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Abstract

All species need to reproduce to maintain viable populations, but heat stress kills sperm cells across the
animal kingdom and rising frequencies of heatwaves are a threat to biodiversity. Honey bees (Apis
mellifera) are globally distributed micro-livestock; therefore, they could serve as environmental
biomonitors for heat-induced reductions in fertility. Here, we found that queens have two potential
routes of temperature-stress exposure: within colonies and during routine shipping. Our data suggest
that temperatures of 15 to 38°C are safe for queens at a tolerance threshold of 11.5% loss of sperm
viability, which is the viability difference between failed and healthy queens collected from beekeepers.
Heat shock activates expression of specific ATP-independent heat-shock proteins in the spermatheca,

which could serve as biomarkers for heat stress. This protein fingerprint may eventually enable surveys
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for the prevalence of heat-induced loss of sperm viability in diverse landscapes as part of a

biomonitoring program.

Introduction

Climate change is threatening biodiversity around the globe'3, and one potential driver is through heat-
induced reductions in fertility*®. The impact of heat on fertility is far-reaching in the animal kingdom,
affecting mammals’?, birds??, fish!3, nematodes!4, and insects*'>2!, At temperatures of 40-43 °C,
spermatogenesis is compromised??, sperm viability drops**®%, sperm are less competitive?*, and motility
is compromised®>?>24, Extreme weather events such as heatwaves are increasing in frequency and

25-27

severity?>2’, which could have widespread effects on populations via reduced reproductive output*®.

Insects and other ectothermic animals are especially vulnerable to changes in local temperatures
because, unlike mammals, they are less able to thermoregulate. Insects and are critical components of
ecosystems and agriculture, with economic estimates placing the global value of insect pollination at
approximately €153 billion annually?®. Worryingly, declines in insect populations® and pollinating
species®®3* have already been reported, with habitat destruction, range compression, pesticide residues,
diseases, and their interactions commonly reported as potential drivers?®3>3%, However, there has been

relatively little research on the effects of heat on pollinating insect reproduction?®*°,

Young honey bee queens have one brief mating period early in life, and store the sperm they acquire for
the rest of their lives (up to 5 years)¥. As the sole egg-layer, colony productivity directly depends on the
qgueen’s reproductive output, which in turn depends on the viability and abundance of her stored

Sperm18’38’39.

Like other insects, individual honey bees are ectothermic, but colonies can thermoregulate and maintain
stable core temperatures of around 35°C in the brood nest*. Although colonies can persist in regions

with extreme heat, evidence suggests that extreme ambient temperatures (38 - 46°C) are associated
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with colony losses*. Furthermore, internal hive temperatures positively correlate with ambient
temperatures above 18°C, and brood nest temperatures can rise upwards of 37°C, both under natural
conditions*? and during simulated heatwaves®. Hives occasionally experience spikes of > 40°C*,

suggesting that queens could be vulnerable to temperature extremes even inside the hive.

Honey bees have excellent potential for being temperature stress biomonitors. They are a globally
distributed, managed species, so they are readily available in almost any geographic region, and they are
already accepted as effective biomonitors for pollution®. If we begin to observe signs of heat stress in
honey bees colonies, that would signal a worrisome risk of reduced reproductive output for ectothermic

species.

Here, we begin to explore honey bees’ utility as temperature stress biomonitors. We monitored
temperature fluctuations in colonies under extreme weather conditions, establishing that damaging
intra-hive temperatures can occur. Next, we tested a range of temperatures and exposure durations to
determine thresholds above which queen quality is likely to be compromised. We then investigated the
biochemical basis of heat-induced sperm viability reduction in queens and drones using quantitative
proteomics, which showed how heat stress alters protein expression of reproductive tissues. The
specific set of upregulated proteins we identified may eventually serve as diagnostic tools to elucidate
causes of queen failure and eventually enable regional surveys of heat stress as part of an

environmental temperature biomonitoring program.

Results and Discussion

Stored sperm viability of failed and healthy queens

To establish how much of a reduction in sperm viability is associated with field-observable reduced
reproductive output (and associated economic losses for beekeepers), we collected queens rated as

‘failing’ (N = 58) and ‘healthy’ (N = 55) by beekeepers and measured the queens’ stored sperm viability
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(Fig 1a). We found that the failed and healthy viability data were normally distributed (Shapiro test, P =
0.18 and 0.11, respectively), and that failed queens had significantly lower sperm viability (Student’s t
test, P = 5.8E-06, F = 28.16), with an average drop of 11.5%. We then set an 11.5% viability drop as the
tolerance threshold in subsequent experiments aimed at identifying critical temperatures beyond which

gueens are at risk of substantial loss of stored sperm viability.

Temperature exposure thresholds

Previous research has shown that both cold (4°C) and hot (42°C) temperatures reduce stored sperm
viability in queens®®. To determine critical temperature and duration thresholds, we compared stored
sperm viability across a temperature and duration gradient (5, 10, 15, 25, 38, 40 and 42°C, exposed for
1, 2 or 4 h followed by a 2 d recovery period) (Fig 2a). Not all experimental groups’ data were normally
distributed (Shapiro test, P < 0.05); therefore, we analyzed it with a Kruskal-Wallis test for non-
parametric data. There was a significant effect of temperature for the 2 h (2= 15.6, P =0.016) and 4 h
(x* =17.9, P = 0.0065) treatments, while not at 1 h (x> =9.12, P = 0.17). A Dunnett’s post hoc test
revealed that the only temperatures that were significantly different from the control (25°C) were the 2
h, 10°C treatment (P = 0.045) and the 4 h, 42°C treatment (P = 0.00057), at a family-wise error rate of a
=0.05. The 2 h and 4 h data were then pooled and optimally fit to a cubic polynomial regression (R? =
0.092, P = 0.012; Fig 2b) to find the temperature tolerance thresholds for queens, given a pre-defined
maximum acceptable drop in sperm viability (11.5%). This model suggests that 15.2 — 38.2°C is the

suggested “safe zone” with minimal loss of viability for 2 - 4 h exposures.

