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A plethora of toxic compounds – including pesticides, heavy metals, and metalloids – have been detected
in honey bees (Apis mellifera) and their colonies. One such compound is selenium, which bees are ex-
posed to by consuming nectar and pollen from flowers grown in contaminated areas. Though selenium is
lethal at high concentrations, sublethal exposure may also impair honey bees’ ability to function nor-
mally. Examining the effect of selenium exposure on learning and memory provides a sensitive assay
with which to identify sublethal effects on honey bee health and behavior. To determine whether sub-
lethal selenium exposure causes learning and memory deficits, we used proboscis extension reflex
conditioning coupled with recall tests 30 min and 24 h post-conditioning. We exposed forager honey
bees to a single sublethal dose of selenium, and 3 h later we used an olfactory conditioning assay to train
the bees to discriminate between one odor associated with sucrose-reinforcement and a second un-
reinforced odor. Following conditioning we tested short- and long-term recall of the task. Acute exposure
to as little as 1.8 ng of an inorganic form of selenium (sodium selenate) before conditioning caused a
reduction in behavioral performance during conditioning. And, exposure to 18 ng of either an inorganic
form (sodium selenate) or an organic form (methylseleno-L-cysteine) of selenium caused a reduction in
the bees' performance during the long-term recall test. These concentrations of selenium are lower than
those found in the nectar of plants grown in selenium-contaminated soil, indicating that even low-grade
selenium toxicity produces significant learning and memory impairments. This may reduce foragers’
ability to effectively gather resources for the colony or nurse bees’ ability to care for and maintain a
healthy colony.

& 2016 Published by Elsevier Inc.
1. Introduction

With the global decline in honey bee (Apis mellifera) popula-
tions, there is heightened interest in the factors that influence
their survival. In addition to the normal challenges of predators
and natural environmental dynamics – such as weather and re-
source availability – honey bees face a multitude of human-gen-
erated factors – such as toxin release into the environment – that
negatively affect their health. In order to understand how to better
manage our honey bee populations in the face of these human-
generated factors, we need to know the effects of each individual
toxin on honey bee health and behavior at sublethal, as well as
lethal, levels.

One of the challenges honey bees are currently facing is the
).
accumulation of naturally occurring toxic chemicals, such as se-
lenium, in the environment. In addition to being released into the
environment by the natural weathering of rocks, selenium is re-
leased in larger quantities from metal ore during metal extraction,
from coal and petroleum during burning, and from phosphate
containing rocks that are used to manufacture agricultural fertili-
zer (Lakin, 1972). High soil concentrations of selenium have been
found in areas contaminated with runoff from heavily used agri-
cultural areas, industrial waste sites, and mining waste dumps
(Mehdi et al., 2013). Selenium contamination from agricultural
runoff is widespread across the western United States, affecting
approximately 1.5 million acres across 8 states (Brown, Jr. et al.,
1999). In areas contaminated with toxic levels of selenium, plants
can accumulate high levels of selenium in nectar and pollen,
which is then collected by foraging pollinators, like honey bees,
and fed to the young in the colony (El Mehdawi and Pilon-Smits,
2012; Hladun et al., 2013, 2012; Quinn et al., 2011).
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In vertebrates, trace amounts of selenium are known to be
essential for normal development, antioxidant protein and en-
zyme function, and hormone regulation (Letavayova et al., 2006).
These essential functions are mainly mediated through its parti-
cipation in antioxidant activities when selenium is incorporated
into selenoproteins. However, when ingested at high concentra-
tions, selenium becomes toxic. Excess selenium catalyzes the
production of reactive oxygen species, causing oxidative damage,
that can result in developmental abnormalities, neurological im-
pairment, and death (Letavayova et al., 2006). In comparison little
is known about the requirement and functions of selenium and
the mechanisms of selenium toxicity in invertebrates.

In adult honey bees, a single dose of selenium greater than
60 mg/L causes a significant increase in mortality within 5 days of
exposure (Hladun et al., 2012). Yet, honey bees do not appear to be
able to taste the presence of even lethal concentrations of sele-
nium in a sucrose solution with antennal or proboscis stimulation
(Hladun et al., 2012). They therefore readily consume the highly
contaminated food. Foragers will also bring the contaminated
nectar and pollen back to the hive, which exposes the rest of the
bees to toxic levels of selenium.

Even sublethal concentrations may have a significant effect on
honey bee health and behavior. The accumulation of sublethal
concentrations of selenium in the hive may impair forager bees’
ability to efficiently gather resources for the colony and nurse
bees’ ability to maintain the hive and care for the brood and the
queen. This would further compromise colony health even before
selenium accumulates to a lethal concentration and increase the
colony’s susceptibility to other toxins, disease, or infestation by
pests or parasites. However, the effect of sublethal selenium ex-
posure on honey bee behavior is still largely unknown.

