6) 60e90% positive cells.

3. Results

3.1. Acute toxicity test of thiamethoxam for Carniolan honey bees
inoculated per os

Acute toxicity test was performed only in Carniolan bee, because
toxicity test in AHB was conducted in previous study performed by
our research group (Oliveira et al., 2014).

The numbers of dead Carniolan bees were recorded after 24 and
48 h exposure to various concentrations of thiamethoxam treat-
ment (Fig. 1). A strong positive linear correlation (r ¼ 0.84) was
found between thiamethoxam concentration and acute bee mor-
tality 24 h after exposure.

3.2. Toxicity test with Carniolan and AHBs

When bees were exposed to low doses of thiamethoxam and
additionally to N. ceranae spores, no differences in mortality rate
were observed. Carniolan honey bees gradually died during the
period of 30 days. Individual bees treated with thiamethoxam and
Nosema survived up to 40 days. Differences in bee mortality were
not found even though experimental bees survived more than 30
days. Fig. 2 shows a summary of bee survival for each of the five



Fig. 1. Mean cumulative mortality of groups treated with various concentrations of
thiamethoxam. Each group contained 5 cages. Bees in each treatment group received
various concentrations of thiamethoxam, ranging from 2.68 ng bee�1 to 42.8 ng bee�1.
Cumulative mortalities are shown for two time points, 24 and 48 h after exposure.
Control bees received only a sugar solution. Letters indicate that the Tukey tests
(P < 0.05) established that the bee mortality rates between thiamethoxam treatment
groups were not significantly different. Bars indicate standard deviation.

Fig. 2. Mean cumulative survival of Carniolan honey bees per treatment group after
exposure for indicated times. Each treatment group contained 5 cages. Bees in each
treatment group were treated with various concentrations of thiamethoxam and
N. ceranae spores as indicated: 0.0856 ng bee�1 (T1 group), 0.00856 ng bee�1 (T2), high
dose of thiamethoxam and 60,000 N. ceranae spores (T1þN) and a low dose of thia-
methoxam and 60,000 N. ceranae spores (T2þN). Bees in the control group received
only a sugar solution. Survival rates are indicated in five day periods.
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treatment groups.
The AHBs gradually died during a period of 10 days. Fig. 3 shows
Fig. 3. Mean cumulative survival of AHBs per treatment group after exposure for indicated
treated with various concentrations of thiamethoxam and N. ceranae spores as indicated: 0.0
N. ceranae spores (T1þN) and a low dose of thiamethoxam and 60,000 N. ceranae spores (
a summary of bee survival for each of the five treatment groups.

3.3. Nosema quantification

3.3.1. Carniolan honey bee
After inoculation with Nosema spores, the number of spores

after five days averaged at 30,000 spores per bee (0.030 � 106) in
bees which received only Nosema. The same number was observed
in bees that received Nosema plus a low dose (0.00856 ng bee�1) of
thiamethoxam. In contrast, the Nosema spore load in bees inocu-
lated only with spores was higher than in bees simultaneously
inoculated with Nosema and the high dose (0.0856 ng bee�1) of
thiamethoxam (P < 0.05). Ten days after inoculation, the Nosema
spore counts in groups of bees that received only Nosema spores,
Nosema spores plus the high dose of thiamethoxam and Nosema
spores plus a low dose of thiamethoxam were 0.94 � 106

(±1.12� 106),1.79� 106 (±2.64� 106), and 0.47� 106 (±0.92� 106)
spores, respectively. Ten days after inoculation with Nosema plus a
high dose of thiamethoxam, this group of bees showed a significant
increase (P > 0.05) in the number of Nosema spores compared with
the spore counts in bees inoculated with spores only or Nosema
spores plus a low thiamethoxam dose. In bees that received thia-
methoxam without Nosema spores and in the untreated bees, no
Nosema spores were found.

3.3.2. AHB
The number of spores at 5 days post-inoculation with Nosema

only was 300,000 spores per bee (0.30 � 106) and 210,000 spores
per bee (0.21 � 106) for the group that received Nosema plus a low
dose of thiamethoxam. In bees simultaneously inoculated with
Nosema and exposed to the high dose of thiamethoxam, theNosema
spore load was 160,000 spores per bee (0.16 � 106). In bees that
received thiamethoxam without Nosema spores and in the un-
treated bees, no Nosema spores were found.

3.4. Immunohistochemical analysis of the midgut

ISCDDK and Apoptag Kits presented similar labeling in nuclei of
midgut cells. The immunohistochemical data obtained in the
groups exposed to various doses of thiamethoxam and concomitant
inoculation with Nosema spores are summarized in Table 1. In bees
times. Each treatment group contained 5 cages. Bees in each treatment group were
856 ng bee�1 (T1 group), 0.00856 ng bee�1 (T2), high dose of thiamethoxam and 60,000
T2þN). Bees in the control group received only a sugar solution.