To test effects of heat on ejaculated sperm viability, we exposed single-drone ejaculates to 42°C for 0, 2,
or 4 h, followed by a 2 d recovery period at 25°C (Fig 2c). These data were normally distributed (Shapiro
test, P = 0.18); therefore, we used a two-way ANOVA for analysis. We found that responses differed

depending on the colony source, but heat dramatically decreased viability by 35% after both 2 and 4 h


https://doi.org/10.1101/627729
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/627729; this version posted November 25, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

92 (faCtOFSZ time and Colony, P(time) = 1.2E‘07, F(time) = 24 df(time) = 2; P(co|ony) = 0.00015, F(colony) = 11, df(colony) =
93 2). Heat-shock therefore affects stored and ejaculated sperm viability at similar magnitudes. Drones
94  could also be appropriate biomonitors of heat-stress, as their sperm is also sensitive to changes in

95 temperature. However, drones are not as long-lived as queens and are only seasonally available.

96  Shipment and hive temperature fluctuations

97  To document if routine shipping poses a threat of adverse temperature exposure to queens, we tracked

98 the temperatures of eight domestic queen shipments (seven via ground transportation, one via air; Fig

99  1b). We found that even in these shipments, which were not deliberately timed to occur during extreme
100  weather events, one package experienced a temperature spike to 38°C and one dropped to 4°C. Since
101 honey bees cannot adequately thermoregulate in queen cages, extreme ambient temperatures are a
102 hazard for shipping. However, little is known about a whole colony’s ability to thermoregulate in the

103 face of extreme heat.

104  To gain a more complete picture of temperature fluctuations within colonies, we recorded temperatures
105 throughout the brood nest (loggers placed between each frame of three 10-frame hives) during extreme
106 heat in August in El Centro, California. The ambient temperatures, measured in the shade beneath each
107 hive, reached up to 45°C (Fig 1c). In all three hives, the temperature at the two outer-most frames

108 spiked to upwards of 40°C for 2 - 5 h, and in two of the hives, temperatures exceeded 38°C even one or
109  two frames closer to the core. Therefore, the colony’s ability to thermoregulate begins to break down in

110 extreme heat, and queens can be vulnerable to temperature stress inside the hive.

111 Queen survival through heat stress

112  Sturup et al. previously reported that drones are mortally sensitive to heat'’; however, queens are
113 typically tolerant of stressful conditions. As a biomonitor, a favourable feature would be to survive

114  through heat stress while accumulating a physiological and molecular record of the stress event(s). We
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115 compared drone, queen, and worker survival over time at 25°C, 38°C, and 42°C, confirming that drones,
116  but not queens, are indeed mortally sensitive to heat (Log-rank test, P < 0.00001; Fig 3a, FigS1). Fifty-
117  four percent of drones died over the course of 6 h at 42°C, whereas every queen survived. We also

118 found that drones are more sensitive to heat than workers, which have a similar lifespan to drones but

119 are non-reproductive females.

120 In this experiment, drones and workers were from local colonies, while queens were either from a local
121  origin or imported from Hawaii and Australia. If bees are to be used as a global biomonitor for

122 temperature stress, an important experiment will be to determine if there are differences in survival,
123 physiological response, or biochemical response to heat between genetic stocks that may be adapted to

124 hotter or cooler climates.

125 Honey bees’ sex-biased heat sensitivity is puzzling because drones and queens spend most of their lives
126 inside the hive and can avoid participating in mating flights during hot weather. Therefore, they are

127 exposed to similar environmental conditions, and based on this, one might expect them to have similar
128  physiological tolerance thresholds. However, the ability of a colony to survive and produce reproductive
129  individuals directly depends on the survival of individual queens (there is only one per colony), and not
130  individual drones (hundreds per colony). Natural selection may have favoured high survivorship of

131  queens, as evidenced by not only their long lifespan (up to 5 y) but also their high tolerance to heat

132  stress, despite the death of their stored sperm. To our knowledge, sex biases in thermal tolerance for
133 other social insects has not yet been investigated, as critical thermal tolerance studies have focused on

134  workers or on male fertility alone.*>°

135 Next, we investigated sex biases in heat tolerance for two solitary insect species—fruit flies (Drosophila
136 melanogaster) and brown marmorated stink bugs (Halyomorpha halys). The stink bugs have a similar

137 body size and thermal tolerance range as honey bees>® and their global distribution has expanded to
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138  cover four continents, making them a potential candidate biomonitor. Fruit flies have a much smaller
139  body size but are also distributed in laboratories around the world, so they could be candidate

140  biomonitors too. We found that both male and female stink bugs and fruit flies readily die with heat (Fig
141 3b and c), meaning that they cannot accumulate a physiological or molecular record of a heat stress

142 event and have limited utility for observing impacts of heat on fertility through time. However, these
143 data do indicate another worrying trend: that exceptionally extreme temperatures may reduce insect
144 populations through direct kills, in addition to reducing reproductive output if they survive. We found no
145 difference between males’ and females’ heat sensitivities for fruit flies and a slight opposite (female)
146  biased heat sensitivity in stink bugs. In contrast, the high survivorship of honey bee queens makes them
147  agood candidate biomonitor, should they possess molecular signatures indicative of heat stress when it

148 occurs.

