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Abstract – Maternal stress is a common source of heritable health and behavioral variation. This type of maternal
effect could be particularly important for honey bees (Apis mellifera ), as a single queen is responsible for many
generations of workers who perform all colony functions including raising subsequent worker generations. Multiple
factors work synergistically to cause colony loss, but a role for maternal stress effects is unstudied. We used an
artificial cold temperature treatment as a proof-of-concept approach to investigate whether acute queen stress causes
changes in worker phenotypes, including egg hatching rate, development time, and adult behavior and immune
function. We found that queen stress impacts early-life phenotypes (egg hatching and development time), with more
limited impacts on adult phenotypes (behavior and immune function). Thus, if maternal stress impacts colony health,
it is likely through cumulative impacts on worker population numbers, not through phenotypic effects that impact
individual adult worker behavior or health resilience. This study addresses an important and overlooked question,
and provides a baseline understanding of the likely impacts of queen stress on worker phenotypes.

maternal effects / climate change / queen failure / immune function / gene expression

1. INTRODUCTION

Maternal effects occur when a female’s pheno-
type, genotype, or experience impact the pheno-
type of her offspring beyond direct genetic effects
(Marshall and Uller 2007). This phenomenon is
phylogenetically widespread, and can contribute
greatly to offspring fitness (Räsänen and Kruuk
2007; Wolf and Wade 2009). Maternal effects can

be a form of adaptive phenotypic plasticity; when
maternal experiences are communicated to off-
spring, it may allow them to alter aspects of their
phenotype and maximize survivorship and repro-
ductive success in spatially or temporally variable
environments (Gibbs et al. 2010; Keiser and
Mondor 2013; Lacour et al. 2014). Alternatively,
maternal effects can reflect offspring responses to
maternal stressors without clear adaptive value
(Räsänen and Kruuk 2007). Specifically, short-
term maternal stressors that negatively impact
the fitness of both mother and offspring are called
transmissive maternal effects (Marshall and Uller
2007). Although the sources of these stressors
vary, for many species, anthropogenic changes
to the environment in the form of chemical, noise,
and light pollution, climate change, and increased
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agricultural intensification, provide myriad
stressors that impact organisms over rapid ecolog-
ical timescales (Bonduriansky et al. 2012; Manley
et al. 2015; Sulmon et al. 2015; Lister and Garcia
2018). Such circumstances may increase the prev-
alence of transmissive maternal effects, and for
species in disturbed environments, such maternal
stress effects could be important contributors to
population declines (Crino et al. 2013; Strasser
and Heath 2013; Forcada and Hoffman 2014;
Jeffs and Leather 2014).

Worldwide populations of the western hon-
ey bee (Apis mellifera ) have been steadily
declining for the last 70 years due to synergis-
tic impacts of a variety of anthropogenic dis-
turbances. These include hive cultivation out-
side of the honey bee’s native range, increased
pesticide use, introduction of congeneric para-
sites and novel pathogens to which honey bees
are not co-adapted, and loss of floral resources
due to increased urban and agricultural land
development (Smith et al. 2013; Goulson
et al. 2015; McMenamin and Genersch
2015). Honey bee colonies are made up of
20,000–60,000 female worker bees that are
all descended from a single mother (the queen)
who lays thousands of eggs a day over her 3–
4-year lifespan (Amiri et al. 2017). Despite her
highly significant role in colony stability and
health, and despite recent evidence of high
rates of queen failure and decreased longevity
in managed colonies (Tarpy et al. 2012; Pettis
et al. 2016; Amiri et al. 2017), the vast major-
ity of studies that have addressed how
stressors give rise to honey bee colony mortal-
ity focus exclusively on direct impacts on
worker bees (Barron 2015; Johnson 2015;
Klein et al. 2017). A smaller but growing body
of work is addressing how stressors impact the
queen herself despite the fact that she rarely
leaves the safety of the hive (Alaux et al. 2011;
DeGrandi-Hoffman et al. 2013; Dussaubat
et al. 2016; Amiri et al. 2017). No studies,
however, have addressed how stress to the
queen impacts critical developmental, behav-
ioral, and immune phenotypes of worker bees
by way of maternal effects.

Here, we evaluate whether honey bee queen
stress results in transmissive maternal effects that

impact worker bee offspring survivorship, devel-
opment, immune function, and behavior. Sub-
lethal impacts on worker behavior are particularly
important to consider because workers perform all
of the tasks required for colony function, includ-
ing nursing and feeding the next generation of
work bees (Winston 1987). Thus, negative im-
pacts on even a single day’s cohort of workers
could have lasting effects on a colony (Khoury
et al. 2011). Previous studies show that aspects of
a queen’s phenotype do influence worker off-
spring, suggesting certain types of maternal ef-
fects are possible. For example, maternal age is
negatively correlated with embryo size, embryo
viability, and early larval development (Al-Lawati
and Bienefeld 2009). However, there is also evi-
dence that negative environmental effects and in-
dividual variation during early development are
ameliorated by the time individuals reach adult-
hood (Fox and Dingle 1994), which may counter-
balance maternal stress effects.

