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Abstract

Background:Queen failure is a persistent problem in beekeeping operations, but in the absence of overt
symptoms it is often difficult, if not impossible, to ascertain the root cause. Stressors like heat-shock, cold-shock, and
sublethal pesticide exposure can reduce stored sperm viability and lead to cryptic queen failure. Previously, we
suggested candidate protein markers indicating heat-shock in queens. Here, we further investigate these heat-shock
markers and test new stressors to identify additional candidate protein markers.

Results:We found that heat-shocking queens for upwards of 1 h at 40 °C was necessary to induce significant
changes in the two strongest candidate heat-shock markers, and that relative humidity significantly influenced the
degree of activation. In blind heat-shock experiments, we tested the efficiency of these markers at assigning queens
to their respective treatment groups and found that one marker was sufficient to correctly assign queens 75% of
the time. Finally, we compared cold-shocked queens at 4 °C and pesticide-exposed queens to controls to identify
candidate markers for these additional stressors, and compared relative abundances of all markers to queens
designated as‘healthy’ and ‘failing’ by beekeepers. Queens that failed in the field had higher expression of both
heat-shock and pesticide protein markers, but not cold-shock markers.

Conclusions:This work offers some of the first steps towards developing molecular diagnostic tools to aid in
determining cryptic causes of queen failure. Further work will be necessary to determine how long after the stress
event a marker’s expression remains elevated, and how accurate these markers will be for field diagnoses.
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Background
According to surveys in Canada [1] and the US [2, 3],
one of the most frequently reported causes of honey bee
(Apis mellifera) colony failure is‘poor queens.’ Unfortu-
nately, the underlying factors leading to queen failure
are usually difficult, if not impossible, to determine. For
example, previous research has found that heat-shock,
cold-shock, and pesticide exposure all decrease the via-
bility of sperm stored in queen spermathecae [4, 5],
which would theoretically lead to the same colony-level
symptoms: inconsistent brood patterns, poor population

build-up, and sometimes atypical drone-laying. If bee-
keepers cannot diagnose the root cause of queen failure,
they are less equipped to identify the source of stress
and are unable to make evidence-based management de-
cisions to mitigate or eliminate the stress in the future.

In colonies, honey bees are normally adept at thermo-
regulating [6], but queens are vulnerable to heat-shock
and cold-shock events during shipping [4, 7], where they
are regularly transported long distances via ground or
air cargo in poorly thermoregulated environments [8]. In
a colony, worker bees can try to lessen the effects of
overheating by collecting water and fanning to achieve
evaporative cooling, or by heat-shielding, using their
own bodies as heat-blocking insulation [6, 9]. Likewise,
they can mitigate chilling by vibrating their wing
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muscles to generate heat [6]. However, in small queen
cages used for shipping, there is often limited (if any)
water, poor ventilation, and too few workers to effect-
ively cool or heat the queen. We have previously in-
cluded temperature loggers in long distance queen
shipments and found that both hot and cold
temperature spikes regularly occur [4, 7]. Some commer-
cial queen suppliers include temperature loggers in their
shipments as a quality control measure, but these are
typically only large-order, international deliveries, and it
is up to the discretion of the supplier. Worryingly, some
evidence suggests that temperature spikes can even
occur inside colonies during extreme heat-waves [7, 10]
– conditions that are projected to increase in frequency,
severity, and duration with climate change [11, 12].

Pesticides from multiple sources (mainly beekeeper-
applied miticides and agrochemicals) can accumulate in
hive products, creating an additional risk to honey bee
health. Since queens are fed a strict diet of worker glan-
dular secretions (i.e, they do not consume potentially
contaminated flower products) [13–15], they are
normally buffered from direct oral xenobiotic exposure
[16, 17]. However, pesticides (including miticides, fungi-
cides, herbicides, and insecticides) accumulate in wax
[18, 19] and thus can pose a contact exposure hazard to
queens.

A cumulative hazard quotient (HQ) is one way to in-
terpret risk during co-exposures to multiple pesticides
simultaneously and employs a solely additive approach
to incorporate the dose and respective toxicity of all pes-
ticides in a mixture to estimate hazard [20]. Here, hazard
quotients represent the ratio of the expected toxin ex-
posure divided by the LD50 based on adult worker oral
exposure (the same approach as reported in Traynor
et al. [18]). This method is imperfect, since queen topical
exposure will have different toxicity than adult worker
oral exposure, but this approach does allow for
standardization of mixture doses. Although the bio-
logical effects of xenobiotics are not always additive, cu-
mulative hazard quotients provide a framework to assess
cocktail risks when interactions between their compo-
nents are unknown.

In a survey of commercial colonies engaged in agricul-
tural pollination, Traynor et al. found that the mean haz-
ard quotient of the cumulative pesticide‘exposome’ in
wax was 2155 [18]. Those colonies experiencing‘queen
events’ (i.e., the colony was queenless, had queen cells,
or a virgin queen) had an average wax HQ of ~ 3500,
while queenright colonies had average wax HQ of ~
1700. While this is only a correlational observation,
other researchers have found increased frequencies of
queen events when colonies were given pollen patties
with clothianidin [21] or a mix of clothianidin and thia-
methoxam [22], both of which are neonicotinoid

pesticides. Neonicotinoids can also reduce stored sperm
viability [5], which is a possible mechanism leading to
queen failure events.