Table 1
Semi-quantitative analysis of immunohistochemical (ISCDDK) analysis of cell death in the midgut of Carniolan honey bees (CHB) and Africanized honey bees (AHB).

Bee Days Experimental groups

C (control) T1 (0.0856 ng bee�1) T2 (0.00856 ng bee�1) N (N. ceranae spores) T1 þ N T2 þ N

CHB 5 2 4 4 6 0 0
10 0 4 4 4 4 0
17 0 4 0 0 0 0
20 0 0 0 0 0 4

AHB 5 0 4 4 6 0 0
10 0 4 4 4 4 0

Footnote: Scores represent the proportion of positive cells: (0) sporadic positive cells; (2) 5e15% positive cells; (4) 20e55% positive cells; (6) 60e90% positive cells.
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exposed only to thiamethoxam, the amount of immunohis-
tochemically positive cells was not dependent on the dose between
5 and 10 days. However, in bees exposed to the lowest dose of
thiamethoxam, the cell death observed in the epithelium of the
midgut was similar to the control group (sporadic positive cells), as
seen on the 17th day of the bioassay. In contrast, the level of cell
death in the midgut epithelium of bees exposed to the highest dose
of thiamethoxam remained high on the 17th day of the bioassay.

Notably, the proportion of positive nuclei in midgut digestive
cells of the bees treated with both thiamethoxam and Nosema
spores was much less than in the groups exposed only to thiame-
thoxam or inoculated only with Nosema spores. In bees with
Nosema infection, clusters of infected cells were dispersed along the
midgut epithelium (Fig. 4A, B) on the 5th day after the beginning of
the bioassay. By the 10th day, there was a high level of infection
along the midgut epithelium and hypertrophic enlargement of the
infected digestive cells was observed. Infected cells were also seen
detached from the basal membrane and released into the lumen
(Fig. 4D). In the midgut of honey bees exposed to the lowest doses
of thiamethoxam plus Nosema, the infected cells that were released
from the epithelium occupied a larger area of the lumen (Fig. 4E).
The peak of infection was reached by the 17th day after the
beginning of the bioassay (Fig. 4F). In the bees exposed to both
thiamethoxam plus Nosema, the midgut lumenwas full of detached
infected cells from the basal membrane (Fig. 4G). By the 20th day
from the beginning of the bioassay, infected cells were present in
the epithelium, but there was no observed increase in releasing of
infected cells (Fig. 5). Some areas of themidgut inwhich no infected
cells were observed the thickness of the epithelium showed a
decrease (Fig. 5B, C, 5E).

In AHBs, the pattern of infectionwas similar to that observed for
the Carniolan honey bee (Table 1). By the 10th day from beginning
of the bioassay, infected cells were observed in the midgut
epithelium of bees inoculated with Nosema (Fig. 6A). Sporadic
infected cells released into the lumenwere positive for ISCDDK, but
others were negative.

4. Discussion

The toxicological data of the Carniolan honey bees exposed to
different concentrations of thiamethoxam indicated that the ma-
jority of the deaths in each group of bees occurred within 24 h of
beginning the experiment. Comparing the means/median number
of deaths per cage and total number of deaths per group, bee sur-
vival clearly increased as thiamethoxam concentration decreased.
There were generally more consistently high mortality rates with
higher concentrations. Comparison of the LD50 of thiamethoxam
determined for the Carniolan honey bee (LD50 ¼ 7.86 ng/bee�1) in
the current study with the LD50 of thiamethoxam previously
determined for the AHB (LD50 ¼ 4.28 ng bee�1) by Oliveira et al.
(2014) indicated that Carniolan bees resist higher doses of thia-
methoxam than can AHB. In order to compare the response of the
Carniolan bees and AHB to the same doses of thiamethoxam, we
chose two doses of thiamethoxam (0.0856 ng bee�1 and 0.00856 ng
bee�1) that were based on the LD50 value, which was previously
determined in our laboratory for AHB (Oliveira et al., 2014), cor-
responding to 1/50 and 1/500 of the LD50, respectively. These doses
could be consumed by worker bees in a field scenario, corre-
sponding to 2% and 0.2% of LD/50, respectively (Godfray et al.,
2014).

The total mortality of AHB treated bees was observed within 10
days of the bioassays, but not in the Carniolan bees. This indicates
that the dose necessary to reach the LD50 in Carniolan honey bees
is almost double that described for the AHB. It seems that Carniolan
bees used in the experiment were less sensitive to thiamethoxam
than AHB, which could be due to larger body weight of European
bees. Further studies are necessary to clarify this observed
difference.