In the present study, we evaluate the potential
for transmissive maternal effects in honey bees by
treating queens with an artificial cold temperature
stress, and assessing worker phenotypes before
and after queen stress. Because the effect of queen
stress on offspring has not been examined, we use
the artificial cold stress as a proof-of-concept ap-
proach to provide a baseline understanding of the
likely impacts of queen stress on worker pheno-
types. We chose this particular artificial stressor
because previous studies have shown that it has
strong impacts on aspects of the queen’s repro-
ductive biology (Pettis et al. 2016), making it a
good candidate for a first evaluation of the pres-
ence of transmissive maternal effects. We assess
how queen stress impacts variation in worker egg
content, hatching success rate, development time,
adult behavior, and adult immune function.

2. MATERIALS AND METHODS

2.1. Overview

We used a repeated measures design to com-
pare a queen’s offspring before and after she
experienced a 2-h, 4 °C cold stress treatment
(Pettis et al. 2016). We chose this serial design,
as opposed to a randomized treatment order,
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because the cold stress has lasting impacts on
queen reproductive function (Pettis et al. 2016),
and it was not clear that collecting control data
after cold stress would be free of stress effects.
Our design involved comparing treatments for a
given queen over a relatively short time period
of 3 days (see Sections 2.3 and 2.4), which
minimizes potential impacts of natural seasonal
changes on a queen’s reproductive output. The
cold exposure we used is a common stressor
experienced by commercially purchased honey
bee queens, which are shipped across the coun-
try by air. We selected this paradigm because it
is easy to apply consistently across individuals,
and it has a proven biological impact, decreased
sperm viability (Pettis et al. 2016). In addition,
because it is a stronger stressor than would be
routinely encountered by honey bee queens, it
provides a robust proof-of-concept study of the
likely impacts of queen stress on worker
phenotypes.

2.2. Honey bee sources

All honey bee colonies used in this study were
of mixed genotypic origin, advertised as A.m.
carnica and A.m. ligustica , purchased from local
commercial beekeepers. To control for variation
in queen age, quality, reproductive experience,
and genotype, we purchased mated, outbred
queens of uniform age without any laying experi-
ence from a single supplier. We purchased queens
in blocks at the same time prior to initiating each
block of the experiment (see Section 2.3, 20 total
queens, Guthries Naturals, Frankfort, KY, USA).
This ensured that all queens throughout the study
were of the exact same age and reproductive ex-
perience at the initiation of the experiment. Ex-
perimental and foster hives (see Section 2.3) were
full-sized hives (composed of 2, 10-frame, 24.45-
cm-deep boxes) at the start of the experiment.
Worker bees build honey comb against wooden
frames containing a plastic foundation, and off-
spring are laid and reared inside individual hon-
eycomb cells. Hives were maintained following
traditional beekeeping standards and practices
(Graham 2015). Practices complied with disease
management recommendations set forth by the

Honey Bee Health Coalition and the Kentucky
State Department of Agriculture.

2.3. Experimental queen introduction

To achieve the desired level of replication in
this experiment, our goal was to collect offspring
from 32 stressed and unstressed queens. However,
because applying a strong stressor to a queen
could have lasting impacts on colony health and
ultimately lead to hive failure, we did not want to
sacrifice 32 independent colonies over the course
of this experiment. Instead, we continuously
reused a set of 8 experimental hives to house our
focal queens short-term while they laid eggs be-
fore and after the cold stress. To initiate the exper-
iment, we introduced queens to each of the 8
experimental colonies one at a time in 4 blocks
separated by 4-week time intervals (April–August
2017). We introduced two queens a day at 2-day
intervals within each block. This staggered start
and additional measures taken to randomize be-
havioral assays (see Section 2.5) allowed us to
perform behavioral analyses blind to the treatment
identity of the offspring.

Introducing new queens into one of the 8 ex-
perimental hives required us to take steps to en-
sure the hives did not kill or reject the new queen
at introduction. We followed a consistent protocol
for introducing queens to our experimental colo-
nies to ensure acceptance. First, we located and
removed the queen heading the experimental hive
(i.e., the queen present from the previous round of
the experiment), and allowed the hive to remain
queenless for2 days. This allowed the hive to
recognize the absence of the queen, which in-
creases the likelihood the new queen will be ac-
cepted (Perez-Sato et al. 2015). After two
queenless days, we placed the new queen within
a wooden cage inside the hive. This allows
workers to sense and feed the new queen, but
not sting or kill her. After 4 days, we released
the queen into the hive. We left the hive undis-
turbed for the next 14 days in order to allow the
queen to begin laying eggs. Because honey bee
worker eggs hatch within 72 h of being laid
(Winston 1987), any eggs present after this 14-
day time frame were laid by the newly introduced
queen, and so at this point we could collect the
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handling control and initiate the queen caging and
offspring collection portion of the experiment (see
Section 2.4). After we completed the stress para-
digm and offspring collection for a given queen
(see Section 2.4), she was removed and replaced
with the next queen (see above).

