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Summary statement

Hymenopteran insects such as honeybees show great potential as biosensors. We assessed this
potential in detecting Potato virus Y, exploring a cost-effective approach for monitoring plant
health.

Abstract

Potato (Solanum tuberosum L.) is a global crop with a vital role in food security and economic
significance in many countries. Potato virus Y (PVY) is one of the major viral threats, causing
severe yield and quality losses when not controlled properly. PVY spreads primarily through aphids
and infected tubers, and current management relies on insecticides and protective oils. Novel
detection methods are needed to identify infected plants accurately at an early stage of plant
development, thus reducing pesticide use. Trained honeybees (Apis mellifera L.) can detect
specific volatiles emitted by plants infected by viruses like PVY. Using associative conditioning and
the proboscis extension reflex, we tested the capacity of harnessed worker bees to distinguish
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PVY-infected and healthy potato leaves as a first step towards field application. As a whole, the
results were impeded by low response levels and no significant result was obtained. However, we
were able to show the capability of honeybees to learn and differentiate between two conditioned
stimuli (healthy potato leaves vs clean air). Our findings therefore suggest that honeybees, as a
globally accessible resource, have the potential to be used as a cost-effective solution in crop
health monitoring, with further investigation and protocol refinement to achieve accurate PVY

detection in agricultural settings.

Introduction

Potato (Solanum tuberosum L., Solanaceae) is an irreplaceable crop worldwide. In 2020, the crop
was cultivated on more than 20 million hectares, with a global production of 359 million tons.! Its
production is of crucial importance for world food safety and is of great economic importance for

many countries.

Potato virus Y (PVY) is one of the most significant viral pathogens, posing a substantial threat to
various crops within the Solanaceae family (Karasev & Gray, 2013; Tsedaley, 2015). The disease
induced by PVY in potatoes manifests in the foliage, but certain isolates of the virus can also
induce necrosis in tubers, impacting production through significant vyield reduction and
compromising quality, when not controlled properly. It has a profound impact on agricultural
productivity with average annual economic losses on potato production estimated at 187 M EUR for
the European Union. These losses are attributed mainly to the costs of chemical treatments and

yield drops in both seed and ware potato production (Dupuis et al., 2024).

PVY is primarily transmitted by aphids, although vertical transmission through the vegetatively
propagated potato tubers also plays a crucial role in its dissemination (Karasev and Gray, 2013).
Management strategies of the virus are mainly done via insecticides, or by applying protective
mineral oils on the crop to minimize virus transmission by aphid vectors. Additionally, cultural
practices, such as rotating planting locations and roguing (the manual removal of PVY-infected
plants), further contribute to the reduction of disease spread (Tsedaley, 2015). In many countries,
seed potatoes are under strict seed certification programs. Growers tend to select infected plants
as soon as possible and remove them from the field. Before harvest, the potato plants are
inspected visually by field inspectors. Post harvest, laboratory tests are used to detect PVY in tuber
samples to determine the actual percentage of infected tubers in the harvested seed lot. Novel
detection techniques may assist in accurately identifying infected plants in the field, in order to
improve effective management by roguing PVY-infected plants, thereby reducing outbreaks,
economic damage as well as yield losses. Honeybees (Apis mellifera L., Hymenoptera: Apidae)
possess remarkable olfactory abilities and learning capacities, making them able to detect specific
volatile compounds within complex blends even at low concentrations (Laska et al., 1999; Wright

& Smith, 2004). The olfactory system of honeybees is finely tuned to detect and discriminate a
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diverse array of odors, ecologically crucial for tasks such as locating high quality floral resources
(Giurfa, 2007; Paoli & Galizia, 2021; Twidle et al., 2015). Associative learning uses the proboscis
extension reflex (PER) of hungry bees towards sugary solutions such as nectar and combines it
with specific odor cues (Bitterman et al., 1983; Menzel & Bitterman, 1983). The bees associate the
odor with the reward during the conditioning phase. After conditioning, the odor alone can trigger
the PER, demonstrating the bee's learned association (Giurfa, 2007; Piqueret et al., 2023). Using
this methodology, honeybees were able to discriminate the presence of Mediterranean fruit fly
(Ceratitis capitata Wiedemann, Diptera: Tephritidae) larvae in oranges, as well as human
pathogens such as Mycobacterium tuberculosis and SARS-CoV-2 (Chamberlain et al., 2012; Kontos
et al., 2022; Suckling & Sagar, 2011).

Volatile organic compounds (VOCs) produced by plants play an essential role in signalling
messages between plants as well as insects across trophic levels (Dorokhov et al., 2014). Viruses,
such as the Potato leaf roll virus (PLRV) and the Barley yellow dwarf virus (BYDV) induce specific
VOC emission in infected plants (Dorokhov et al., 2014; Jiménez-Martinez et al., 2004; Ngumbi et
al., 2007). Similarly, PVY-infected potato plants produce a different volatile blend, especially in the
content of B-barbatene and benzyl alcohol, than healthy potato plants (Petek et al., 2014).
Honeybees’ remarkable olfactory sense, coupled with their ability to learn and remember, holds
promise for developing innovative approaches to disease detection and management in
agriculture. We believe that honeybees could help disease surveillance in potato crops, offering

farmers a cost-effective and efficient means of monitoring plant health.

This project objective was to investigate the capability of honeybees to discern between PVY-
infected and healthy potato plants while implementing an ecological approach to associative
learning. We utilized the well-established Pavlovian conditioning protocol to proof-test their ability
to learn and discriminate between samples of healthy potato leaflets, PVY-infected potato leaflets

as well as empty samples.