We observed another difference between the Carniolan and
AHB in relation to N. ceranae infected versus uninfected bees during
the first 5 days of the bioassays. AHB inoculated with N. ceranae
died faster when compared with uninfected bees, a similar finding
described by other authors working with Apis mellifera (Higes et al.,
2007; Alaux et al., 2010; Vidau et al., 2011; Aufrave et al., 2012;
Dussaubat et al., 2012). A decrease in lifespan is commonly
observed in Nosema-infected A. mellifera (Higes et al., 2008;
Aufauvre et al., 2014). On the other hand, the survival of the Car-
niolan honey bee did not decrease in infected versus uninfected
bees during the same period of the first 5 days after spore inocu-
lation, probably due lower spore loads when compared with AHB.

Considerable variability has been documented in the longevity
of caged bees that were inoculated with Nosema, varying from 8
days (Higes et al., 2007) to 14 days post-infection (Dussaubat et al.,
2012), as well as 20 days post-infection (Huang and Solter, 2013). In
our experiments, we found variations between both tested sub-
species, which could be a result of their genetic divergence and
intra-colony rearing differences in both environmental and exper-
imental settings. This includes the availability of nutritional sources
and colony management, which, in the first few days, could cause
interferencewith the response of bees to N. ceranae infection and to
pesticides susceptibility.

In Brazil, N. ceranae has been infecting AHB for 34 years, but
without any obvious signs of disease (Teixeira et al., 2013). The lack
of symptoms of Nosema infection could indicate a greater disease
tolerance in the AHB compared with the European honey bee,
similar to that described for Varroa destructor (Guzm�an-Novoa
et al., 1999). In the current study, we found that the caged AHB
seemed to be less tolerant to the acute N. ceranae infection, and its
potential tolerance observed in the field might occur only at the
colony level but not at the individual level.

In the current laboratory study performed none of the doses of
thiamethoxam increased the mortality rates in Carniolan bees, nor
in the bees simultaneously exposed to N. ceranae and thiame-
thoxam. It seems that thiamethoxam has an adverse effect on



Fig. 4. Midgut of a Carniolan honey bee. A) Nosema inoculation (5 days); ISCDDK. B) Nosema inoculation (5 days); Apoptag. CeG) ISCDDK. C) Lower dose of thiamethoxam plus
Nosema spores (5 days). D) Nosema inoculation (10 days). E) Lower dose of thiamethoxam plus Nosema spores (10 days). F) Nosema inoculation (17 days). G) Higher dose of
thiamethoxam plus Nosema spores (17 days). Arrow: positive nucleus of midgut cell; ic: infected cell; lu: lumen.
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Nosema spore development in the midgut of Carniolan bees. Mor-
tality rates remained at similar levels in the N. ceranae-infected and
uninfected bees. These results differed from a study by Alaux et al.
(2010) on the European A. mellifera from the south-east of France.
The interaction between Nosema apis plus N. ceranae and imida-
cloprid increased the mortality rate of workers.

In addition to the differences in the mortality rates induced by
Nosema infection in the Carniolan and AHB, there were similarities
in terms of histopathological lesions in the infected midgut cells of
both bees. The result of the present study indicated that Nosema
infection induced a higher cell death rate in comparison with un-
infected bees by the 5th day post-infection. This is possibly a de-
fense mechanism in the midgut in the first stages of the parasite
infection so that accelerated levels of apoptosis could prevent the
spread of infection to neighboring cells, as postulated by James and
Green (2002).

The midgut analysis of worker honey bees demonstrated hy-
pertrophic enlargement of the infected digestive cells and an
extensive amount of infected cells released into the lumen,
observed mainly by 10 days post-infection. The midgut cells of
A. mellifera infected by N. ceranae become full of parasitic spores at
different stages of development (Higes et al., 2007; García-Palencia
et al., 2010), as evidenced by fluorescence microscopy in this study.
N. ceranae regulate the activity of midgut cells between the 5th and
8th day post-infection, when midgut cell death decreased in the
AHB. In the later period, between the 17th and 20th day post-
infection, we observed a reduction in the cell death rate in the
midgut of Carniolan bees. A previous study showed that micro-
sporidium interferes with the apoptosis process of the host cell (Del
Aguila et al., 2006) and infected cells consequently have a pro-
longed lifespan, as described for Nosema algerae, which can grow
and differentiate within host cells for many days (Scanlon et al.,
1999). It was also established that the highly sensitive ISCDDK
assay detects both, the apoptosis and necrosis (Gregorc and Bowen,
2000), whereas the ApopTag kit is more specific to apoptotic cell
death (Matylevitch et al., 1998). Combined methods can better
demonstrate changes in midgut tissue. The pathogenic effect of
Nosema can be thus recognized as cell lyses and epithelium
destruction, which is seen in late phases of midgut infection (Higes
et al., 2007; García-Palencia et al., 2010). In this later phase of



