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Lactic acid treatment on infested
honey bees works through a local
way of action against Varroa
destructor

Caroline Vilarem?, Soléne Blanchard?, Frédéric Julien', Angélique Vétillard'3“*" &
Vincent Piou***

Lactic acid is an alternative treatment to hard chemicals against Varroa destructor, the parasitic

mite of the Western honey bee Apis mellifera. This soft acaricide is used only for small apiaries due

to its laborious administration. However, the mode of action of this honey bee medication remains
unknown. Previous studies showed that a direct contact between the arolia of V. destructor and lactic
acid altered their morphology and led to an impairment of grip. Yet, there is no evidence for the way
of action of lactic acid in a realistic in-hive scenario, i.e. after an indirect exposure of the mite through
honey bees. We investigated the nature of lactic acid activity in the hive treatment context. The local
and/or systemic way of action of this honey bee treatment against V. destructor was studied through a
behavioural and toxicological approach at the individual level. On one hand, we confirmed the altered
morphology for the arolia of mites and studied the evolution of the process over time. On the other
hand, we found that haemolymph contaminated with lactic acid did not kill the feeding parasitic mite.
These findings support a local mode of action. In order to unravel the sequence of events leading to
the local contact between the acid and the mite on bees, we also documented the olfactory valence

of lactic acid for A. mellifera and V. destructor. This work provides a new comprehension of lactic acid
activity against the parasitic mite through honey bee exposure and gives new opportunities for control
strategies against V. destructor.

Treatments against Varroa destructor, the parasitic mite of Apis mellifera, have been studied for years. Among
them, organic acids are alternative solutions to synthetic acaricides, known to promote the development of
resistances from mites and the accumulation of residuals in beehive products!. Varroa destructor ranks among
the top threats for honey bees along with pesticides?, pollution?®, poor nutrition, climate change® and predators®.
Asa piercing-sucking mite, it transmits several viruses like the deformed wing virus” leading to colony weakening
around the world.

To defeat V. destructor and help honey bees, organic acids naturally present in honey like formic, oxalic
and lactic acids are popular treatments used by beekeepers®. However, their efficacy is uneven worldwide®!!
demonstrating that key elements are still not well understood such as their mechanism of action on V. destructor.
Some studies showed that formic acid interferes with the cellular respiratory chain'>'* while oxalic acid is
supposed to create crystals penetrating the arolia of the mites'. Arolia are soft pads found at the end of the
pretarsus structure of parasites (also named “caruncle” in certain cases)'®. They can be characterised as adhesive
inflated cushion-like pads essential for walking and gripping hosts. Regarding lactic acid, mites are found dead at
the bottom of the hives three to seven days after spray application in colonies'®!’. Lactic acid is thus considered
as a miticide in the field. However, when applied directly on mites’ arolia under artificial conditions, lactic acid
does not kill mites twenty-four hours post-treatment but rather impairs V. destructor grip skills'8, leading to
reduced biological processes like locomotion and reproduction®. Yet, the specific mechanism of action for in-
hive lactic acid treatment against V. destructor might differ from this artificial exposure. Indeed, when treatments
are applied to the colony by spraying, mites are likely exposed indirectly through honey bees. The spraying of
honey bees does not necessarily mean that the exposure of mites happens by walking on their cuticle. Two
major routes of drug activity are indeed possible: local or systemic. A local way of action indicates that the
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effects of the treatment does occur at the site of contact, in this case the honey bee cuticle, whereas a systemic
way of action indicates that the effects of the treatment occur at a location distant from the point of contact®.
More specifically, if lactic acid works through a local way of action against V. destructor, it means that lactic acid
sprayed in-hive coats honey bees and the contact point could be the arolia of mites. This contact should then lead
to local effects such as the ones observed in case of direct exposure to lactic acid. On the other hand, if it works
through a systemic way of action against V. destructor, one plausible scenario is that lactic acid sprayed in-hive
ends up in the honey bees’ organs and haemolymph from which mites fed. Following treatment application,
lactic acid could indeed be ingested by honey bees, either directly or through residuals in honey?, which would
result in higher concentrations in the haemolymph targeted by the mite. Lactic acid could also work through the
combination of systemic and local way of action against mites, as it was recently shown for lithium chloride?!~%3.