In this study, we used a discrimination conditioning paradigm
and memory tests coupled with acute sublethal selenium ex-
posure to explore the possibility of selenium induced impairments
in honey bee behavior. Hladun, et al. (2012) described a reduction
in some honey bee feeding behaviors and survival following con-
sumption of selenium contaminated food (Hladun et al., 2013,
2012). However these assays are not sensitive enough to resolve
some of the more subtle behavioral effects sublethal selenium
exposure, such as learning and memory impairments. Condition-
ing the proboscis extension reflex (PER) in honey bees is a more
sensitive measure for the influence of toxic compounds on neural
function and behavior (Smith and Burden, 2014). PER learning and
memory tests can also provide information about potential me-
chanisms for how sublethal selenium toxicity influences honey
bee behavior.

We hypothesized that acute exposure to sublethal levels of
selenium would reduce honey bees’ performance during con-
ditioning and the recall tests. The impaired performance would
likely be seen as a reduced proportion of bees responding to the
rewarded odor, especially during the long-term recall test. This
would indicate impairments in the ability or the motivation to
respond to olfactory stimuli, or it may be attributed to a disruption
of processes required for effective learning and memory
consolidation.
2. Material and methods

2.1. Animals and selenium exposure

For this study, bees were collected from 3 colonies with open-
mated New World Carniolan queens. Returning foragers were
captured at the entrance of the hive in the morning. Only bees not
carrying a pollen load were collected. The bees were briefly cold
anesthetized and restrained in custom harnesses that left their
proboscis and antennae free to move normally. After they re-
covered from the anesthetization, the bees were divided into
treatment groups.

In a first set of experiments, the bees were then fed 3 μl of
either 0.5 M sucrose solution or 0.5 M sucroseþselenium 3 h prior
to beginning conditioning. All bees were able to consume the
whole dose of selenium-contaminated sucrose. The two selenium
compounds used were sodium selenate (BioXtra, Sigma-Aldrich,
Saint Louis, MO) and methylseleno-L-cysteine, 98% (Acros Or-
ganics, Pittsburgh, PA). Sodium selenate and methylseleno-L-cy-
steine are the predominant forms found in many flower parts,
including nectar and pollen, of several plant species (Hladun et al.,
2013; Quinn et al., 2011). The concentrations of both selenium
compounds used in this study were 0.6mg/L (1.8 ng), 6 mg/L
(18 ng), or 60 mg/L (180 ng). These concentrations were shown to
be sublethal following a single acute exposure and are comparable
to and lower than the ranges of selenium concentrations found in
nectar of plants grown in selenium-contaminated greenhouse or
natural environments (Hladun et al., 2013, 2012).

In a second set of experiments, the bees were fed 3 μl 0.5 M
sucrose without selenium before conditioning. They were then fed
3 μl of either 0.5 M sucrose or 6 mg/L selenium in 0.5 M sucrose
3 h before the beginning of a long-term recall test. For this second
set of experiments, the 6 mg/L concentration was chosen for the
selenium treatment group since it had the greatest effect on honey
bee behavior during the first set of experiments.

Following dosing, the animals were left undisturbed in a hu-
midified plastic box for 3-4 h. Next, just prior to the beginning of
olfactory conditioning, we performed a motivation test in which
each bee was tested for proboscis extension reflex (PER) to an-
tennal stimulation with a droplet of 1.5 M sucrose, which they
were not allowed to consume. This test provided a measure of the
reduction in motivation to feed following selenium ingestion. And,
only bees that showed PER to sucrose stimulation were used in
olfactory conditioning, as they were sufficiently motivated to learn
the task.

2.2. Odor stimulation

The two odors used for olfactory conditioning and test trials
were 2M 1-hexanol (Sigma-Aldrich, St. Louis, MO) and 2M 2-oc-
tanone (Fluka, Sigma-Aldrich, St. Louis, MO). These odors have
been used in several previous experiments investigating odor
perception and olfactory learning in honey bees (Thorn and Smith,
1997; Wright et al., 2009, 2005). Odors were diluted in heavy
mineral oil (Sigma-Aldrich, St. Louis, MO).

Odor cartridges consisted of a glass 1 cc tuberculin syringe
barrel (BD Medical, Franklin Lakes, NJ) with a short length of si-
licon tubing (Cole-Parmer, VernonHills, IL) as a constriction in the
broad end. 10 μl of an odor solution was placed on a small strip of
filter paper (Whatman 114, Sigma-Aldrich, St. Louis, MO) inside
each odor cartridge. The odor cartridge was connected to the au-
tomated odor delivery system via tubing attached to the narrow
end of the cartridge and placed so the broad end was approxi-
mately 2 cm from the bee’s antennae when she was in the con-
ditioning arena.