149  ATP-independent sHSPs are upregulated in heat-shocked queen spermathecae

150  Sperm longevity is enabled by molecular processes that reduce oxidative damage and maintain sperm in
151  aquiescent metabolic state. For example, the spermatheca is a highly anaerobic environment, which
152 helps prevent reactive oxygen species (ROS) formation®’. Enzymes that further limit damage from ROS
153  are also upregulated in mated queens compared to virgins®®°°, and ROS damage leads to infertility in
154  mammals®®®l, Heat is well known to lead to oxidative stress®?; therefore, we hypothesized that queens
155 may combat heat-stress by upregulating enzymes that mitigate oxidative damage. Additionally,

156  glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been previously implicated in stored sperm
157  longevity, since metabolic activity measurements of stored sperm supplemented with its substrate

158  (glyceraldehyde-3-phosphate) improved viability and produced the highest molar ratio of ATP via

159  anaerobic catabolism®’. Heat-induced changes in GAPDH expression could therefore also impact sperm

160  viability.
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161  To test these hypotheses, we compared expression of ROS mitigating enzymes (superoxide dismutases
162 (S0OD1, 2, and 3) and catalase) as well as GAPDH in heat-shocked and non-heat-shocked virgin

163  spermathecae, mated spermathecae, and ejaculated semen. Stored sperm are reportedly

164  transcriptionally active in queens to some degree®, although whether this is true in general has been a
165 matter of debate across species®. It is not known with certainty whether ejaculated sperm are

166  transcriptionally active; nevertheless, analyzing ejaculates, virgin spermathecae and mated

167 spermathecae helped us to disentangle the male versus female origins of expression in sperm-filled,
168 mated spermathecae. We found that heat-shock did not upregulate expression of ROS-mitigating

169  enzymes, nor GAPDH (Fig S2); rather, all enzymes were consistently (but not significantly)

170  downregulated with heat (by 10-30%). Queens must therefore employ other strategies, if any, to

171 combat heat stress.

172 A multitude of other proteins could also be responsible for mitigating damage from heat—most

173 obviously, members of the heat-shock protein (HSP) family?#84¢, HSPs generally function as molecular
174  chaperones that stabilize proteins, refold damaged proteins, and prevent protein aggregation, but they
175  can have diverse functions in specific contexts and their precise role in the honey bee spermatheca is
176 unknown. Some HSPs contain an ATPase domain and require ATP to function (e.g., HSP70s, HSP90s,
177  HSP110s), while others operate independently of ATP (e.g., HSP10s, HSP20s, HSP60s). In addition, since
178  glyceraldehyde-3-phosphate yields the most ATP per unit via anaerobic catabolism of any tested

179  substrate and significantly increased sperm longevity®’, this implies that ATP usage economy is a critical
180  factor for maintaining viable sperm. Therefore, we expect that ATP-independent HSPs should be

181 upregulated with heat stress in spermathecae, and ATP-dependent HSPs (or a mix of ATP-dependent
182 and ATP-independent HSPs) should be upregulated as a result of heat stress in other tissues. In addition,
183 some ATP-independent short HSPs (sHSPs, typically 20-28 kDa) suppress ROS generation while

184 preventing protein aggregates and apoptosis®?%’. Since molecular processes that reduce oxidative
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185  damage favour sperm longevity, we hypothesized that heat should induce expression of sHSPs in the

186  spermatheca.

187  To determine which HSPs were upregulated with heat-shock, we compared global protein expression
188  profiles in heat-shocked and non-heat-shocked mated and virgin spermathecae, ejaculates, and ovaries
189  (Fig 4a, Fig S3). We hypothesized that the heat-shock response should both mitigate ROS production
190 and conserve ATP in the spermatheca, but this ATP-conservation may not be as critical in the ovaries
191 where the ATP economy is not expected to be as tightly controlled. Of the 2,778 protein groups

192 identified in the spermathecae and ejaculates, only five were significantly up-regulated with heat (5%
193 FDR), all of which were identified in the mated and virgin spermathecae. All five of the proteins were
194 unique, ATP-independent sHSPs (accessions: XP_001120194.1, XP_001119884.1, XP_395659.1,

195 XP_001120006.2, and XP_026294937.1) (Fig 4b). In heat-shocked virgin spermathecae, two of the same
196  sHSPs (XP_395659.1 and XP_001120006.2) were also significantly upregulated, and all mirrored the
197  expression patterns in the spermathecae of heat-shocked mated queen (even if not significant),

198 indicating that this is a queen-derived, and not a sperm-derived, response (Fig 4c and d). By contrast,
199  the most strongly upregulated protein in heat-shocked ovaries was HSP70—an ATP-dependent HSP—

200  and no sHSPs were upregulated in this tissue, supporting our initial hypotheses (Fig 4e).

201  As expected, the significantly enriched Gene Ontology (GO) terms were all related to responses to heat
202  and stress in the spermathecae (Fig 5a and b). However, the only significantly enriched GO term in the
203 semen analysis was related to the electron transfer activity (Fig 5¢), driven by a heat-induced down-
204  regulation of the proteins linked to this GO term (Fig 5d), suggesting that the sperm may be less able to
205 produce the large amounts of ATP necessary for flagellar beating. This is consistent with the findings of
206 Gong et al., who found that heat stress at 42°C impaired mitochondrial function, reduced electron

207  transport chain complexes’ activities, and lowered total cellular ATP?3, Numerous proteins (none of

208  which were HSPs) were downregulated in heat-shocked spermathecae, but based on the GO term
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209  enrichment analysis and manual inspection of their functions, it is unclear what their biological
210  significance is. It is possible that they are degradation products of heat-killed sperm, but since these

211 proteins were largely absent in the semen samples, we cannot confirm this hypothesis.