Furthermore, once bees are treated, the sequence of events leading to the contact between V. destructor and
lactic acid remains unknown. Lactic acid was shown to be attractive for some organisms like drosophila or was
used as a reward in experiments®*?>, therefore its odour valence (the perception of the odour by the organism:
attractive, repulsive or neutral) for V. destructor or A. mellifera could be a key point in the contact process. Indeed,
mite avoidance or attraction towards lactic acid could directly impact mite’s exposure and thus the treatment
efficacy. This is especially important for lactic acid, as it was shown to be attractive for some tick species but not
all of them?®?’. In addition, the potential chemical confusion for the colony generated by organic acids should
not be neglected?®. Both honey bees and V. destructor indeed rely on diverse olfactory cues for orientation or
for more complex biological processes®. The detection of chemicals by colony nestmates and mites in the close
environment is thus a cornerstone in the lifecycle of both the honey bee and V. destructor. Lactic acid is likely
detected as it can be naturally found in the nectar of some flowers®” as well as in honey>!*. Yet, when treatments
are studied, their odour valence for V. destructor or A. mellifera is rarely explored™.

In this work, we investigated the way of action of lactic acid treatment when applied topically to infested
honey bees, which is the relevant scenario in case of hive treatment. More precisely, we studied the kinetics of
morphological changes in mites’ arolia when the treatment was applied only to bees to confirm the local way
of action (Fig. 1A). We also checked the behaviour of the host and the parasite toward the acid under artificial
conditions (Fig. 1B, C). To test the systemic way of action, we investigated if a topical application of lactic acid
on bees could result in higher concentrations of lactate in honey bees haemolymph and digestive tract but also
whether mites were affected when they were fed on honey bee larval haemolymph contaminated with a high
concentration of lactic acid (Fig. 1D and E). We chose current concentrations of in-the-field treatment'® and
residue in honey>! to unravel the effect of lactic acid on mite drop-off through honey bees exposure.

Results

Lactic acid applied on infested honey bees damages V. destructor's arolia

Honey bees infested with V. destructor were treated topically on the back with lactic acid (acid treated group)
or demineralized water (control group) to simulate the treatment usually received in-hive. The arolia of mites
were imaged (N =30 mites from the treated honey bees group with lactic acid and N =30 mites from the control
honey bees group). Microscopy imaging showed that mites falling less than six hours post-treatment of their
host presented altered and damaged arolia (Fig. 2A). In addition, the arolia of artificially detached V. destructor
from treated honey bee with 150 mg/mL of lactic acid six hours post-exposure indicated a mechanism evolving
over time. Indeed, the inflated arolium started to stick on the glass slide and leak with the fluid from inside the
pad (Fig. 2B, from t1 to t3 & Figure S1). Once the liquid was gone, the arolium looked empty, dry, and damaged
like the ones of fallen mites (Fig. 2B, from t4 to t6). On the contrary, control mites artificially detached from
their control honey bee treated with demineralized water six hours post-treatment showed cushion-like inflated
arolia (Fig. 2C).

No effects of contaminated haemolymph with lactic acid on mites’ survival and feeding
behaviour

During the artificial feeding experiment, mites were confined with dyed honey bees’ haemolymph to feed or
dyed honey bees’ haemolymph contaminated with 1.5 mg/mL of lactic acid. This concentration was picked prior
to lactate quantification in honey bee haemolymph as a worst case scenario in which the concentration measured
in honey after lactic acid treatment®® reflects the concentration ingested by the parasite when it feeds on treated
honey bees. Regardless of the diet, mites did not show any inability to feed one- and two-days post-treatment
as 100% of fed coloured mites were observed for both groups (Fig. 3A, Binomial GLM x?=1, df=1, p-value
= 1). In addition, the probability of survival for mites was not different between contaminated and control

15-24h7
mites during the first 48 h (Fig. 3B, Kaplan-Meier p-value =0.69).