The odors were presented via an automated odor delivery
system coordinated by a DirectLogic 05 programmable logic con-
troller (Automation-Direct, Cumming, GA) that triggers the open-
ing of a valve (The Lee Co., Westbrook, CT), re-directing an air-
stream (∼400 ml/min) through the odor cartridge. During odor
stimulation, the airstream was passed through the odor cartridge,
pushing odor-laden air toward the bee’s antennae. A continuous
flow exhaust system, located approximately 5 cm behind the bee,
removed the odor from the conditioning area after every trial to
maintain temporally discrete odor exposure.
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2.3. Olfactory conditioning

The animals were conditioned to discriminate between the two
odors. Each bee was exposed to the two odors in a pseudorandomized
sequence of 16 trials (þ��þ�þþ�þ��þ�þþ�) or
(�þþ�þ��þ�þþ�þ��þ), where ‘þ ’ represents the su-
crose-reinforced odor (CSþ) and ‘� ’ represents the unreinforced odor
(CS�) (Smith and Burden, 2014; Smith et al., 1991). The odor used as
the CSþ was alternated with each repetition of the experiment. The
conditioning paradigm allowed us to assess the effect of selenium
exposure on each bee's ability to discriminate the two odors, in ad-
dition to assessing the acquisition of the conditioned associations.

For each trial the bee was placed within the conditioning area
and allowed to acclimate for a few seconds. During presentation of
the odor stimulus the airstream was directed through the odor
cartridge for 4 seconds. On CSþ trials, the odor stimulus was
forward-paired with 0.6 μl 1.5 M sucrose. The sucrose was deliv-
ered 3 s after odor onset to allow for a 1 s overlap between the
odor stimulus and the reward. On CS� trials, the odor stimulus
was not paired with any reward. At the end of each type of trial the
bee was left undisturbed in the conditioning area for a few sec-
onds before she was removed and placed into a holding area. The
inter-trial interval was 8 minutes.

Individual responses to each conditioning trial during the ac-
quisition phase were recorded as binary yes/no responses. A po-
sitive response to the odor stimulus was defined as the presence of
the proboscis extension reflex (PER) during the olfactory stimulus
and before presentation of sucrose for the CSþ trials (Smith and
Burden, 2014). PER was defined as the extension of the proboscis
beyond an imaginary line drawn between the tips of the opened
mandibles. The overall percentage of bees exhibiting PER to any
given conditioning or recall test trial (% PER) was calculated and
used as an overall measure of the bees’ performance during con-
ditioning and recall testing.

2.4. Short-term and long-term recall test trials

Approximately 30 min following the end of the acquisition
phase, each bee was exposed to a single unreinforced test trial
with each odor. The presence or absence of PER was once again
recorded as a binary variable. Following the short-term recall
test trials, the bees were fed to satiation with 0.5 M sucrose and
placed in a humidified box overnight. Then, 24 h later, the bees
were exposed to a series of 3 unreinforced test trials of each
odor presented in the same pseudorandomized sequence used
during conditioning. The odor presented first during both
short- and long-term recall test trials was alternated with each
daily repetition of the experiment. The odor presented first
during conditioning was presented second during the test
trials.

Immediately following the short-term recall test trials and
again following the long-term recall test trials, we stimulated the
bees’ antennae with a small droplet of 1.5 M sucrose. The presence
or absence of PER in response to the stimulation was recorded as a
binary yes/no variable. This sucrose responsiveness test was a
measure of how motivated the bees were to feed and thus to re-
spond to the olfactory stimulus. It also allowed us to assess whe-
ther the motor/feeding responses were affected by selenium.

2.5. Graphing and statistical analysis

The proportion of bees responding during the preconditioning
motivation test and the presence/absence scoring for the con-
ditioning trials, short-term recall test trials, and long-term recall
test trials were plotted as the percentage of bees exhibiting PER to
each trial (% PER).
All statistical analyses were performed in SPSS Statistics v.22.
We used a Pearson's Chi-square test to determine if there was a
significant difference between treatment groups in the number of
bees exhibiting PER during the sucrose responsiveness tests before
conditioning and following the short- and long-term recall test
trials. The differences across treatment groups in the probability of
the bees exhibiting PER during odor stimulation were analyzed
using logistic regression via generalized estimating equations
(Logistic GEEs) with Least Squares Difference post hoc pairwise
comparisons. We assessed the bees’ performance during con-
ditioning, the short-term recall test, and the long-term recall test
separately using models including main effects and all appropriate
2-way and 3-way interaction terms. When interaction terms were
not significant they were removed from the model. The final re-
duced models are reported. Predictors for the models included:
(1) trial number (TRIAL), (2) the square of each trial number
(TRIAL2) to account for nonlinear increase in % PER over the trials,
(3) the difference between responses to the sucrose-reinforced
odor and the unreinforced odor during the experiments (ODOR),
and (4) the concentration of selenium the bees were exposed to
(DOSE). ODOR and DOSE were entered into the models as cate-
gorical predictors. Possible correlations between the repeated
measurements taken from individual bees were accounted for by a
within-subject variable identifying the responses by each bee
(BEEID). This variable does not appear in the models below as it
was an internal parameter used to adjust the significance levels for
each of the predictors mentioned above.
3. Results

3.1. Sodium selenate

In the experiment where the bees were treated with sodium
selenate prior to conditioning, we tested the bees’ sucrose re-
sponsiveness just before beginning conditioning to determine
whether selenium altered their motivation to feed. Approximately
90–95% of the bees in the control group and each treatment group
responded during this preconditioning sucrose responsiveness test
(Table S1). There was no significant effect of treatment with so-
dium selenate on the number of bees that responded with PER
during the sucrose responsiveness test (Pearson's Chi-square:
χ2¼1.603, df¼3, p¼0.659).