2.4. Experimental treatment groups and
egg protein sample collection

We assessed three different sets of offspring
laid by experimental queens. First, 14 days fol-
lowing queen installation and prior to any addi-
tional disturbance to the queen or colony, we
located a frame containing eggs that were approx-
imately 24 h old. We estimated age based on the
vertical orientation of the egg within the honey-
comb cell (Winston 1987). These eggs were a
“handling control,” used to assess impacts of
stress from queen handling on offspring pheno-
types. We removed this frame and, within 30 min,
collected 20 eggs into microcentrifuge tubes
(1.7 mL, VWR International, Radnor, PA, USA).
We stored eggs at − 20 °C for later assessment of
protein content (see Section 2.7). The frame con-
taining the remaining eggs was labeled and placed
within a foster hive (see below). We then located
the queen and trapped her for 24 h against an
empty frame with drawn honeycomb using a
“push-in cage.” This cage (40.5 cm long by
19 cm wide by 3 cm tall) covers about 80% of
one side of a frame. It is made of hardware cloth
(#8, Amazon.com, Seattle, WA, USA) with a
piece of plastic queen excluder (35 cm long by
15 cmwide, 0.5-cm opening) glued into the center
(Fig. S1). Through the queen excluder, workers
are able to move in and out of the cage, but the
queen cannot. Eggs laid on the frame within this
24-h caging period were designated “control.”We
collected eggs for protein assessment as above,
and transferred the frame containing the remain-
ing eggs to a foster hive (see below).

After the first 24-h caging period, we removed
the queen using a queen clip catcher (Dadant and
Sons Inc., Hamilton, IL, USA) and placed the
queen (inside the clip) into a refrigerator at 4 °C
for 2 h (following Pettis et al. 2016). The cold
treatment resulted in a light chill coma, from
which the queen was revived within minutes of

removal from the refrigerator. After the cold treat-
ment, we placed the queen, still inside the clip,
back into the experimental hive. We allowed the
queen 1 h to recover, during which workers were
able to access the queen through the clip. After
1 h, we trapped the queen for 24 h against a new,
empty honeycomb frame. Pilot studies showed
that eggs laid during this first 24-h period follow-
ing the cold treatment failed to hatch in most cases
(75% hatching failure, N = 4 queens). This failure
to hatch is likely due to higher cold susceptibility
at the advanced developmental state (Mackensen
1951; Yu and Omholt 1999; Rinderer 2008; Baer
et al. 2016). The pilot study showed that eggs laid
within the second 24-h period following treatment
were more likely to hatch (100% hatching suc-
cess, N = 4 queens). Therefore, we trapped the
queen for an additional 24 h against another new
honeycomb frame, and designated the resulting
offspring as the “cold stress” treatment. We col-
lected eggs for protein analysis and transferred the
frame to a foster hive (see below). We removed
the queen from the colony to initiate the next
block of the experiment.

Honeycomb frames containing eggs laid by
experimental queens were transferred to one of
14 foster hives for the duration of their develop-
ment. Foster hives were strong, otherwise undis-
turbed colonies whose populations remained sta-
ble throughout the experiment. This procedure
served two purposes. First, it ensured adequate
adult bees were present to rear focal offspring.
The 8 experimental hives, weakened by repeated
queen replacement (above), may not contain ade-
quate nurses for rearing offspring (Amdam and
Omholt 2002). Second, by housing the offspring
in random hives, we could ensure that any treat-
ment effects we observed were a function of stress
to the queen, and not colony level effects that may
indicate the adult worker response to a stressed
queen. Frames of offspring were assigned to foster
hives using a random number generator. We
placed frames in the brood nest in the lower hive
box, placed a queen excluder between the bottom
and top box, andmoved the foster colony queen to
the top box to prevent egg laying on study frames
(Rittschof et al. 2015; Traynor et al. 2017). Four
days after we added frames to foster colonies (at
which point all eggs from study frames would
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have hatched), we removed the queen excluder
from the hive to allow the queen to move freely.

2.5. Offspring sample collection and
behavioral analyses

Six days after each frame of eggs was trans-
ferred to the foster hive, we examined the frame
for the presence of larvae (honey bee eggs take
72 h to hatch). Egg hatching success (which we
found was all or none for a given frame of eggs)
was recorded as a binary response (yes/no). We
then left brood undisturbed until 1 day prior to
adult emergence (17 days after the queen was
removed from the frame). On this day, we re-
moved the frame and placed it in a circulated air
incubator kept at 33.5 ± 0.5 °C and constant dark-
ness (Rittschof et al. 2015; Chaimanee et al. 2016;
Walton and Toth 2016). In the morning and after-
noon of each subsequent day, we checked frames
for adult emergence. Once the offspring started to
emerge, we recorded the number of bees that
emerged from each frame each day. Because
frames contained different numbers of offspring
to begin with, and also showed variation in devel-
opment time, we recorded emergence time for the
first 120 offspring where possible, and fewer
where frames did not contain as many bees (see
Table SI for sample sizes per treatment and
queen). We report development time on a per-
bee basis as the number of days between egg
laying and emergence.