No augmentation of lactate concentration in honey bees after a topical treatment
with lactic acid

Six hours after a topical treatment on the back of bees with lactic acid (150 mg/mL), the median concentration
of lactate from the haemolymph of treated honey bees was 0.017 mg/mL while the median concentration
measured in the haemolymph of the control group was 0.033 mg/mL (Fig. 3C, Wilcoxon rank test unpaired,
W =6, p-value=0.25). Likewise, for the digestive tract, the median quantity of lactate when honey bees were
treated was not higher with 2.14 pg/bee than the control group with 3.45 ug/bee (Fig. 3D, Wilcoxon rank test
unpaired, W=7, p-value=0.4).
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Fig. 1. Schematic diagram of the experimental design to disentangle lactic acid mode of action on infested
honey bees. (a) Study of the arolia morphology of mites naturally and artificially detached from their treated
hosts six hours post-treatment. (b) Odour choice experiment in a Y-maze adapted to V. destructor’s size. (c)
Olfactory and gustatory behavioural assay in a syringe exposing flying workers to lactic acid concentrations.
(d) Artificial feeding experiment for V. destructor with bees” haemolymph contaminated with lactic acid. (e)
Study of the quantity of lactate with HPIC (High Pressure Ion Chromatography) in the haemolymph and
digestive tract of honey bees after a topical application on the back of lactic acid (150 mg/mL) six hours post-
treatment.

Lactic acid attracts V. destructor under artificial conditions

The choice of mites, at eighteen hours, showed that V. destructor significantly preferred lactic acid over octanoic
acid and demineralized water (Fig. 4 | x* = 24.92, df=1, p-value g, | .o, = 5.966e-07 & | * = 6.23, df=1,
p-value g, |, 1,= 0.01). No significant preferences were recorded between lactic and butyric acids as they were

not different from a random choice (Fig. 4 | x* = 0.96, df=1, p-value g | , 5, = 0.32). In this experiment it should

be noted that mites needed a long period to make a choice as the no-choice proportions were high at 0.5 and
1 h (Figure S2).
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Fig. 2. Effects of lactic acid on V. destructor arolia during the first six hours after the treatment of honey bees.
(a) Altered arolia from four different fallen mites between zero and six hours. (b) Kinetics showing that the
fluid is drained from the arolium. The arolium from one mite artificially detached from its host showed a
modified shape which cannot be filled with fluid anymore (t1-t6 stands for the images taken over time). White
arrows indicate the fluid. Black arrows indicate the arolium. (c) Arolia with a normal cushion-like shape from
four control parasites.
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Fig. 3. Nutritional state of mites when fed on lactic acid contaminated diet and concentration of lactate in
honey bees after a topical application of lactic acid. (a) Proportion of fed mites on haemolymph over 48 h

with or without lactic acid. (b) The survival rate of mites was not different between haemolymph or lactic

acid contaminated haemolymph (N =30 mites/concentration). (c) Concentration of lactate in honey bee
haemolymph (mg/mL) six hours after topical administration of lactic acid at 150 mg/mL. Each dot represents a
hive (N =30 honey bees/concentration). (d) Quantity (ug) of lactate in honey bee digestive tract six hours after
topical administration of lactic acid. Each dot represents a hive (N =15 honey bees/concentration) and “ns”
stands for not significant.

Lactic acid at in-hive treatment concentration repels honey bees under artificial
conditions

Honey bees” behaviour toward lactic acid concentrations was measured. Bees expressed a significantly higher
avoidance when 150 mg/mL of lactic acid was presented compared to 0.02, 1.5 or 25 mg/mL of lactic acid or the
control group with sucrose (Fig. 5 | Fisher exact test with Bonferroni correction: p-value, ,, <0.001).