212 Twenty HSPs were identified in spermathecae overall and 13 were identified in the semen (Fig 6);

213 however, the precise functions of specific honey bee HSPs are largely unknown. To gain insight into

214  potential roles of the five differentially expressed HSPs we identified, we compared their sequences to
215 annotated sequences in other species and identified putative protein domains using NCBI’s basic local
216 alignment search tool (BLAST)®, All five of the HSPs contain one or more alpha crystallin domains, which
217 is characteristic of small HSPs (sHSPs). Four of these HSPs are within the expected molecular weight

218 range, and one of the proteins (XP_026294937.1) is predicted to be 56.7 kDa (and contains two alpha
219 crystallin domains instead of one), highlighting that HSPs should not necessarily be categorized based on
220  molecular weight alone. All five of the honey bee sHSPs are orthologous to the D. melanogaster gene
221  I(2)efl (also known as CRYAB). In Drosophila, upregulation of this gene causes increased lifespan of

222 individual flies®. CRYAB and other sHSPs are highly conserved in both vertebrates and invertebrates,”
223 but is by far the best studied in human. In humans, sHSP upregulation is associated with anti-apoptotic
224  properties, as well as mitigating ROS production®¥%%7172 Their up-regulation in heat-shocked testes is
225  thought to help compensate for the damaging effects of heat’?, and we speculate that they are playing a
226  similar role in the spermathecae. Queens with strongly up-regulated sHSPs may therefore be better able

227  to counter-act ROS production, sperm death, and ultimately maintain longevity.

228  Other researchers have suggested that in mammals, some ATP-dependent HSPs (e.g., HSP70s and

229 HSP90s) may be important for maintaining male fertility via quality control of sperm®73, Unlike sHSPs,
230  these HSPs appear to be pro-apoptotic factors and could theoretically help prevent damaged sperm
231  from being able to fertilize an egg. Neither queen spermathecae nor drone ejaculates provide evidence

232 supporting this strategy of quality control in honey bees; in this experiment, none of the HSPs that were

10
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233 up-regulated with heat in spermathecae or semen contained an ATP-binding nor ATPase domain, which
234  are characteristics of HSP70s and HSP90s but not the sHSPs (Figure 5 and 6)%. Rather, HSP70 was only

235 upregulated in the ovaries, which does not directly participate in sperm maintenance.

236 In mammals, sHSPs are upregulated in testes after heating, but so are ATP-consuming proteins like

237  HSP105, HSP70-1, HSP70-2, and HSP907476, We speculate that the energetic cost associated with

238  ensuring high sperm quality is advantageous in mammals because it helps reduce the risk of an egg
239  going unfertilized, which would produce no progeny. However, the honey bee’s differing strategy of
240  upregulating only the ATP-independent sHSPs in the spermatheca is consistent with a tightly controlled
241 ATP usage economy, as well as their haplodiploid sex determination system: for honey bees, an

242 unfertilized egg develops as a drone, rather than being non-viable. Therefore, honey bees may have
243 experienced little selection for an ATP-consuming quality control measure, and instead combat heat
244  damage to sperm in an ATP-conservative manner. The ATP-independent sHSPs have the dual purpose of
245  also limiting oxidative damage and conserving ATP. The significant enrichment for differentially

246  expressed proteins involved in multiple nucleotide metabolic processes, including ATP, in the transition
247  from virgin to mated spermathecae (Fig S3) supports the notion that regulating ATP production and

248  consumption is critical for maintaining stored sperm viability.

249 Moreover, analyzing heat-shocked mated queen ovaries revealed that HSP70—an ATP-dependent HSP—
250  was uniquely upregulated in this tissue (Fig 5 and 6). This observation is consistent with selection for
251  ATP-consuming quality control mechanisms when a failed fertilization event fails to produce offspring (in
252  this case, when a non-viable egg meets a viable sperm). Overall, these data indicate that upregulation of
253  specific sHSPs is not a general indicator of cellular stress, since it was not observed in the ovaries.

254 Indeed, the ovaries appear not to express most sHSPs at all, whereas they were abundantly expressed

255  even in non-heat-shocked spermathecae.

11
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256 Finally, we compared protein expression in spermathecae, fat bodies, and ovaries between 11 queens
257  that failed due to unknown causes and 11 age-matched, apiary-matched healthy queens. We identified
258 1,219, 1,640, and 1,782 proteins, respectively, but did not find any significant expression differences at
259 10% FDR, indicating that there is not one universal signature of failure (Fig S4). Rather, we suspect that
260 different stressors alter protein expression in these tissues in different ways, and that no significant

261 differences were found because it is highly unlikely that the queens all failed from the same cause.

262 We propose that the sHSP response of the spermathecae may serve as a post-queen-failure biomarker
263 of heat stress which could help diagnose causes of colony failure in the field. Future experiments should
264 include a blind heat-shock trial to determine a) if previously heat-shocked queens can be reliably

265 distinguished from non-heat-shocked queens based on these biomarkers, b) how long the heat-shock
266 proteomic signature lasts, and c) if other stressors produce proteomic signatures that overlap with the

267  heat-shock signature.