As adult offspring emerged, we placed them
into petri dish cages (100 mm × 20 mm, Thermo
Scientific, Waltham, MA, USA) modified with an
entrance hole.We provisioned bees with a 50%m/
v sucrose solution in two 1.7-mL microcentrifuge
tubes (VWR International, Radnor, PA, USA)
with two small feeding holes drilled through the
base (Li-Byarlay et al. 2014; Rittschof et al. 2015;
Rittschof 2017). We labeled each dish with a
random number derived from an online number
generator. The number of dishes created per treat-
ment and queen varied depending on offspring
emergence success (see Table SII for samples
sizes per treatment and queen). In most cases,
we placed 4 bees in a dish, and in some cases
where numbers were limited, 3 (Rittschof et al.
2018). We returned dishes to the incubator until

bees were 7 days old, at which point we assessed
aggressive behavior using the intruder assay (see
Section 2.6, Rittschof and Robinson 2013; Li-
Byarlay et al. 2014; Rittschof et al. 2015). We
placed an additional 25 emerging adult offspring
into 8 cm × 9.5 cm × 6.5 cm Plexiglass boxes with
ventilation holes (provisioned as above). When
these bees were 7 days old, they were flash-
frozen and stored at – 80 °C for qPCR analysis
(see Section 2.8).

2.6. Intruder assay

The intruder assay is a lab-based assay of hon-
ey bee aggression. Previous studies show that
high aggression in the intruder assay is associated
with greater survivorship following pesticide
treatment, and lower levels of mite infestation
(Rittschof et al. 2015). Thus, this assay provides
a behavioral predictor of health resilience
(Rittschof et al. 2015). When bees were 7 days
old, we moved petri dishes to a temperature-
controlled ventilated laboratory space (25–30 °C,
natural light). We assigned dishes across ob-
servers (typically 2 observers per day) and placed
the dishes on a table top in random order (ob-
servers were blind to treatment identity). We
allowed bees to acclimate for 1 h prior to testing.
At the start of the assay, one intruder bee (a forager
from a colony that was not otherwise involved in
our study) was marked on the thorax with a paint
pen (Elmer’s, High Point, NC, USA) for identifi-
cation and introduced into the dish of 4 bees. Over
1 min, we scored five behaviors displayed by
group members towards the intruder: (1)
antennation, which was movement of the antenna
of a group member in contact with the intruder
bee. An antennation event ended when the group
member turned away from the intruder; (2)
antennation with mandibles open, which was sim-
ilar to antennation, but with the mandibles parted;
(3) biting, in which the mandibles of a group
member clamped down or pulled on the intruder
bee; (4) abdominal flexion, in which a group
member mounts or clings to the intruder while
flexing its abdomen but not extruding stinger;
and (5) stinging, in which a group member
mounts or clings to the intruder, flexes her abdo-
men, and extrudes her stinger. We quantified
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stinging in two ways, the number of discrete
stinging attempts and the total time spent stinging
regardless of number of attempts (sting duration).
Both attempts and duration are reasonable mea-
sures of aggression severity. We summed the total
tallies for each behavior per dish (reported as an
average per bee). We analyzed these tallies as well
as a total aggression score per bee. The total
aggression score is a composite score that weights
individual behaviors for severity (1–5 as per the
order specified above). We calculated two differ-
ent total scores, one incorporating sting attempts
and the other incorporating sting duration.

2.7. Egg protein and size analysis

We thawed samples (N = 10 samples, 2
eggs/sample) on ice, added 200 μL of distilled
water, and homogenized with a micro-pestle
(Wegener et al. 2010; Foray et al. 2012). We
quantified the protein content of 50 μL of the
homogenate with a Micro BCA Protein Assay
kit following the manufacturer’s protocol (Ther-
mo Scientific, Waltham, MA, USA). For a small
number of cold stressed and control eggs in a pilot
study (N = 14 control and N = 19 cold stressed
eggs across two queens), we measured egg size
(width and length) from photographs using
ImageJ (Schneider et al. 2012). Egg measurement
procedures were adapted from Al-Lawati and
Bienefeld (2009). We found no treatment differ-
ences in egg size (Table SIII), and so we did not
carry out size measurements in our main study.

2.8. Adult immune gene expression analysis

We used qPCR to measure mRNA expression
levels of a panel of immune genes whose expres-
sion values reflect parasite and pathogen suscep-
tibility or infection (Evans et al. 2006; Doublet
et al. 2017). For the panel, we selected eight genes
from ameta-analysis of a 19-transcriptome dataset
(Doublet et al. 2017; genes and their functions are
described in Table I, primer sequences are listed in
Table SIV). We included genes canonically asso-
ciated with the insect immune system that are also
shown to be differentially expressed in association
with a wide range of pathogens and stressors in
honey bees (including mite feeding and viral,

fungal, and bacterial infections; Doublet et al.
2017). We chose genes associated broadly with
immune challenge because the specific nature of
potential impacts of queen stress on offspring
immune function is unknown. We evaluated gene
expression in the fat body, an abdominal tissue
that functions as a part of the humoral immune
system (Wilson-Rich et al. 2008; Richard et al.
2012) and is analogous to the liver and white
adipose tissue of vertebrates (Nunes et al. 2013).