In addition, the proportion of honey bees which showed several extensions of their proboscis was significantly
higher at 1.5 and 25 mg/mL compared to control (Fig. 5 | Fisher exact test with Bonferroni correction: p-value, ;=
4.506e-05 & p-value,.=7.998e-05). Lastly, the proportion of bees expressing a neutral behaviour toward lactic
acid was significantly higher for 0.02 mg/mL compared to 150 or 25 mg/mL of lactic acid (Fig. 5 | Fisher exact
test with Bonferroni correction: p-value, ,=2.652e-05 & p-value,,=0.012).

Discussion

To our knowledge, this is the first study simulating the treatment in-hive to disentangle the mode of action of
lactic acid on V. destructor when administered to infested honey bees. Previous studies showed that once mites
have walked directly on a paper impregnated with lactic acid, their grip skills were impaired and the shape
of their arolia was modified!®. Although interesting, these studies did not reflect the realistic in-hive scenario
and the topical exposure of infested honey bees could result in a different mechanism of action of lactic acid
towards V. destructor. In the present study, we thus investigated whether lactic acid acted as a systemic or local
drug against mites when administered to honey bees. To disentangle the sequence of events leading to mite
exposure, we also documented the behaviour of V. destructor and A. mellifera workers toward lactic acid. When
administered to infested honey bees, we found that lactic acid damaged V. destructor females’ arolia overtime.
During the first six hours, grip deficient mites showed altered arolia like the ones imaged twenty-four hours
after direct exposure!®, demonstrating the local way of action of lactic acid after treatment applied to honey
bees. Interestingly, even mites that stayed attached to the treated bees for six hours showed in-between shapes
for their arolia with a visible leak of fluid driving the arolia from inflated-like to altered-like. It could support a
kinetic where lactic acid dried the membrane®**, thus compromising the integrity of the arolium, and resulting
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Fig. 4. Odour choice of V. destructor mites in the Y-maze. Choice between lactic and octanoic acids (LA and
OA respectively), choice between lactic and butyric acids (LA and BA respectively), choice between lactic acid
and demineralized water (LA and H,O respectively) 18 h post introduction. “NC” stands for no choice. Black
bars represent 95% confidence intervals, ** stands for p <0.01, *** stands for p < 0.001 and “ns” stands for not
significant.

in the fluid drained outside. From our observations, altered arolia could not recover and became unusable by the
mite to walk and grip. It was suggested that arolia are inflated with haemolymph pressure®®. However, Dirks &
Federle (2011)* described the mechanism of fluid production in smooth adhesive pads in insects. They showed
that a storage volume of liquid, once empty, can be refilled in fifteen minutes. We do not know if there is fluid
storage for V. destructor, but this mechanism seems consistent with our findings as once the arolium was empty
of fluid, parasites were not completely drained and dead-dry from the inside. It also indicates that the normal
functioning of the arolium was compromised inside by lactic acid because the arolium looked dried and never
inflated again. To better understand the local action of lactic acid on the arolia and the fluid, future investigations
should focus on a cryo-SEM and mass spectrometry analysis.

To challenge another delivery route that could be associated with a systemic mode of action, we chose to
test the worst scenario for mites with the concentration of lactic acid measured in honey (1.5 mg/mL)*! and
thus eaten by bees after in hive treatment was applied (150 mg/mL)'®. We artificially fed V. destructor with
lactic acid contaminated haemolymph (1.5 mg/mL) and mites did not die during the first forty-eight hours. The
absence of mite susceptibility to lactic acid is even more remarkable considering that due to dilution effects, the
concentration of lactate we measured in the haemolymph of the bees was extremely lower (0.017 mg/mL) than
the concentration fed to the bees®®. In addition, when lactic acid was topically administered on the back of bees,
simulating the treatment in the hive, there were no significant differences in the median concentration of lactate
measured in the haemolymph or digestive tract six hours post-treatment. It suggests that the risk of acidosis is
very low but also that lactic acid if penetrating the cuticle seems regulated at very short term. These findings
could be consistent with only a local mode of action rather than a systemic one or both?""?2. However, honey bee
haemolymph is not the only tissue that can be ingested by V. destructor as fat body is also a source of food for
mites®. Further investigation about the concentration of lactate in worker fat body could bring complementary
results. Furthermore, additional experiments should be conducted with a wider range of time points but also at
the colony level and in different areas of the world to check the universality of this mechanism.