268

269 Conclusion

270  Our experiments show that temperature stress deeply damages both stored and ejaculated honey bee
271  sperm viability, that queens are vulnerable to temperature changes both in colonies and during

272  transport, and that temperatures ranging between 15°C and 38°C for 2 - 4 h are generally safe for

273  queens. Honey bees have a strong sex bias in heat tolerance, with females being highly tolerant—a bias
274  which does not exist in the two solitary insect species we tested (H. halys and D. melanogaster). Future
275 research should investigate if this sex-biased heat tolerance is also present in other Hymenopterans in
276  order to better understand the evolutionary origin. Upon heat-shock, queens upregulate ATP-

277 independent HSPs in their spermathecae, which both minimizes ATP consumption and could provide

278 beneficial anti-apoptotic properties. In contrast, HSP70 (an ATP-consuming HSP) is upregulated in

12
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279  ovaries. Once validated in field trials, these protein signatures could serve as biomarkers for heat stress
280  enabling longitudinal surveys for the prevalence of heat-induced loss of sperm viability in diverse

281 landscapes as part of a biomonitoring program.

282 Methods

283  Sperm viability assays

284 Honey bee queens (Kona Queens supplied in a single shipment) were treated at one of five different
285 temperatures (5, 10, 15, 25, 38, 40, and 42°C) for 1, 2, or 4 hours, then held at 25°C for 2 d. The

286  temperature range was chosen because previous research showed that 4°C and 8°C were sufficiently
287  cold to reduce sperm viability, and that 40 - 42°C was sufficiently hot.!® Therefore, more temperatures
288  were chosen at the cold (5, 10, and 15°C) and hot (38, 40, and 42°C) extremes to try to capture the

289  critical point at which the viability begins to drop. We chose 25°C as the control temperature, rather
290 than 35°C, because these queens were obtained from a commercial supplier and queens are not held at
291 hive temperature during transport. While a 35°C treatment group would be an appropriate control, it

292  would not be meaningful in these circumstances.

293 Fourteen queens (replicates) were included in the 25°C treatment (negative control), whereas 8 or 9
294  queens were included in all other temperatures and exposure durations (see Table 1 for specific

295 replication information). Following this, queens were beheaded, and their spermathecae were dissected
296  with fine forceps. The spermathecae were gently agitated with a pipet tip in 100 pl Buffer D (17 mM D-
297 glucose, 54 mM KCl, 25 mM NaHCOs;, 83 mM NasCsHs0-) to break them open and release the sperm.
298  Sperm viability was determined using a live/dead sperm viability kit (Thermo) following the protocols of
299  Collins and Donoghue”’. Briefly, the SYBR14 dye was diluted 1:9 in DMSO. Two microlitres of the diluted
300 SYBR14 dye and 4 pl of propidium iodide were gently mixed with the sperm and incubated for 15

301 minutes in the dark. Two microlitres of the mixture was then added to a glass microscope slide and
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302 viewed under a fluorescent microscope. Live (green) and red (dead) sperm were counted until 100 cells
303  were observed, covering multiple fields of view. Unless otherwise reported, all statistical analyses were
304  performed in R (v3.5.1). First, the data were tested for normality using a Shapiro test. The data was not
305 normally distributed, we used a non-parametric test (Kruskal Wallis) to investigate the effects of

306 temperature on viability for each duration separately. When a significant effect of temperature was
307 identified, we performed a post-hoc Dunnett’s test to identify significant contrasts to the 25°C control.
308 To identify the best-fitting linear model, we pooled the 2 h and 4 h data and performed linear

309 regressions using temperature as a continuous variable, testing exponents 1 - 4 to identify the optimal

310 fit (highest R?).

311 Drones were harvested from three different colonies headed by Kona queens with unknown

312 relatedness. The colonies were kept in Beaverlodge, Alberta. Semen was collected with glass capillaries
313  according to the methods of Collins and Donoghue”’. Briefly, we pinched drone abdomens with a rolling
314  motion from the anterior to posterior end to expel the endophallus and semen. The semen was

315  collected by first filling glass capillaries with 1 pl Buffer D, then drawing up the semen via capillary action
316  (avoiding the white mucus secretions). Capillaries were then filled with a further 1 ul of Buffer D to

317  prevent the sample from drying out, and both ends were wrapped with parafilm. This technique

318  typically yielded 0.5-1.0 pl of semen per sample. Semen samples were then heat-shocked at 42°C for O,
319 2, or 4 h, then allowed to recover at 25°C for 2 d (see Table 2 for replication information). We chose a
320 lower temperature for semen recovery because ejaculated drone semen can be maintained at room
321  temperature for several weeks while retaining high viability’®. Viability assays for these semen samples
322  was performed following the same methods as for spermathecae. Data were analyzed by a Shapiro test
323 and Levene’s median test to confirm normal distribution and evaluate the validity of the assumption of
324  equal variance, respectively. The data passed both tests, so a two-way ANOVA (factors: time, colony)

325  was performed, followed by a Tukey HSD test.
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326

327  Recording temperatures during shipments

328  We arranged seven shipments of locally produced (BC) queens via ground transportation from Kettle
329  Valley Queens, Nicola Valley Honey, Wild Antho, Campells Gold Honey, Heather Meadows Honey Farm,
330 Six Legs Good Apiaries, and Wildwood Queens (located in Grand Forks, Merrit, Armstrong, Abbotsford,
331 Telka, Surrey, and Powell River, respectively) to the University of British Columbia, Vancouver, in the
332 summer of 2019. These queens (7-8 queens per shipment) were all considered to be “good” queens by
333 the donating bee breeders based on their laying pattern. These queens cumulatively make up the

334  “healthy” queen cohort (N = 55 queens total). An additional shipment travelled from Edmonton to UBC
335  Vancouver via air freight. All shipments were accompanied by two temperature data loggers (B-series
336  WatchDog loggers, Spectrum Technologies) set to record the temperature every 10 minutes for the

337  duration of the shipment.