Fig. 5. Midgut of a Carniolan honey bee. A, B) Nosema inoculation (20 days); ISCDDK. C) Lower dose of thiamethoxam plus Nosema spores (20 days); ISCDDK. D) Higher dose of
thiamethoxam plus Nosema spores (20 days); ISCDDK. E) Higher dose of thiamethoxam plus Nosema spores; Apotag. Arrow: positive nucleus of midgut cell; ic: infected cell; lu:
lumen.
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infection, as observed in the current study, the reduction in cell
renewal was a feature observed in the Nosema-infected midgut by
the 20th day post-infection in the Carniolan honey bee. Dussaubat
et al. (2012) further demonstrated the inhibition of genes involved
in the homeostasis and renewal of gut tissues in response to the
microsporidia infection. This tissue degeneration associated with
reduced gut epithelium renewal may explain the bee death.

In addition, recent studies suggest that N. ceranae can sensitize
the honey bees to pesticides and vice versa (Alaux et al., 2010;
Aufauvre et al., 2012, 2014; Pettis et al., 2012; Retschnig et al.,
2014; Vidau et al., 2011). Aufauvre et al. (2014) observed that the
N. ceranae-fipronil combination induced a synergistic effect
compared with the effects observed in bees exposed to each
stressor alone, regardless of the sequence of exposure to the agents.
In addition, a synergistic interaction between the neonicotinoid
imidacloprid and Nosema infection was previously observed when
both agents were applied simultaneously to young worker honey
bees (Alaux et al., 2010). An increase in mortality was also observed



Fig. 6. Midgut of an AHB. A) Fluorescence Microscopy. Apical region of epithelium (ep) with infected cells (ic) containing many fluorescent spores. B, C) ISCDDK; 10 days after the
beginning of the bioassay. Black arrow: positive midgut cell; white arrow ¼ positive infected midgut cell. Note that infected cells have a sponge aspect of their cytoplasm, in B and C,
what is labeling by DAPI in A.
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in N. ceranae-infected worker bees chronically exposed to fipronil
and/or thiacloprid (Vidau et al., 2011).

Interestingly, in our experimental conditions, thiamethoxam
exposure seemed to have no defined impact on Nosema develop-
ment, but it clearly inhibited apoptotic cell death in the midgut of
bees simultaneously exposed also to Nosema spores, as evidenced
by immunohistochemical data. Exposure to low dose of thiame-
thoxam (0.00856 ng bee�1) simultaneously with Nosema spores
had a slight effect on the AHB. The same phenomenon was
observed in the Carniolan bee, as evidenced by the survival of
workers exposed to the lowest dose of thiamethoxam or Nosema
spores longer time in comparison to AHB.

Taking together our experiment thus clearly demonstrated the
cytotoxic effect of thiamethoxam on the midgut epithelium using
cell death immunohistochemical detection method. Thiame-
thoxam slightly decreased spore production in AHB co-exposed to
N. ceranae in a dose-dependent manner by the 5th day post-
infection. Similarly, in Carniolan honey bees, infection develop-
ment in the first 5 days was faster in bees inoculated only with
Nosema spores and in bees inoculated with Nosema plus the low
dose of thiamethoxam (0.00856 ng bee�1) than bees inoculated
with Nosema and a high dose of thiamethoxam (0.0856 ng bee�1).
Both AHB and Carniolan bees co-exposed to Nosema spores and
thiamethoxam did not appear to be linked in enhancing N. ceranae
virulence. Further investigations are necessary to clarify the
mechanisms responsible for the bee responses to different thia-
methoxam doses and N. ceranae infection. Physiological mecha-
nisms involved in these interactions remain poorly understood and
even appear to be contradictory (Vidau et al., 2011).

Our data provides novel insights into the toxic effects of
different doses of the neonicotenoid thiamethoxam comparatively
on the AHB and Carniolan honey bee life span, as well as the effects
of simultaneous application of thiamethoxam andN. ceranae spores
to honey bees. Induced bee mortality and increased cell death in
the midgut mainly at the beginning of Nosema infection are the
main effects at the individual bee level. The additive effects of both
the Nosema infection and thiamethoxam exposure on epithelium
degeneration would be the main factors leading to individual bee
mortality by deprivation of nutrient absorption in the intestine. A
better understanding of the physiological effects induced both by
thiamethoxam and the Nosema infection will be essential to
elucidate the effects observed on increased individual honey bee or
colony mortality.
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