Finally, to understand how lactic acid treatment on infested honey bees reached V. destructor initially on
the ventral side of bees, a behavioural study was conducted. We tested the valence of lactic acid treatment for
the parasite and the host. We found that for the same concentration applied in hive (150 mg/mL), V. destructor
seemed attracted and A. mellifera seemed repulsed as half of them avoided it and the other half tasted it only
once. For mites, we tested a known repellent, octanoic acid as it is a component of the royal jelly?® and an
attractant, butyric acid*! as it is part of the cuticle of L5 larvae. We discovered that lactic acid did not repulse like
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Fig. 5. Behaviour and proboscis extension of flying workers when lactic acid concentrations or sucrose were
offered. EP stands for Extension of the Proboscis. Letters indicate statistical differences: a and b showed a
significantly higher proportion of bees expressing avoidance toward lactic acid at 150 mg/mL; ¢ and d showed
a significantly higher proportion of bees expressing several extensions of their proboscis toward lactic acid

at 1.5 and 25 mg/mL; e and f showed a significantly lower proportion of bees expressing a neutral behaviour
toward lactic acid at 25 and 150 mg/mL. Black bars represent 95% confidence intervals (N=30 honey bees/
concentration except for sucrose N=51 honey bees).

octanoic acid when given the choice. However, there were no differences in the proportion of mites which chose
between butyric and lactic acid, thus a random choice was observed. Interestingly, for host-odour recognition
of blood sucking animals like mosquitoes, lactic acid is known to attract when combined with other olfactory
cues*2. On the other hand, for some ticks when given the choice between distilled water and lactic acid, they did
not choose lactic acid?**” whereas in our study a majority of mites did. Even if human host odorant signatures
are far from honey bees, these studies showed the significance of lactic acid across taxa, thus its valence could
not be overlooked. A repulsion or attraction of mites towards lactic acid could indeed have a great influence
on the efficacy of such treatment in colonies. Further investigations should check if V. destructor are able to
discriminate between untreated and treated honey bees with lactic acid. The impact of lactic acid on the cuticle
of bees, its blending with cuticular hydrocarbons and its kinetics of evaporation/absorption throughout time
indeed remains unknown and could impact its valence for V. destructor. For honey bees, we measured their
individual behaviour when one concentration of lactic acid was proposed. From 0.02 mg/mL that they can find
in nectar of flowers*, to 1.5 mg/mL that they can taste in honey after a treatment®! and to 150 mg/mL when
they are treated by spraying'®. Note that we took flying honey bees without specifying if they were specialized
in nectar or pollen collection®’, thus further experiments could check the universality of these results among
specialized foragers. The experiments were performed on the most odour sensitive workers in the colony to be
able to conclude on the behavioural response of honey bees towards lactic acid. The same analyses conducted
on less sensitive nurses could nevertheless confirm the general aversion of worker bees for lactic acid. For the
field relevant concentration, their lack of attraction can be a strength for hive treatment as they will not eat
large quantity and limit the risk of acidosis by ingestion. It can also represent a drawback as bees could fly away
from the hive. However, it was not mentioned in previous field experiments'®!”% but the study of sub-lethal
effects of lactic acid on honey bees needs further investigations. From these results we can hypothesize that
honey bees, once sprayed in-hive, do not really ingest pure lactic acid at 150 mg/mL as they do not seem to
like it. On the contrary, they were observed doing a lot of allo- and auto-grooming, spilling lactic acid all over
their bodies. Combined to the known attraction of V. destructor to lactic acid, this could partially explain the
efficacy of this molecule in dislodging mites. It would be interesting to test this hypothesis and quantify auto-
and allo-grooming during the experiment, which could potentially displace mites from their ventral position.
Bees’ hygienic behaviour®® should definitely be investigated in the future to understand the precise role of honey
bees in the contact-making between lactic acid and mites. In addition, to better characterise the valence of lactic
acid for honey bees compared to known odours, a behavioural assay in a Y-maze would be important. Likewise,
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an experiment with a stained lactic acid conducted in hive would be the next step to understand the mechanism
by which lactic acid reaches mites through bees as the olfactory environment in the hive is complex and we do
not know the place of lactic acid among other odours for V. destructor.