We assessed immune gene expression for con-
trol and cold stress offspring from 3 queens se-
lected at random. This sub-sampling approach
allowed us to assess treatment groups with ade-
quate replication across a range of genotypes, but
in a cost-effective manner. Three genotypes are a
typical level of replication for this type of molec-
ular approach (Alaux et al. 2009; Naeger et al.
2011). We removed the gut from abdomens par-
tially thawed in RNAlater (Thermo Scientific,
Waltham, MA, USA). We extracted RNA from
the remaining tissue attached to the abdominal
cuticle using E.Z.N.A. HP Total RNA kit, which
includes an on-column DNAse treatment (Omega
Bio-Tek, Norcross, Georgia, USA). We homoge-
nized tissue in a lysis buffer (included in Total
RNA kit) with four 0.7-mm zirconia/silica beads
(Bio-spec, Bartlettesville, OK, USA) in a bench
top homogenizer (MP Biomedicals, Santa Anna,
CA, USA). We quantified the RNA using a
CLARIOstar microplate reader with LVis plate
(BMG Labtech, Cary, NC, USA), synthesized
cDNA using 200 ng RNA and SensiFAST cDNA
Synthesis Kit (Bioline, Taunton, MA, USA), and
performed qPCR on a Quanta Studio 6 (Thermo
Scientific, Waltham, MA, USA) with 10 μL reac-
tions (in triplicate) using PerfeCTa SYBR green
supermix (Quanta Bio, Beverly, MA, USA). We
used previously published primers (see
Table SIV) and quantified relative RNA against
a DNA standard curve for all genes except
apidaecin-1 . Due to its short exons, it was not
possible to design primers to amplify the standard
curve for this target; therefore, we used the delta
CT method to assess relative quantity.

Target gene quantities were normalized to the
geometric mean of 2 endogenous control genes,
gapdh (GB50902) and rp49 (GB47227). We se-
lected these two genes based on pilot assessment
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that showed low (less than 20%) coefficient of
variation for each of these genes in the fat body.
In our samples, we verified that these two genes
had a coefficient of variation across all samples
that was less than or equal to 20%, and that these
genes were not differentially expressed as a func-
tion of treatment.

2.9. Data analysis

We collected egg hatching success data for 20
queens across the entire study. We analyzed egg
hatching success (yes/no) using McNemar’s Test
(JMP Pro 13.2), paired for queen. We analyzed
egg protein content and behavioral data using
linearmixedmodels (the lmer and glmer functions
in the lme4 package in R (Bates et al. 2015; R
Core Team 2018). We coded random effects using
a random intercept approach (Harrison et al.
2018). For all linear mixed models, we assessed
treatment significance using a likelihood ratio test
between models with and without the treatment
main effect. For egg protein content, we coded
cold stress treatment as a fixed effect and queen as
a random effect; we excluded round and foster
hives as factors from this analysis since eggs were
collected and assessed immediately after they
were laid, and we collected eggs for only the first
two rounds of the experiment (N = 8 queens),
limiting seasonal variation. We used only the first
two rounds in order to improve numbers of sur-
viving individuals for later stages of data collec-
tion (development time, behavior, and immune
data) in later rounds.

For the analysis of development time and ag-
gressive behavior, we treated queen and foster
hive as random effects, with experiment start date
and cold stress treatment as fixed effects. Because
offspring from some queens failed to hatch, we
have data for development time and behavior
from N = 11 total queens. We assessed treatment
effects on development time using a proportional
hazards survival analysis (JMP Pro 13.2). We
found no significant differences across blinded
observers in aggression scores, so data were
pooled across observers. Total aggression scores
(including either sting attempts or duration) were
log transformed for normality prior to analysis
with linear mixed models (Li-Byarlay et al.
2014; Rittschof 2017). Singular aggressive behav-
iors (antennation, antennation with mandibles
open, biting, flexion, sting attempts, and sting
duration) were assessed using generalized linear
mixed models with a Poisson distribution and log
link function.

We analyzed gene expression data for a subset
of three randomly selected queens to achieve
replication across genotypes. This type of ap-
proach is typical for gene expression analyses
where it is cost prohibitive to replicate sampling
as broadly as assessments of other phenotypes
(Naeger et al. 2011). Because gene expression
patterns were similar among queens, we pooled
data from all three prior to analysis. Data distri-
butions varied by gene, and so we used two-tailed
t tests when data was normally distributed, and
two-tailed Wilcoxon tests for non-normal data
(indicated in Section 3).