338

339  Failed queen viability survey

340

341  We solicited samples of failed queens, as rated by beekeepers, from throughout BC in the summer of
342 2019. Reported reasons for designating the queens as ‘failed’ included poor brood pattern, drone laying,
343 poor population build-up, disease symptoms, injury, small size, and worker rejection. These queens (N =
344  58) make up the “failed” queen cohort. We measured the sperm viability of all failed and healthy queens
345 using the same live/dead sperm staining kit as described under “Sperm Viability Assays.”

346

347 Hive temperature recording

348

349  Torecord the internal and external temperatures of colonies, we placed temperature loggers inside
350 three standard, 10-frame colonies in El Centro, California, from August 23™ to September 6%, 2017. The

351 hottest day (the data shown) was August 26™. Loggers were set to record the temperature every 10

352 minutes and were placed between each frame of the hive. Hives consisted of 10 deep frames in a single
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353  wooden Langstroth brood box with a medium depth box on top of the brood chamber and a migratory
354  wooden cover. The ambient temperatures were recorded with a temperature logger placed in the shade
355 beneath each hive.

356
357 Heat-shock survival

358 For honey bee heat-shock tests, drones and workers were collected by retrieving a frame of capped

359  brood from a hive and allowing the bees to emerge in an incubator. Newly emerged bees were marked
360  with a paint pen and returned to the colony to age for one week, at which time they were recaptured
361 and caged in California mini cages. For drone heat-shock tests, one drone was added per cage along with
362 malleable candy (icing sugar-based) and five worker attendants. A total of 199 drones were caged in the
363  following experimental groups: 42°C heat (50), 38°C heat (50), and 25°C (99) for six hours (all at 60%

364 relative humidity). Every hour, the number of drones that perished was recorded. Worker heat stress
365  tests were conducted independently with six workers per cage (54 workers per group) held at 42°C and

366  25°C.

367 Queens were from a variety of sources (local, Hawaii, and Australia) and their ages ranged from

368  approximately 3 - 5 weeks. They were kept in California mini-cages with five worker attendants each and
369 held at 42°C, 38°C, or 25°C for either 1, 2, or 4 h as part of other experiments (for viability

370  measurements and proteomics). Relative humidity varied between 40 and 80%, but this did not have an
371  effect of survival (100% of queens survived in both cases). Eight queens were held at 42°Cfor6 h ata
372 constant 60% relative humidity specifically for survival analysis. See Fig S1 for sample sizes and risk

373  tables for each treatment group. No queens died in these tests; therefore it was not necessary to

374  account for geographic origin in statistical analyses.

375 Male and female 3- to 10-day-old Canton S wild type fruit flies were held at 38°C and 25°C for six hours

376  in Drosophila vials with media (50 males and 50 females). Loss of motility was recorded every hour. We
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377  used this as the endpoint because fruit flies will become paralyzed with heat, but recover motility after
378  several hours (in some cases, overnight) at cooler temperatures. Control female flies were maintained
379  fora further week after the experiment to confirm that the majority of them had successfully mated

380 prior to the heat stress tests.

381 Male and female stink bugs were reared in the laboratory according to standard protocols’. Stink bugs
382  which transitioned from nymphs to adults 3 - 7 d prior were transferred to ventilated 500 ml volume
383 plastic cages with a piece of moist paper towel (3 - 6 stink bugs per cage). They were heat stressed at
384  42°C (55 females and 41 males) or held at 25°C (36 females and 24 males) for 6 h. Only mated females

385 carrying eggs were included in the experiment, as determined by post-stress dissection.

386 In all cases, Kaplan-Meier survival curves were generated in R and compared using log-rank tests. See Fig

387  S1for risk tables and sample size information for survival tests for all species.

388  Heat-shock for proteomics

389  Our experimental design for the proteomics experiments was to compare heat-shocked and non heat-
390 shocked treatments of three tissues: virgin spermathecae, mated spermathecae, and ejaculated semen
391 (N = 10 each for all but the semen, which was N = 5 where each N was a pooled sample of five drones
392  from one colony). For the mated spermathecae, expression differences induced by heat-shock would be
393  the sum of any expression differences that may have occurred in the queen’s cells and in the sperm

394  cells. The virgin spermathecae, however, do not contain sperm so that response to heat-shock is purely

395  from the queen.

396 Honey bee colonies were maintained in an apiary at the University of British Columbia. During the

397  summer of 2018, 40 queens were reared from a single colony of local origin and half were allowed to
398 open mate, while the other half were kept as virgins in plastic queen cages. Two weeks after emergence,
399  thevirgin queens were given two, eight-minute carbon dioxide treatments on sequential days, then re-
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400 introduced to their nucleus colonies. This process stimulates virgin queens to begin laying®, and we
401  conducted these treatments in order to minimize the physiological differences between virgin and

402 mated queens.

403  Virgin and mated queens were retrieved from their nucleus colonies and half of each (10) were

404 subjected to heat-shock (42°C, 2 h), and then maintained at 30°C for 2 d. The other half were held only
405 at 30°C for 2 d. Four to six weeks after mating, the queens were anesthetized with carbon dioxide,

406 beheaded, then their spermathecae were removed with fine forceps. Both ovaries were also removed

407  and weighed.