To conclude, this study is the first to describe one of the ways of action of lactic acid treatment on V. destructor
through A. mellifera exposure in the context of control strategies. Lactic acid treatment on infested honey bees
works locally by damaging mites arolia. This contact could be mediated by honey bees’ and mites’ behaviours.
Our results, even under artificial conditions, bring a deeper understanding on the way of action of lactic acid and
can help the development of different methods for in-hive applications.

Methods

Mites and honey bees sampling

Varroa destructor females were collected with a soft paint-brush from brood cells and were taken to the laboratory
following standard procedure. They were stored in a Petri dish (5 cm diam) for two days to homogenize their
state. In the Petri dish, they were gathered by ten on honey bee pupae to feed ad libitum in an incubator (34.5 °C,
70% Relative Humidity). Each experiment was conducted on three different colonies (infestation rate: 1%).
Sample sizes for each experiment are detailed in Table 1.

Workers were collected in the morning while flying to leave their hives and kept for the experiment. They
were stored according to standard procedure?’. Briefly, workers were kept 2 h maximum in experimental cages
(Pain® type: 10.5x 7.5X 11.5 cm) in an incubator (28 °C, 60% RH) before the start of the experiment. They were
fed ad libitum with a gravity feeder delivering sucrose 50% (w/v). Each experiment was led on three different
colonies.

Acid preparation

Acids were purchased from Thermoscientific, USA. Dilutions of lactic acid (90%) (CAS no. 50-21-5), butyric
acid (99%) (CAS no. 107-92-6) and octanoic acid (99%) (CAS no. 124-07-2) were made with demineralized
water. All stock solutions were kept at 4° C. Final concentrations were 0.02, 1.5, 25 and 150 mg/mL for lactic acid
according to Vilarem et al., 2023'® and 1 mg/mL for butyric and octanoic acids according to Light et al., 2020%.
Note that 0.02 mg/mL was chosen according to the natural concentration in the nectar of some flowers*®. In
addition, 1.5 mg/mL was selected as it was measured after spray application of lactic acid in-hive’..

Microscopy imaging - arolia morphology of mites after treatment of honey bees

Acid administration - Two days prior to the experiment, mites were collected in brood cells and put on worker
bees to simulate and standardize the dispersal phase in laboratory conditions. Hosts and parasites were kept in
experimental cages (Pain type®®) at 28 °C and 60-65% RH. Each bee carrying one or two mites received 5 pL
of lactic acid at 150 mg/mL or demineralized water (control)!®* on the back, from the thorax to the abdomen
(5% 1 pl drops). Honey bees were kept 5 min to let the solution dry on the back.