Table I. Immune panel genes derived from Doublet et al. (2017). Primer sequences and sources are listed in
Table SIV

Gene NCBI ID Description

abaecin 406144 Antimicrobial peptide

defensin-1 406143 Antimicrobial peptide

hymenoptaecin 406142 Antimicrobial peptide

prophenoloxidase 406155 Melanizing agent

prophenoloxidase activator 726126 Activator for melanizing agent

vitellogenin 406088 Storage protein

apidaecin 406115 Antimicrobial peptide

lysozyme-2 724899 Antimicrobial peptide
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3. RESULTS

Due to variation in the available offspring with-
in hives, we were only able to collect handling
control offspring (see Section 2.4) for 9 queens
throughout the entire study. Moreover, these
frames generally contained a low number of us-
able offspring, and so we were unable to confi-
dently statistically analyze handling control data
for all phenotypes. However, we found no differ-
ence in offspring hatching success between the
two controls (Table SV, P = 1.0), and offspring
development time and total aggression score
(attempts) did not consistently differ (Figs. S2–
3). Taken together, we observed minimal consis-
tent differences comparing the handling control
with the caged queen control (prior to cold stress,
see Section 2.4), and thus limited evidence that
handling stress had a distinct impact on offspring
phenotype. As a result, for a small number of
cases where the control frame failed to produce
adequate offspring for analyses (2 queens for the
development time and behavioral analyses), we
substituted results from the handling control for
the control in order to maximize sample sizes and
power.

Cold stress significantly decreased egg hatch-
ing success relative to the control (Table II, N =
20 queens, McNemar test, X 2

1 = 4, P = 0.046),
and delayed offspring development by more than
half a day on average (Figure 1, N = 11 queens,
Mean/S.E.: control 20.6/0.02 days, cold stress
21.3/0.02; proportional hazards X 2

1 = 247.4,
P < 0.0001). Offspring from 9 of 11 queens
showed a consistent pattern of delayed develop-
ment following cold stress (Figure 1). Despite
these impacts on development, egg protein con-
tent did not change with cold stress (Figure 2,N =
8 queens, Mean/S.E.: control 6.4/0.37 μg,

treatment 6.0/0.25 μg; LMM X 2
1 = 0.60, P =

0.44), nor did egg size (Table SIII).
Adult phenotypes showed variable impacts of

cold stress. Cold stress did not significantly im-
pact total aggression score, a composite measure
that weighted behaviors on the basis of severity
(antennation, antennation with mandibles open,
biting, abdomen flexion, and either sting attempts
or duration). Total aggression score showed no
treatment effects, whether the composite included
either attempts or duration (Figure 3; N = 11
queens; LMMattempts X 2

1 = 0.10, P = 0.75;
LMMduration: X

2
1 = 0.47, P = 0.49). Simpler line-

ar mixed models with only queen and treatment
(excluding round and foster hive) gave similar
results. However, taking each aggressive behavior
independently, cold stress treatment had some
effects (Figure 4): it significantly decreased
antennation (X 2

1 = 8.9, P = 0.003) and signifi-
cantly increased sting duration (X 2

1 = 16.8,
P < 0.0001). No other behaviors showed treat-
ment effects (mandibles X 2

1 = 1.01, P = 0.31; bit-
ing X 2

1 = 1.05, P = 0.31; flexion X 2
1 = 0.22, P =

0.64; sting attempts X 2
1 = 0.29, P = 0.59). Adult

offspring showed no differences in immune gene
expression as a function of cold stress
(Table SVI), although there is notable variance
within treatments (Figure 5).

4. DISCUSSION

Transmissive maternal effects are common in
disturbed environments, and could have important
impacts on individual health and colony resilience
in social insects, where one or a small number of
queens produce all other colony members. We
used an artificial, short-term cold stress, applied
to otherwise healthy queens, as a proof-of-concept
approach to assess evidence that maternal stress is
transmitted to worker offspring. We found that
maternal stress decreased the probability of egg
hatching and delayed worker development. How-
ever, once workers reached adulthood, maternal
stress had variable lasting impacts on adult worker
behavior and minimal impacts on immune gene
expression. This work provides a baseline under-
standing of the likely impacts of queen stress on
worker phenotypes.

Table II. Cold stress significantly decreased offspring
egg hatching success

Did not hatch Hatched

Control 3 17

Cold stress 6 14

N = 20 queens/treatment, McNemar’s test, P < 0.046
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Figure 2. Cold stress did not impact worker offspring egg protein content. Eggs were collected and analyzed from
N = 8 queens from the first two rounds of the experiment. Eggs laid by queens following cold stress showed no
significant changes in protein content compared with eggs laid by these same queens prior to cold stress (P = 0.44).