Bees in the control group and all treatment groups were able to
learn the task and discriminate between the CSþ and the CS�
during conditioning (Fig. 1A, Table 1). Over the conditioning trials,
the percentage of bees responding to the CSþ increased in all
groups. And, there was a significant effect of ODOR on the prob-
ability of exhibiting PER, with the percentage of bees responding
to the CSþ being significantly higher than the percentage re-
sponding to the CS� trials.

All of the selenate treated groups showed a reduction, relative
to control, in their responses to the CSþ (Fig. 1A, Table 1). Only the
0.6 mg/L and 6 mg/L sodium selenate treated groups showed a
significantly lower percentage of bees exhibiting PER to the CSþ
compared to the control group. Although the group treated with
60 mg/L showed a lower percentage of bees responding to the
CSþ compared to controls, this decrease was not significant. There
was not a significant difference between the percentages of bees
responding to the CS� across the treatment groups.

Recall tests also showed differences between control and se-
lenium treated groups. However, these differences were significant
only for the long-term recall tests. During the short-term recall
test, the bees in all groups discriminated between the CSþ and
CS� (Fig. 1A, Table 1). As in acquisition, the lowest response was
in the group treated with 6 mg/L selenium. However, the



Fig. 1. The percentage of sodium selenate treated bees exhibiting PER (% PER) to each trial during acquisition trials (C1-C8), test trials immediately following conditioning
(STR), and test trials approximately 24 h following conditioning (LTR1-LTR3). Bees were either treated with sodium selenate 3 h prior to conditioning (A; for C1–C8 & STR:
n¼37–38, for LTR1–LTR3: n¼31–35) or 3 h prior to the long-term test trials (B; for C1–C8 & STR: n¼35–36, for LTR1–LTR3: n¼30–35). CSþ indicates the sucrose-reinforced
odor, while CS� represents the unreinforced odor. The arrows indicate the timing of selenium treatment.
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difference in the percentage of bees exhibiting PER to unreinforced
trials of the CSþ between treatment groups and the controls failed
Table 1
Logistic Generalized Estimating Equations analysis of the bees' responses during conditi
3 h before conditioning. The bolded p-values are those significantly correlated with the

Conditioning

Predictor Contrast β1

Wald χ2 p-Value

ODOR CS� vs. CSþ 1.75
218 0.000

DOSE 0 mg/L vs. 0.6 mg/L �0.718
6.43 0.011

DOSE 0 mg/L vs. 6 mg/L �0.738
4.86 0.027

DOSE 0 mg/L vs. 60 mg/L �0.401
1.64 0.200

TRIAL 0.941
101 0.000

TRIAL2 �0.075
70.8 0.000

1 The parameter estimate indicates the relationship of the predictor to the percenta
to reach significance for any comparison. There were also no sig-
nificant differences in the percentages of bees responding to the
oning, short-term recall, and long-term recall of bees treated with sodium selenate
probability of bees exhibiting PER to the conditioning or test trials.

Short-term Recall Long-term Recall

β1 β1

Wald χ2 p-Value Wald χ2 p-Value

6.401 3.110
31.038 0.000 132.437 0.000
0.326 �0.531
0.235 0.628 1.855 0.173
0.262 �1.106
0.138 0.710 6.404 0.011
�0.560 �0.604
0.598 0.439 2.460 0.117
——— 0.423

0.616 0.433
——— �0.150

1.272 0.259

ge of bees responding during conditioning and recall.



Table 2
The responses to sucrose responsiveness tests following the short- and long-term recall tests. Reported are the numbers of bees exhibiting PER to the sucrose stimulation
and, in parentheses, the total number of bees in each treatment group.