Set up — Once lactic acid or demineralized water were administered to infested honey bees, groups of 5
treated individuals were placed in pierced plastic glasses (7 cm diameter, 9.5 cm height) on Petri dishes (90 mm
diameter) covert with Whatman paper’!. Honey bees were fed ad libitum with sucrose 50% (w/v) and stored in
an incubator (28 °C, 60% RH). The alive mites fallen during the first six hours post-treatment were collected and
their arolia were imaged with an AMG EVOS FL Digital Inverted Microscope with transmitted light imaging to
take pictures with magnification between x100 and x600. Six hours post-exposure, a CO, treatment was applied

Experiments Conditions N/ hive Total N
Treated with lactic acid 10 mites from 10 honey bees | 30 mites from 30 honey bees
Arolia morphology
Control 10 mites from 10 honey bees | 30 mites from 30 honey bees
Treated with lactic acid 10 mites 30 mites
Artificial feeding
Control 10 mites 30 mites
Dosage HPIC Treated with lactic acid 5 honey bees 15 honey bees
digestive tract Control 5 honey bees 15 honey bees
Treated with lactic acid 10 honey bees 30 honey bees
Dosage HPIC haemolymph
Control 10 honey bees 30 honey bees
Choice LA/OA 18, 18 and 17 mites 53 mites
Y-Maze Varroas Choice LA/BA 18, 17 and 17 mites 52 mites
Choice LA/H,0 18, 18 and 17 mites 53 mites
Control (sucrose) 17 honey bees 51 honey bees
0.02 mg/mL of lactic acid | 10 honey bees 30 honey bees
Olfactory gustatory assay honey bees | 1.5 mg/mL of lactic acid | 10 honey bees 30 honey bees
25 mg/mL of lacticacid | 10 honey bees 30 honey bees
150 mg/mL of lactic acid | 10 honey bees 30 honey bees

Table 1. Overview of the sample size for each experiment.

Scientific Reports|  (2024) 14:27092 | https://doi.org/10.1038/s41598-024-78371-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

on bees (from treated and control groups) to collect mites still onto their hosts and their arolia were also imaged.
Ten V. destructor females were collected from three different hives (N=30 mites/condition).

Artificial feeding experiment for mites

The collection of mites is described in the section “mites sampling” Ten parasites were transferred into a Petri
dish (35 mm diameter) with artificial feeding at 34.5 °C (70% RH) in an incubator. The artificial feeding set up
was made according to Piou et al., (2023)°>°3. Briefly, a full Parafilm™ covered Petri dish with spinning larva
haemolymph encapsulated in an extra stretched Parafilm was created. Haemolymph was heated at 65 °C for
7 min. Blue dye 1% (Brillant Blue FCE, Vahiné, France) and lactic acid with a final concentration of 1.5 mg/mL
were added to the food or demineralized water for control group (a volume of 6% was added to the haemolymph).
Feeding status and survival were checked according to the colour of the mite (blue or not) every 24 h for 48 h.
For survival, mites were considered dead once their internal body fluids were not moving anymore and they did
not move or vibrate when touch by the paint brush. Ten parasites were collected from each of the three different
hives (N =30 mites/condition).

Treatment and honey bee organ dosage of lactate with HPIC (high pressure ion
chromatography)

Acid administration - Worker bees received 5 uL of lactic acid at 150 mg/mL or demineralized water (control)!®>°
on the back, from the thorax to the abdomen (51 pl drops). Honey bees were kept 5 min to let the solution
dry on the back. Each bee was stored alone in a Petri dish with sucrose 50% (w/v) ad libitum for six hours in an
incubator (28 °C, 60% RH).

Dissection and purification — Honey bees were cooled at 4 °C for 30 min and dissected on ice. Haemolymph
from ten bees was collected through the antenna and pooled in a tube. The digestive tract (including midgut and
hindgut) was pulled out and each collection tube kept on ice received five organs in addition to 1 mL of ultrapure
water. Tissue disruption was led with a TissueLyser II (Qiagen, Germany) and three iron beads (3 mm) for 1 min
at 30 Hz. A filtration step (0.2 um) was followed, and each tube was stored at -20 °C until further analysis.