Figure 1. Cold stress significantly delayed worker offspring development time. Offspring laid after queen cold stress
took longer to emerge to adulthood compared with control offspring laid by these same queens prior to cold stress.
This pattern was consistent for 9 of 11 queens assessed. Data shown is the average (± S.E.) days from oviposition to
adult emergence. The numbers along the x -axis designate different queens used in the study (queen identity is
consistent across all figures). The degree of variance in offspring development time differed across queens, and as a
result, error bars are small or absent in some cases. Note: to make data as clear as possible, the y -axis on this figure is
scaled from 19 to 22 days.
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Figure 3. Adult worker total aggression score is not affected by queen cold stress treatment. A composite aggression
score incorporating multiple aggressive behaviors did not show significant treatment differences as a function of
cold stress to the queen (P = 0.75). Data are from offspring laid by a given queen before (control) and after she was
exposed to cold stress. Data shown are for the total aggression score calculated with sting attempts. Patterns for total
scores using sting duration were very similar (data not shown). Data were log transformed prior to analysis, and bars
represent mean (± S.E.).

Figure 4. Some aggressive behaviors show significant variation as a function of cold stress. Data analyzed in
Figure 3 are presented in terms of the individual behaviors that make up the composite total scores. Bars represent
mean (± S.E.). Cold stress significantly decreased the frequency of antennation towards the intruder (P = 0.003),
while it significantly increased the duration workers stung the intruding bee (P < 0.0001). No other behaviors
showed significant differences as a function of cold stress.



In our study, the strongest impacts of queen
cold stress were observed at the egg stage. Pilot
data showed that many offspring laid within the
first 24 h following queen cold stress failed to
hatch entirely, and the current results, which target
offspring laid 24–48 h after cold stress, also show
strong evidence of egg hatching failure. Despite
evidence that stress impacts protein provisioning
to eggs in other insect species (Diss et al. 1996),
we found no evidence that cold stress impacts
protein provisioning or egg size, although notably,
both of these characteristics varied across queens.

The cold stress effects we observed could be a
direct result of egg exposure to cold temperatures,
as opposed to an indirect effect of queen stress on
some feature of egg provisioning or development.
Eggs less than 2 h old have a low survival rate
following cold temperature exposure because they
are in the pre-cellular, syncytial state (Collins and
Mazur 2006); this sensitivity to direct cold expo-
sure may also extend to the late-stage oocytes
present at the time of our queen cold stress. The
difference in hatching success comparing eggs
laid 24 h and 48 h following the cold stress sug-
gests eggs closer to oviposition are relativelymore
sensitive to cold or queen stress. We did not track
offspring beyond 48 h following the queen cold

temperature stress, and it is possible that over a
longer time frame, egg development and hatching
rate would return to normal. Thus, stress to the
queen could have a temporary but severe impact
on offspring survivorship. Multi-day loss in work-
er production could have important impacts on
colony stability, especially if other stressors simul-
taneously influence behavior and survivorship of
other colony members (Khoury et al. 2011;
Goulson et al. 2015; McMahon et al. 2016). Invi-
able female eggs may make it more difficult for
the colony to replace a stressed queen because
there are fewer choices among female offspring
(Sagili et al. 2018).

In animals that produce offspring over relative-
ly short time windows, asynchrony between ma-
ternal stressors and embryo production could pro-
tect offspring from certain maternal stress effects.
In contrast, in species in which offspring develop-
ment and production is more or less continuous
during adulthood (many invertebrates), ephemeral
environmental stressors are more likely to impact
at least some offspring. For example, in verte-
brates, one well-known context for maternal stress
effects involves glucocorticoid (a stress hormone)
provisioning to embryos. Similar to the tempera-
ture effects observed here, this is a passive process
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Figure 5. Adult worker immune gene expression was not significantly different following queen cold stress. Data
are normalized to the geometric mean of two endogenous control genes. Data are plotted as boxplots, and points
represent individual data points (pooled across offspring from three queens). No genes showed significant differ-
ences as a function of treatment, although some genes showed substantial variation within treatment groups.



wherein a presumably temporary spike in mater-
nal glucocorticoids results in increased hormone
quantity in egg yolk or elevated transmission of
glucocorticoids to the placenta (Sheriff and Love
2013). However, the stressor is only transmitted if
elevated hormone levels occur during a critical
window of offspring development. Thus, the rel-
ative severity of the impacts of transient anthro-
pogenic stressors may depend on the life history
patterns of organisms of concern. Insects, al-
though seasonal, produce eggs over extended pe-
riods of time, and recent evidence supports the
idea that anthropogenic stressors may be
impacting this group more broadly than previous-
ly appreciated (Hallmann et al. 2017; Lister and
Garcia 2018).

In insects, there is evidence for a variety of
maternal effects, most of which manifest early in
life, but with potential impacts throughout life.
Variation in egg size is a common insect maternal
effect that impacts offspring body size and the
likelihood of embryo survival (Fox et al. 1997).
Egg provisioning (specifically the quantity and
ratio of three key macronutrients, protein, lipids,
and carbohydrates) also shows maternal effect-
driven variation within eggs of the same size
(McIntyre and Gooding 2000; Al-Lawati and
Bienefeld 2009), and in some cases may be a
better predictor of offspring hatching success.
There are also examples of non-nutritive egg com-
ponents that are under maternal influence. For
example, transgenerational immune priming
(TGIP) refers to a phenomenon where offspring
from a mother exposed to a pathogen are prepared
via maternal effects to mount an immune re-
sponse. There is evidence of TGIP in honey bees,
in which pathogens bound to the yolk protein
vitellogenin accumulate in the egg and decrease
offspring susceptibility to the pathogen (Salmela
et al. 2015).