Our ultimate goal is to identify queen stress bio-
markers that can help distinguish different causes of
queen failure in a single diagnostic test (Fig.1). As a first
step towards that goal, here we heat-shocked, cold-
shocked, and pesticide-stressed queens experimentally
and compared protein expression profiles of their
spermathecae to controls. The spermathecae were
chosen because if a queen is sent for laboratory analysis,
the spermathecae will likely be dissected to determine
sperm viability and sperm count metrics, and we have
previously shown that the remaining tissue sample is
amenable to proteomics by mass spectrometry. There-
fore, it is an economical and biologically relevant choice.
We also surveyed protein expression profiles in 125
‘imported,’ ‘healthy,’ and ‘failed’ queens to look for over-
lap between their expression patterns and the candidate
biomarkers. Finally, we conducted a blind heat-shock
trial to test the efficacy of using the top two candidate
heat-shock biomarkers to assign queens to their relevant
treatment groups. This work forms the foundation on
which to further develop and refine these candidate
queen stress biomarkers for eventual diagnostic use.

Results
Temperature stress
Previously, we heat-shocked queens and used compara-
tive proteomics to suggest candidate spermathecal pro-
tein markers [7]. To expand our stressor scope, here we
also compared cold-shocked queens to controls and in-
vestigated the proposed heat-shock markers in more de-
tail through an exposure time-course. Of the 2094
quantified proteins, 21 were differentially expressed be-
tween cold-shocked (2 h at 4 °C) and control queens
(n = 5 and 7, respectively), and only three of those were
upregulated in the cold-shock group (Fig.2a; Student’s t
test, 5% false discovery rate (FDR), Benjamini-Hochberg
correction). GO term enrichment by the gene score re-
sampling approach, which does not depend onp value
thresholds [23], shows that acyl transferase activity was
significantly upregulated with cold-shock, whereas oxi-
doreductase activity was significantly downregulated,
among others (Fig.2b; 5% FDR, Benjamini-Hochberg
correction). We anticipate that upregulated, rather than
downregulated, proteins will generally be the most prac-
tical biomarkers because they are less likely to be af-
fected by instrumental limits of detection and should
not be as sensitive to false positives (e.g., from sample
degradation). Therefore, we selected the top two most
significantly upregulated proteins, XP_026296654.1 (leu-
cine-rich repeat transmembrane neuronal protein 4-like)
and XP_395122.1 (probable tRNA N6-adenosine
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threonylcarbamoyltransferase) as candidate cold-shock
biomarkers.

The two most significant candidate heat-shock bio-
markers we identified in our previous experiment [7]
were the small heat-shock proteins XP_395659.1 and
XP_001120006.2, and here we confirm that these two
proteins are consistently upregulated across queens from
independent origins. Both proteins were again globally
differentially expressed after a 2 h, 40 °C exposure rela-
tive to negative controls (5% FDR, Benjamini-Hochberg,
n = 7 each), and this response was significantly higher at
80% relative humidity (RH;n = 7) compared to 40% RH
(Fig. 2e; n = 6; XP_001120006.2: df = 11,p = 0.0055,
Tstat = 3.44; XP_395659.1: df = 11,p = 0.0075, Tstat =
3.26). Holding the RH at a constant 40%, expression of
XP_001120006.2 (linear regression, df = 34,p = 7.9 ×
10� 8, F = 47.0) and XP_395659.1 (df = 33,p = 5.1 × 10� 6,
F = 29.9) significantly depended on exposure duration,
with clear differences not emerging until the 1 h time
point.

Pesticide stress
Temperature is one of many stress factors that can influ-
ence queen quality, as pesticide exposure can also re-
duce sperm viability and lead to queen failure [5, 21, 22].
To evaluate effects of pesticide exposure on spermathe-
cal protein expression, we applied (to the thorax) 2� l of
either acetone alone, acetone with 20 ppb imidacloprid
(a neonicotinoid insecticide), a pesticide“cocktail”
(which does not contain any neonicotinoids) diluted in
acetone to achieve a hazard quotient of ~ 511 (Table1).
This HQ is considerably lower than the mean wax HQ
in commercial colonies (2155), which was intentional
because we expect the transfer of toxins from wax to the
queen to be inefficient and we also sought to examine
the queen biomarkers resulting from sublethal pesticide
exposure. The imidacloprid dose is also an equivalent
amount to the lowest dose Chaimanee et al. [5] tested
on queens (2 ul of 20 ppb imidacloprid applied to the
thorax), which they found caused a significant drop in

Fig. 1 Schematic of experimental design for identifying queen stress biomarkers. Queen silhouettes adapted from McAfee et al. (2019), reuse
permitted under CC BY 4.0
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