408 During the same summer, 200 drones from a different colony in the same apiary were collected and
409 maintained in the laboratory overnight at ambient temperature with excess syrup (50% sucrose). The
410 next day, semen was harvested with glass capillaries according to the methods described above.

411 Because many drones were not sexually mature, 60 semen samples (out of the 200 drones) were
412  collected. Capillaries were placed in petri dishes and half (30) were heat-shocked as described above,
413  then kept at 25°C for 2 d. The other half were only kept at 25°C for 2 d. Ten samples from each

414  experimental group were used for sperm viability assays as described above.

415 Proteomics sample preparation

416  Semen and spermatheca samples were homogenized in 2 ml screw-cap tubes containing 100 ul of lysis
417  buffer (6 M guanidinium chloride, 100 mM Tris, pH 8.5) and four ceramic beads. The homogenizer

418  (Precellys 24, Bertin Instruments) was set to 6,500 s* for 30 s, then samples were centrifuged (16,000
419 rcf, 10 min, 4°C) to remove debris. Supernatants were transferred to a new tube and diluted 1:1 with
420  dH,0. Protein was precipitated by adding four volumes of ice-cold acetone and incubating overnight at -

421 20°C. The precipitated protein was pelleted and washed twice with 500 pl of 80% acetone, then the
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422 pellet was allowed to air dry (ca. 5 min) prior to solubilization in 50 pul of digestion buffer (6 M urea, 2 M

423 thiourea).

424  Approximately 25 micrograms of protein were reduced (0.5 pg dithiothreitol, 20 min), alkylated (2.5 pg
425 iodoacetamide, 30 min, dark), and digested (0.5 pg Lys-C for 3 h, then 0.5 ug trypsin overnight). Digested
426  peptides were acidified with one volume of 1% trifluoroacetic acid and desalted with high-capacity

427  STAGE tips as previously described®.. Eluted samples were dried (SpeedVac, Eppendorf, 45 min) and

428 resuspended in Buffer A (0.1% formic acid). Peptide concentrations were determined using a NanoDrop
429 (Thermo, 280 nm) and sample orders were randomized for liquid chromatography-tandem mass

430  spectrometry (LC-MS/MS) analysis.

431 LC-MS/MS data acquisition and analysis

432 Peptides (0.5 pg for each sample) were injected on an EASY-nLC 1000 liquid chromatography system
433 (Thermo) coupled to an Impact Il Q-TOF mass spectrometer (Bruker), essentially as previously

434  described®, The LC system included a fused-silica (5 um Aqua C18 particles (Phenomenex)) fritted 2 cm
435  trap column connected to a 50 cm analytical column packed with ReproSil C18 (3 um C18 particles (Dr.
436 Maisch)). The separation gradient ran from 5% to 35% Buffer B (80% acetonitrile, 0.1% formic acid) over
437 90 min, followed by a 15 min wash at 95% Buffer B (flow rate: 250 uL/min). The instrument parameters
438  were: scan from 150 to 2200 m/z, 100 ps transient time, 10 us prepulse storage, 7 eV collision energy,
439 1500 Vpp Collision RF, a +2 default charge state, 18 Hz spectral acquisition rate, 3.0 s cycle time, and the

440 intensity threshold was 250 counts.

441 Mass spectrometry data were searched using MaxQuant (v1.5.3.30) using default parameters, except
442 “match between runs” was enabled. Peptide spectral matches, peptide identifications and protein
443 identifications were controlled at 1% false discovery rates (FDRs). The protein search database was the

444  NCBI Identical Protein Groups database for Apis mellifera (downloaded Nov. 1%, 2018; 21,425 entries)
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445 plus all honey bee viral proteins contained within NCBI (a further 508 entries). Differential expression
446  analysis was performed in Perseus (v1.6.1.1) essentially as previously described®?. Histograms of protein
447  counts across LFQ intensities were first inspected for normality. Then proteins differentially expressed
448  between heat-shocked and non-heat-shocked samples, as well as among tissues (semen, virgin

449 spermathecae, and mated spermathecae), were identified using two-tailed t-tests and an ANOVA,

450  respectively. Only P values surviving the 10% FDR threshold (permutation-based method) were

451 considered significant.

452 GO term enrichment analysis

453  Gene Ontology (GO) terms were retrieved using BLAST2GO (v4.1.9)and subsequent enrichment analyses
454  were conducted using Erminel®. We used the gene score resampling (GSR) method (with P values as
455 scores). Unlike conventional over-representation analyses, this method does not depend on submitting
456 a ‘hit list,” the composition of which is sensitive to arbitrary significance cut-offs. Rather, the GSR

457  method uses p-values as a continuous variable and looks for GO terms that are enriched in proteins with
458  low p-values along the continuum. More documentation about the GSR method and ErminelJ can be
459  found at https://erminej.msl.ubc.ca/help/tutorials/running-an-analysis-resampling/. Enrichment false
460  discovery rates were controlled to 10% using the Benjamini-Hochberg correction method. Protein

461 multifunctionality (MF) scores were also computed in Erminel) based on the number of different GO

462  terms with which the protein is associated. This process generates an “MF-corrected P value” (also

463 limited to 10% FDR), which is the enrichment P value after correcting for multifunctionality.