Short-term recall Long-term recall

Selenium exposure 0 mg/L 0.6 mg/L 6 mg/L 60 mg/L 0 mg/L 0.6 mg/L 6 mg/L 60 mg/L

Sodium selenate before conditioning 37 (38) 38 (38) 37 (38) 38 (38) 28 (31) 32 (35) 27 (33) 29 (32)
Sodium selenate before long-term recall 35*(37) ——— 36*(40) ——— 27 (30) ——— 33 (35) ———

Methylseleno-L-cysteine before conditioning 30 (30) 28 (29) 31 (31) 30 (30) 24 (29) 25 (28) 26 (30) 24 (28)
Methylseleno-L-cysteine before long-term recall 25 (26) ——— 30 (30) ——— 24 (26) ——— 26 (30) ———

* We are missing data from several bees for these values. All bees that were tested showed positive sucrose responsiveness.
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CS� across the treatment groups.
During the long-term recall test trials, the bees also dis-

criminated between the CSþ and the CS� (Fig. 1A, Table 1). There
was no significant effect of TRIAL on the probability of exhibiting
PER, which indicates that there was little detectable extinction as a
result of the unreinforced trials with the CSþ . In the group treated
with 6 mg/L sodium selenate a significantly lower percentage of
bees exhibited PER to the CSþ during the long-term recall test
trials. The groups treated with 0.6 mg/L and 60 mg/L sodium se-
lenate exhibited smaller decreases in the percentage of bees re-
sponding to the CSþ , although these decreases were not sig-
nificant. There were no significant differences between the per-
centages of bees responding to the CS� across the treatment
groups.

Following the short- and long-term recall trials, we tested the
bees’ motivation to feed and motor function by antennal stimu-
lation with 1.5 M sucrose. The number of bees responding to sti-
mulation was a measure of the bees’ motivation to feed and to
respond to a feeding cue. Their ability to respond to the stimula-
tion by extension of the proboscis was also an assessment of motor
function. There was no difference in the percentage responding to
the sucrose stimulation across all control and treatment groups for
bees treated with sodium selenate (Table 2; Pearson’s Chi-square:
short-term recall χ2¼2.027, df¼3, p¼0.567; long-term recall
χ2¼3.264, df¼3, p¼0.353).

We trained a second set of bees using the same discrimination
conditioning paradigm. However, instead of selenium exposure
prior to conditioning, we exposed the treated group of bees to
6 mg/L sodium selenate 3 h before the beginning of the long-term
recall test.

Both the control group and the selenium-treated group in-
creased their response to the CSþ over the course of conditioning
Table 3
Logistic Generalized Estimating Equations analysis of the responses during conditioning
prior to beginning the long-term recall test. The bolded p-values are those significantly co

Conditioning

Predictor Contrast β1

Wald χ2 p-Value

ODOR CS� vs. CSþ 2.65
131 0.000

DOSE 0 mg/L vs. 6 mg/L 0.155
0.275 0.600

TRIAL 0.694
16.4 0.000

TRIAL2 �0.056
13.3 0.000

ODOR�DOSE ———

1 The parameter estimate indicating the relationship of the predictor to the percen
and exhibited significant discrimination between the CSþ and the
CS� (Fig. 1B, Table 3). There was no significant difference between
the performance of the control and treated bees during con-
ditioning, which is expected since they did not differ in terms of
treatment during this phase.

We then tested short-term recall as before. Both groups dis-
criminated well between the CSþ and CS� during the short-term
recall test (Fig. 1B, Table 3). There was no significant difference
between the performance of bees in the control group and treat-
ment group during the short-term recall test, as expected since the
groups had been treated identically up to that point.

Following treatment with sodium selenate, we tested long-
term recall. Both groups discriminated between the CSþ and CS�
during the long-term recall test (Fig. 1B, Table 3). There was no
effect of TRIAL or TRIAL2 on the percentage of bees exhibiting PER,
indicating no significant extinction of the conditioned response.
There was a significant effect of DOSE and the DOSE�ODOR in-
teraction, indicating that bees treated with sodium selenate
showed a significantly greater percentage responding to the CS�
than the control bees, though there was no significant difference
between the control and treatment groups’ responses to the CSþ .

After the short- and long-term recall trials, we tested the bees’
motivation and motor function by antennal stimulation with 1.5 M
sucrose. For the short-term recall sucrose responsiveness test, all
of the bees tested for sucrose responsiveness exhibited PER to the
sucrose stimulation, so the Pearson’s Chi-square statistic could not
be calculated. As before, there was no difference in the percentage
responding to the sucrose stimulation following long-term recall
trials between the control group and sodium selenate treated
group. (Table 2; Pearson’s Chi-square: long-term recall χ2¼0.369,
df¼1, p¼0.544).
, short-term recall, and long-term recall of bees treated with sodium selenate 3 h
rrelated with the probability of bees exhibiting PER to the conditioning or test trials.

Short-term Recall Long-term Recall

β1 β1

Wald χ2 p-Value Wald χ2 p-Value

5.06 3.58
39.1 0.000 38.9 0.000
0.603 1.31
1.39 0.238 4.90 0.027
——— 0.682

0.685 0.408
——— �0.212

1.09 0.297
——— �1.41

4.48 0.034

tage of bees responding during conditioning and recall.
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3.2. Methylseleno-L-cysteine

Prior to conditioning, we tested the bees’ sucrose responsiveness
to determine their motivation to feed. Approximately 95–98% of the
bees in each treatment group responded during this preconditioning
sucrose responsiveness test (Table S1). There was no significant effect
of treatment with methylseleno-L-cysteine on the number of bees
that responded with PER to the sucrose responsiveness test (Pear-
son’s Chi-square: χ2¼1.001, df¼3, p¼0.801).