HPIC analysis - Each sample was unfrozen, centrifugated and filtered (0.22 pm PTFE syringe filter) prior to
analysis of lactate concentrations by high-pressure ion chromatography with AS11-HC-4 pm column, solvent:
KOH, gradient from 1mM to 44 mM (Dionex Ics-5000+, Thermo Fisher Scientific Inc., Waltham, MA, USA)
following standard procedures with conductometric cell and UV absorption at 194 nm.

Y-maze experiment for V. destructor
Acid administration — 10 pL of diluted lactic (150 mg/mL), butyric, octanoic acids or demineralized water were
deposited in the middle of a filter paper (Whatman, 30 mm diameter) inside a Petri dish. A two-minute delay
with open lids plus a five-minute delay with sealed lids were observed before the start of the choice experiment.
Set up — The Y-maze adapted to the mite size is composed of a PCR tube (0.2 mL, VWR), a Y connector
(Amzlab GmbH, size of each branch inner dimensions: 1.5 cm long and 0.3 cm diameter, at 120° from each other)
and two Petri dishes (35 mm diameter) coated with a filter paper impregnated with acids or demineralized water.
Varroa destructor females were collected from six different hives and randomized (N =50/choice). The collection
of mites is described in the section “mites sampling”. At the start of the experiment, five parasites were inserted in
the PCR tube connected to the Y-maze and were able to walk freely towards their preferred odour. Y-mazes were
kept in an incubator during the whole experiment (dark, 34.5 °C, 70% RH). The choice of mites was checked 0.5,
1 and 18 h post insertion in the Y-maze. Odour side was randomized across replicates. Bias of lateralization was
checked, and none was found (Figure S3).

Olfactory and gustatory behavioural assay for honey bees

Workers were collected from three different hives according to the “honey bee sampling” section. Fifteen
workers were collected and transferred in an experimental cage with sucrose 50% ad libitum. Syringes of 10
mL (Fisherbrand, England) were pierced with 6 holes on the sides for breathing. In each syringe one bee was
stored one hour for habituation and starvation into the incubator at 28.5 °C and 60% RH. The end of the syringe
allowed the insertion of a 10 pL cut tip with 5 pL loaded of diluted lactic acid with demineralized water (0.02,
1.5, 25 or 150 mg/mL) or sucrose 50%. When the bee was the furthest at the end of the syringe and her back
turned away, the tip was inserted. The behaviour of the bee was classified as follows: “consumption” (the bee
eats), “Several EP” (Extension of the Proboscis: the bee tastes with an extension of her proboscis, leaves, tastes
again), “1 EP” (the bee tastes once), “Neutral” (the bee walks back and forth into the syringe with no extension
of her proboscis), “Avoidance” (the bee stays the furthest from the tip). The observations were conducted for
one minute. Then the tip was replaced by one filled with sucrose to check the ability of the bee to still extend her
proboscis (avoid mechanic or fatigue bias). Only “able” bees were kept for the analysis of the experiment (N=30
honey bees/concentration).

Statistical analyses

The statistical analysis of data was carried out on R (version 4.0.5) and RStudio (version 1.3.1093) with dplyr and
FSA packages. Ggplot2 package was used for data visualization. For nutrition assay, results were presented as
proportions with 95% confidence intervals and a Binomial GLM (Generalized linear model) was used to examine
the correlation between different parameters: hives, time. Survival probability was analysed over two days
through a Kaplan-Meier method with Survival and Survminer packages®*>>. In addition, median concentrations
of lactate measured in the haemolymph and the digestive tract of bees were compared between treated and
control groups using a Wilcoxon rank test for unpaired data. Results for the Y-maze experiments are presented as
proportions with confidence intervals of 95%. Conformity Chi-square tests were conducted with two choices. In
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addition, results for behavioural assays are presented as proportions with confidence intervals of 95%. A Fisher
exact test for binary variables with a Bonferroni correction to further analyse the pairwise comparison between
conditions and with the control group was conducted (packages car and RVAideMemoire®®).

Data availability
Datasets generated and analysed during the current study are available from the corresponding author on rea-
sonable request.
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