464  Field-failed queens

465  Age-matched failing and healthy queens (11 each) were obtained from a research apiary in
466 Pennsylvania. Queens were rated as ‘failing’ if they had ceased to lay eggs, were ‘drone layers’ (i.e.,

467  were not laying fertilized female eggs), or had otherwise inferior brood patterns. Queens were frozen on
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dry ice in the field and stored at -80°C until spermatheca and ovary dissection. Proteomics analysis was

performed as described above. Sample handlers were blind to queen groups until all proteomics data

was acquired. Differential expression analysis was performed in Perseus as described above.
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Figure 1. Observational data on shipping temperatures, hive temperatures, and stored sperm viability.
708  A) Healthy (N =55) and failed queens (N = 58) were collected from BC beekeepers for sperm viability
709  analysis. Failed queens had significantly lower sperm viability (F = 28.16, P = 5.8E-06), with an average
710 drop of 11.5%. B) Temperatures of eight domestic Canadian queen shipments were recorded during the
711  summer of 2019 (7 via ground, 1 via air transportation). Temperature loggers were kept immediately
712  adjacent to the queen cages. C) Internal temperatures of three hives were recorded, with temperature

713  loggers placed between each frame. Ambient temperatures were recorded in the shade beneath each
714  hive.
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715

716  Figure 2. Viability of stored and ejaculated sperm after temperature stress. In all cases, boxes represent
717  the bounds between the 2st and 3™ interquartile range (IQR), midlines represent the median, and
718  whiskers are extended by 1.5*IQR. A) Honey bee queens were heat- and cold-shocked for 1 - 4 hours, then
719  held at 25°C prior to assessing stored sperm viability. The 25°C treatment is the negative control (the same
720  control data is replotted in each panel). Each data point represents the viability measurement for a single
721  queen. Data were analyzed with a Kruskal-Wallis test followed by a Dunnett’s post hoc test. See Table 1
722  for sample sizes. B) Combined 2 h and 4 h treatments were optimally fit with a cubic model (R?=0.092, P
723  =0.012). Thresholded at 11.5% loss of viability, the line y = ymax— 11.5 intersects with temperatures 15.2
724  and 38.2°C. C) Ejaculated honey bee semen from three different colonies (5-6 drones per colony,
725 illustrated as different boxes) was subject to heat-shock at 42°C for 2 h and 4 h, then kept at 25°C for 2 d.
726 The total number of drones evaluated for 0, 2, and 4 h treatments were 16, 16, and 18, respectively (see
727  Table 2 for more detail). Each data point represents the viability measurement for a single drone. Letters
728 indicate significant differences at P < 0.05 (two-way ANOVA, factors: colony and time, followed by a Tukey
729  HSD post hoc test).
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731 Figure 3. Sex-biased heat mortality in honey bees, stink bugs, and fruit flies. Statistical differences

732 were evaluated using a log-rank test. Asterisks indicate significant differences. See Fig S1 for risk tables,
733 including population sizes used to generate survival curves. A) Honey bees (drones, queens, and

734  workers) were held at different temperatures and mortality was recorded hourly. Drones are sensitive
735 to heat, whereas queens and workers are not. B) Fruit flies (Drosophila melanogaster; heat-shock =

736  38°C) and stink bugs (Halyomorpha halys; heat-shock = 42°C) do not have sex-biased heat sensitivity. For
737  fruit flies, loss of motility was used as the endpoint.
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738
739  Figure 4. Differential protein expression comparing heat-shocked (HS) and not heat-shocked (NS)

740  reproductive tissues. A) Samples included mated queen spermathecae, virgin queen spermathecae,
741  ejaculated semen, and mated queen ovaries, which were all analyzed by intensity-based, label-free
742 guantitative tandem mass spectrometry. For drones, 4 semen samples were pooled into one replicate,
743  then fractionated into eight fractions by basic reverse phase chromatography prior to analyzing by mass
744  spectrometry (final biological replicates: n = 5 heat-shocked and 5 non-heat-shocked). The significance
745  cut-off for volcano plots (B-E) was 10% FDR (false discovery rate, permutation-based). Volcano plots
746  represent mated queen spermathecae (B), virgin spermathecae (C), mated queen ovaries (D), and drone
747  semen (E). Differentially expressed HSPs are red; other differentially expressed proteins are black.
748 Accessions for sHSP [1-5] are XP_001120194.1, XP_001119884.1, XP_395659.1, XP_001120006.2, and
749  XP_026294937.1, respectively. The accession for HSP70 is NP_001153536.1.
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751 Figure 5. Gene ontology (GO) term enrichment analyses. A-C) Enrichments were performed via gene

752  score resampling, correcting for both multiple hypothesis testing and protein multifunctionality (MF). The
753 x-axes depict enrichment P values (10% FDR, Benjamini-Hochberg correction) without multifunctionality
754  correction. The y-axes depict enrichment P values after correction for both multiple hypotheses and
755 multifunctionality. The red dotted lines indicate the P value significance cut-off that achieves 10% FDR. D)
756 Summary of proteins associated with significantly enriched GO terms. Subscripts refer to comparisons
757  within drones (D), mated queens (M), and virgin queens (V).
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Figure 6. Heat-shock protein expression profiles. Proteins with GO terms for cellular response to heat
were retrieved from the proteomics datasets. Fold-change is relative to the non-heat-shocked state.
Proteins marked with an asterisk were significantly up-regulated in the global differential gene expression

analysis (permutation-based FDR: 10%), and error bars indicate standard deviations.
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768 Tables

Table 1. Biological replicates for queen temperature stress tests

Temperature Oh 1h 2h 4 h
5°C 9 9 9
10°C 9 8 9
15°C 9 8 8
25°C 14
38°C 9 9 9
40°C 9 9 9
42°C 8 9 9
Total 14 53 52 53

Table 2. Biological replicates for drone temperature stress tests*

Colony Oh 2h 4 h
1 5 5 6
2 6 6 6
3 5 5 6
Total 16 16 18

769 *Temperature stress for all replicates was 42°C
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