For all groups, the percentage of bees responding to the CSþ
increased over the conditioning trials and the bees successfully
discriminated between the CSþ and CS� , indicating the bees in
all of the groups learned the task (Fig. 2A, Table 4). Unlike bees
treated with sodium selenate, there was no significant effect of
methylseleno-L-cysteine on the percentage of bees exhibiting PER
to the CSþ or the CS� during conditioning.

Following conditioning, we also performed recall tests. In the
short-term recall test, the bees discriminated between the CSþ
and CS� , but there was no significant effect of methylseleno-L-
cysteine treatment on the percentage of bees responding to the
CSþ and CS- (Fig. 2A, Table 4). During the long-term recall test, all
control and treatment groups exhibited discrimination between
the CSþ and the CS−. However, in contrast to the short-term tests,
there was a significant decrease in the percentage of bees treated
with methylseleno-L-cysteine responding to CSþ and to CS� . The
Fig. 2. The percentage of methylseleno-L-cysteine treated bees exhibiting PER (% PER
conditioning (STR), and test trials approximately 24 h following conditioning (LTR1–LTR
(A; for C1–C8 & STR: n¼28–31, for LTR1–LTR3: n¼28–30) or 3 h prior to the long-term
the sucrose-reinforced odor, while CS� represents the unreinforced odor. The arrows i
group treated with 6 mg/L methylseleno-L-cysteine exhibited a
significantly lower % PER to the CSþ test trials than the control
group. Over the 3 long-term recall trials, there was a significant
decline in the percentage of bees responding to the trials, in-
dicating a significant extinction of the conditioned response
overall. Additionally, for the 6 mg/L treatment group, the interac-
tion terms DOSE� TRIAL and DOSE� TRIAL2 were significant. This
interaction shows a significant reduction in the percentage of
these bees responding to successive long-term recall trials and a
further reduction in the responses to the first and third long-term
recall trials in relation to the second trial, compared to the oppo-
site trend seen in control bees.

Following the short-term and long-term recall tests we de-
termined the bees’ response levels to antennal stimulation with
sucrose. There was no difference in the percentage responding to
the sucrose stimulation across all treatment groups for bees
treated with methylseleno-L-cysteine (Table 2; Pearson's Chi-
square, short-term recall: χ2¼3.164, df¼3, p¼0.367; long-term
recall: χ2¼1.017, df¼3, p¼0.797).

We exposed different groups of bees to methylseleno-L-cy-
steine (6 mg/L) 3 h before the beginning of the long-term recall
test (Fig. 2B, Table 5). During conditioning the bees were divided
into two equally sized groups. Both groups showed increased
percentage of responding to the CSþ over conditioning trials and
discriminated between the CSþ and CS� odors. There was no
) to each trial during acquisition trials (C1–C8), test trials immediately following
3). Bees were either treated with methylseleno-L-cysteine 3 h prior to conditioning
test trials (B; for C1–C8 & STR: n¼25–30, for LTR1–LTR3: n¼26–30). CSþ indicates
ndicate the timing of selenium treatment.



Table 4
Logistic Generalized Estimating Equations analysis of the bees’ responses during conditioning, short-term recall, and long-term recall of bees treated with methylseleno-L-
cysteine 3 h prior to beginning conditioning. The bolded p-values are those significantly correlated with the probability of bees exhibiting PER to the conditioning or test
trials.

Conditioning Short-term Recall Long-term Recall

Predictor Contrast β1 β1 β1

Wald χ2 p-Value Wald χ2 p-Value Wald χ2 p-Value

ODOR CS� vs. CSþ 2.255 3.444 3.148
175.512 0.000 97.999 0.000 86.878 0.000

DOSE 0 mg/L vs. 0.6 mg/L 0.384 �0.004 �1.179
1.155 0.282 0.000 0.994 0.651 0.420

DOSE 0 mg/L vs. 6 mg/L 0.113 0.129 �4.469
0.105 0.746 0.061 0.805 7.357 0.007

DOSE 0 mg/L vs. 60 mg/L �0.095 �0.633 �2.926
0.075 0.784 1.394 0.238 3.453 0.063

TRIAL 1.392 ——— �2.046
92.862 0.000 4.261 0.039

TRIAL2 �0.110 ——— 0.409
66.374 0.000 3.123 0.077

DOSE�TRIAL 0 mg/L vs. 0.6 mg/L ——— ——— 0.961
0.433 0.511

DOSE�TRIAL 0 mg/L vs. 6 mg/L ——— ——— 3.742
4.678 0.031

DOSE�TRIAL 0 mg/L vs. 60 mg/L ——— ——— 2.920
3.148 0.076

DOSE�TRIAL2 0 mg/L vs. 0.6 mg/L ——— ——— �0.168
0.242 0.623

DOSE�TRIAL2 0 mg/L vs. 6 mg/L ——— ——— �0.889
4.348 0.037

DOSE�TRIAL2 0 mg/L vs. 60 mg/L ——— ——— �0.741
3.382 0.066

1 The parameter estimate indicating the relationship of the predictor to the percentage of bees responding during conditioning and recall.