Some components of early-life variation, like
small size at hatching, can be compensated for
during the larval stage with extended development
time (Fox and Dingle 1994). In keeping with this
pattern, we found that queen cold stress delayed
development. The mechanism of this effect is
unclear, especially since we found no obvious
source of variation that may have been compen-
sated for by delayed development: there was no

evidence that egg size or provisioning changed as
a function of cold stress. In the honey bee, subtle
changes in rearing temperature impact adult brain
structure and are known to influence development
rate and survivorship; pupae kept at low temper-
atures throughout development developed more
slowly and were less likely to emerge successfully
(Groh et al. 2004). Notably, we see developmental
delay during a similar time frame in response to
even an extremely brief temperature treatment.

Early life stressors can have surprisingly per-
sistent impacts on other nutrition-dependent de-
velopmental phenotypes (Pechenik 2006); devel-
opmental timing is one such phenotype, mediated
by juvenile hormone and endocrine signaling
from metabolic tissues including the fat body
(Mirth and Riddiford 2007). Thus, it is possible
that queen stress had persistent effects on devel-
opmental pacing and metabolic physiology. Stress
often accelerates aging processes in adult worker
bees (Perry et al. 2015), but few studies have
addressed how pre-adult stressors impact larval
or pupal development rate (Scofield and Mattila
2015; Wang et al. 2016).

We used adult behavioral measures to infer
whether maternal cold stress makes worker
bees more susceptible to health stressors dur-
ing adulthood. We assessed variation in ag-
gression, a behavior broadly associated with
pesticide tolerance, mite resistance, colony
productivity, and overwintering success
(Camazine 1986; Wray et al. 2011; Rittschof
et al. 2015). Queen cold stress did not cause
significant changes in a composite aggression
score, which was correlated with health effects
in previous studies (Rittschof et al. 2015).
Moreover, queen cold stress had opposing ef-
fects on two aggression behaviors on opposite
ends of the severity spectrum: it decreased the
antennation response to invading bees, but in-
creased stinging effort. Such contrasting ef-
fects are atypical in previous studies, as chang-
es in low and high level behaviors often co-
vary (Rittschof et al. 2015; Rittschof 2017). It
is unclear why queen stress would have these
differential effects on aggression-relevant be-
haviors, but it may suggest that perception of
an invading bee and the strength of the aggres-
sive response are decoupled following cold
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stress. In adult worker bees, responsiveness to
olfactory aggression cues increases with age
(Robinson 1987), driven by underlying nutri-
tional and physiological processes that are
rooted in hormone signaling and fat metabo-
lism (Breed et al. 2004). A change in this
developmental pacing (established in juvenile
development but perhaps persistent into adult-
hood) could alter one or more aspects of the
aggressive response. Future studies could more
carefully evaluate how pre-adult developmen-
tal pacing impacts adult longevity, behavior,
and other physiological components that could
impact aggressive response, e.g., olfactory sen-
sitivity and nutritional stores.

Cold stress had no significant impacts on off-
spring immune function, as measured using
mRNAvalues at baseline. A second approach that
targets a slightly different measure of immune
function would be to measure gene expression in
response to an immune challenge, a measure of
immune activation (Di Prisco et al. 2013) which
may have yielded different results (although both
measures are important predictors of response to
disease, Olav Rueppell personal communication).
Some of our genes showed highly right-skewed
expression patterns (e.g. , Abaecin and
Hymenoptaecin ), which is characteristic of im-
mune activation due to infection with a parasite
or pathogen. Many individuals showing evidence
of immune activation were offspring from cold
stressed queens, which could suggest these indi-
viduals are more sensitive to infections or other
stressors that were uncontrolled and thus possibly
present in our study. However, in general, we find
very little evidence that baseline immune activity
differs in adult worker bees as a function of queen
cold stress.

In honey bees, environmental stressors, in-
cluding pesticide and pathogen exposure, and
poor nutrition, act synergistically to cause col-
ony death (Goulson et al. 2015). There is
strong evidence that multiple stressors con-
verge on similar physiological and immune
processes, additively weakening the health of
an individual bee (Johnson et al. 2009; Liess
et al. 2016; Doublet et al. 2017; Tosi et al.
2017). However, synergy can manifest in a
second way in social insect colonies: different

single stressors may each impact different
members of the worker population, leading to
a decline in the total available workforce
(Perry et al. 2015). Our study supports the idea
that queen stress decreases the total worker
population, but may not have lasting impacts
on the health and behavior of individual bees.
Given the substantial role the queen plays in
maintaining population numbers, and the in-
creased rate of queen failure in managed hives,
future studies may benefit from including ma-
ternal effects as an important source of worker
honey bee stress, and in considering stress
synergy at both the individual and colony
levels.
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