Table 5
Logistic Generalized Estimating Equations analysis of the responses during conditioning, short-term recall, and long-term recall of bees treated with methylseleno-L-cysteine
3 h prior to beginning the long-term recall test. The bolded p-values are those significantly correlated with the probability of bees exhibiting PER to the conditioning or test
trials.

Conditioning Short-term Recall Long-term Recall

Predictor Contrast β1 β1 β1

Wald χ2 p-Value Wald χ2 p-Value Wald χ2 p-Value

ODOR CS� vs. CSþ 1.336 3.231 2.706
73.506 0.000 35.872 0.000 76.957 0.000

DOSE 0 mg/L vs. 6 mg/L 0.071 �0.009 �0.411
0.017 0.897 0.000 0.987 1.006 0.316

TRIAL 0.861 ——— �1.408
34.189 0.000 2.516 0.113

TRIAL2 �0.078 ——— 0.159
26.490 0.000 0.536 0.464

1 The parameter estimate indicating the relationship of the predictor to the percentage of bees responding during conditioning and recall.
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significant difference between the two groups before treatment
with methylseleno-L-cysteine, as was expected.

We then tested the bees’ memory of the task with recall tests.
During the short-term recall test there was no significant differ-
ence between the performances of two groups of bees (Fig. 2B,
Table 5). Both groups discriminated well between the CSþ and the
CS� . Following exposure to methylseleno-L-cysteine, the bees still
discriminated well between the CSþ and the CS� . There was no
difference between the methylseleno-L-cysteine treated bees
performance on the long-term recall trials.

Following the short- and long-term recall tests we determined
the bees’ response levels to antennal stimulation with sucrose.
There was no difference in the percentage responding to the su-
crose stimulation between bees treated with methylseleno-L-cy-
steine and controls following the short- and long-term recall tests
(Table 2; Pearson’s Chi-square, short-term recall: χ2¼1.175, df¼1,
p¼0.278, long-term recall: χ2¼0.463, df¼1, p¼0.496).
4. Discussion

Acute treatment with sublethal dosages of selenium affects a
honey bee's performance during acquisition and/or recall of
learned olfactory information. This reduction could occur because
of interference with the ability to distinguish between the re-
warded and unreinforced odors, or because of an overall reduction
in the response to olfactory stimuli, especially seen in the response
to the rewarded odor. The reduction may be due to impairment in
sensory detection of the olfactory stimulus or through interference
in one or more of the neural processes involved in learning,
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memory consolidation, and memory recall. It did not seem to be
due to interference with motor processes involved in PER or to
reduction in the motivation to feed. Bees showed normal beha-
vioral responses to sucrose in spite of showing reductions in re-
sponses to conditioned odors.

The effect of selenium treatment depended on the phase of
conditioning and testing as well as on the form of selenium.
During the initial acquisition phase, bees that ingested a single
dose of sodium selenate before the beginning of the conditioning
trials exhibited a decrease in their responsiveness to the CSþ , and
sometime to the CS� , during olfactory discrimination condition-
ing. Bees ingesting a dose of methylseleno-L-cysteine, a reportedly
less toxic form of selenium (Quinn et al., 2011), did not show this
impairment during conditioning. Interestingly, there was no sig-
nificant difference between selenium treated bees and controls
during the short-term recall test for either form of selenium,
which could indicate at least some recovery 30 min after acquisi-
tion. In spite of this apparent early recovery, the largest effect of
selenium treatment – for either form – was during the long-term
recall test. The bees treated with moderately high doses (6 mg/L)
of either form of selenium prior to conditioning exhibited de-
creased performance during the long-term recall test.

The absence of a treatment effect during the short-term recall
test, and the emergence of an effect during the long-term test, may
be because more time is required for selenium to be absorbed and
exert its toxic effect than the 3 h between selenium exposure and
conditioning and the short-term recall test. By the time of the
long-term recall test, sufficient damage from the toxic levels of
selenium may have occurred to alter the bees’ behavior. Alter-
natively, the mechanisms targeted by selenium toxicity may be
those involved in long-term memory consolidation or recall,
leaving short-term memory relatively unimpaired.

Unexpectedly, for both sodium selenate and methylseleno-L-
cysteine, the bees fed the highest dose (60 mg/L) did not show
significant deficits in their performance on either conditioning
trials or the short- and long-term recall trials. This unusual type of
u-shaped dose-response curve has been identified in previous
neurotoxicology studies, though the underlying mechanisms re-
main elusive (Bleecker et al., 1997; Davis and Svendsgaard, 1990;
Davis et al., 1990). Consequently, any interpretation of the
u-shaped dose response curve must be given with caution. One
possible explanation, however, is that honey bees may have some
type of physiological compensatory mechanism that either com-
bats or masks the effects of selenium toxicity at this high yet
sublethal dosage.

Following the short- and long-term recall trials, we performed
a sucrose responsiveness assay to determine if the performance of
bees exposed to selenium could be attributed to reduced motiva-
tion or ability to respond with PER to the odor stimulus. We did
not observe a decreased responsiveness to sucrose stimulation in
selenium treated animals compared to controls; however, we used
a relatively high sucrose content stimulus, which typically elicits
very strong PER. The conditioned response of PER to test trial odor
stimulation is a sensitive measure of motivation and thus could be
detecting a moderate decline in motivation or the ability to re-
spond to sucrose stimulation that could not be resolved with the
sucrose responsiveness test following the test trials.

Our data clearly show an effect of sublethal dosages of sele-
nium on a behavior that is important for colony performance.
Exposure to sublethal selenium can have a significant effect on
honey bee learning and memory within 24 h. The small amount of
selenium fed to the bees in this study is less than what bees could
encounter in contaminated areas. The concentrations used are
well within the ranges of selenium observed in the aerial tissues in
several plant species grown in selenium contaminated soil in both
greenhouse conditions and contaminated locations (Hladun et al.,
2013, 2012; Quinn et al., 2011). And the volume fed is much less
than the crop load a honey bee could carry.

Our results are consistent with two different mechanisms po-
tentially mediating the effects of toxic selenium exposure on honey
bee behavior. In other species, the cellular level mode of action for
selenium toxicity depends on the specific form of the selenium
compound. In the case of inorganic selenium cellular damage is
likely caused by oxidative damage, as has been shown in cultured
cell lines and in mammals (Letavayova et al., 2006). With organic
forms of selenium, the molecule may be metabolized into seleno-
cysteine that could then be misincorporated into proteins, causing
misfolding and impaired cellular function (Hladun et al., 2013). It is
likely that selenium toxicity in honey bees is mediated in similar
ways. Therefore, the specific mechanisms of the selenium-induced
behavioral impairments we observed likely depend on the form of
selenium to which the honey bees were exposed.

Selenium toxicity is likely acting in a non-selective manner. So,
the specific impairments caused by excess selenium would be
influenced by which tissues and organs are exposed to selenium
containing compounds. Also, selenium would have a greater im-
pact on organs that are more susceptible to and are less able to
repair selenium-induced damage. It may be that the nervous
system is simply one of the first organ systems to suffer irrepar-
able damage and thus exhibit impaired functionality. Alternatively,
non-neural peripheral toxic effects may also be sources of the
selenium induced behavioral impairments through induction of
malaise, or compromising function of organs playing a supportive
role in brain function and health. Further studies that examine
which organs and tissues in the bee are damaged following ex-
posure to selenium and the correlation of this damage with the
organ/tissue selenium content are needed to determine the exact
mechanism mediating selenium-induced behavioral impairments
in our experiments.

Selenium induced learning and memory impairments could
impact honey bees’ ability to function as pollinators and maintain
healthy colonies. While foraging, honey bees must be able to
quickly learn the locations and odor profiles of flower patches,
from which they gather the nectar and pollen required for colony
survival. Disruption or impairment of learning and/or memory
could significantly impair the foragers' efficiency in gathering
these resources and their ability to pollinate the many crops de-
pending on them for good productivity.

As our awareness of these environmental contaminants in-
creases, it is becoming increasingly apparent that we must further
our understanding of the harm caused by the plethora of toxins,
diseases, pests, etc. that are challenging honey bee populations
worldwide. Recent studies have detected the presence of multiple
pesticides, heavy metals, and metalloids in honey bee colonies
throughout the U.S. and Canada, some of which are already known
to have negative impacts on honey bee behavior at the detected
concentrations (Mullin et al., 2010; Pettis et al., 2013; Søvik et al.,
2015). However, for most of the pesticides and other toxic che-
micals present in the honey bees’ environment, there is still little
known about how sublethal levels of these chemicals affect the
behavior of honey bees and other pollinators.

Identifying changes in behavior caused by a toxin will allow us
to identify the sublethal concentrations at which honey bees first
become impaired so we can work toward sufficiently cleaning
highly contaminated areas and setting safe limits for toxin and
pesticide presence in the environment. There may be interactions
between these toxins and other challenges to honey bee health
that could augment the influence an individual toxin or disease
has on behavior and colony survival, so furthering our under-
standing of these potential synergistic relationships is of great
import as well.
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