Results

Learning curves

All bees were checked for PER response to sucrose before the conditioning and only bees that
displayed a PER were included in the sample. Bees that perished during the conditioning phase

were removed from the analysis (Table 1).

Across the 18 trials, the average PER response to the conditioned stimuli (CS) was inferior to 50%
in all protocols (Figure 1 and 2), meaning that less than half of the tested bees displayed proboscis
extension response during the conditioning phase. Thus, the results should be interpreted with

caution.

Protocol 1 demonstrated the capability of honeybees to learn the difference between a healthy
potato leaf sample and an empty sample (Tukey's post hoc test, P<0.001). Average PER was
24.0% (95% CI: 19.3% - 29.6%) when exposed to a healthy potato leaf sample with reward
against 9.3% (95% CI: 6.8% - 12.5%) for an empty sample with no reward. The interaction
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between conditioning rounds was removed but a positive relationship effect of the conditioning
round alone was detected on the PER response (GLMM, P = 0.014) (Figure 1; Supplementary
Table S1).

In Protocol A with the overnight starvation (bees were collected at the end of afternoon the day
before testing), the bees successfully associated the infected sample (CS*) to the reward in
contrast with the healthy (CS’) sample (Tukey's post hoc test, P<0.001). The average PER for the
CS* was 33% (95% CI: 21.5% - 46.0%). The interaction between the detection of the odor
sample and the conditioning round was removed from the model and the round had a standalone
positive relationship with PER (GLMM, P = 0.12) (Figure 2; Supplementary Table S2).

Protocol B with a 3 h starvation (bees were collected the same day, during the morning, of the
testing) showed similar results as in protocol A, with bees successfully discriminating between the
healthy (CS") and infected (CS*) samples (Tukey's post hoc test, P<0.001) with an average PER of
11.7% (95% CI: 8.1% - 16.7%) for the CS* cue with reward. No effect of the conditioning round
was detected (GLMM, P = 1.00) (Figure 2; Supplementary Table S3).

It is worth noting that the learning curve (i.e. round effect) marks a plateau before decreasing in
later rounds in all the tested protocols. A binomial additive mix-modelling with a smoother on
rounds and a random factor for bee ID per day confirmed the non-linearity of rounds for all three
protocols with a significant effect of the smooth term on conditioning rounds (edf = 3.52, P<0.001
in protocol 1; edf = 3.36, P=0.004 in protocol A; and edf = 3.48, P<0.001 in protocol B). This
could be interpreted as a decrease in appetitive learning towards the sucrose solution or a type of

numbness of the harnessed bees after an extended period.

Memory retention

In Protocol 1, the bees successfully retained the distinction between the healthy potato leaf sample
and the empty sample (GLMM, P = 0.014). Conditioned bees showed 23.4% average PER
responses (95 % CI: 12.43% - 43.0%) towards healthy potato sample for both old and fresh,
respectively, against an average of 0.0% (95% CI: 0.0% - 0.05%) PER expression on an empty
syringe (Figure 3; Supplementary Table S4). In Protocol A, conditioned bees did not memorize or
successfully differentiate the infected potato leaflet odor from the healthy samples (GLMM, P =
0.13) (Figure 4; Supplementary Table S5). Similarly, in protocol B, the memory retention towards
the CS* cue was not detected but marginally significant only (GLMM, P = 0.068) (Figure 4;
Supplementary Table S6).

Discussion

The objective of this study was to investigate whether honeybees could demonstrate positive
memory retention towards PVY-infected potato leaflet. However, our findings did not reveal
evidence of positive memory retention in response to the conditioned cue. Despite employing
various methodologies, we did not observe a significant association between the conditioned cue

=
2
-
O
wn
>
C
©
£
©
()
)
Q
()
O
O
<
[ ]
C
()
(e
@)
>
(o)}
ke
0
m




and positive memory retention with the exception of the healthy versus ambient air cues. In the
following, we discuss the potential explanations for the lack of positive results in our study. We
also propose ameliorations that we believe are better suited for employing honeybees as

biosensors in on-field monitoring of crop health.

These results contrast with previous studies that have successfully applied associative learning on
harnessed honeybees and conditioned them to detect various olfactory cues (Giurfa & Sandoz,
2012). PER conditioning is a robust methodology, however, most studies took place in a highly
controlled environment with a pre-defined concentration of volatiles soaked into a cotton pad
(Chamberlain et al., 2012; Kontos et al., 2022; Sandoz et al., 2001). In perspective of field
applications, our study adopted an ecological approach to honeybee olfactory conditioning. The
infected potato leaf samples were taken from a PVY-infected potato plant. The plants were grown
from infected tubers (secondary infection) and all leaves were showing clear PVY-related
symptoms. However, concentrations of PVY particles in the selected potato leaves may vary. This
choice was made to maintain naturally occurring variations of PVY infection levels found in fields.
Moreover, the leaf cuttings may have lost turgescence over time, thus the volatile concentration
and blend could have substantially changed between the beginning and the end of the behavioural
assay (for a guide on plant volatile extraction see Tholl et al. (2006)). We recommend using a full
potato plant in later assays as the emission of VOCs from the healthy and infected plants are likely
to better represent olfactory cues encountered in field situations, thereby enhancing the ecological
relevance of the results. We did not use a controlled airflow or air filtering system while these are
often present in other studies to ensure that no persistent odors are disturbing the association with
the olfactory cue (Chamberlain et al., 2012; Kontos et al., 2022; Suckling & Sagar, 2011).
Although these improve the distinction between volatile cues, natural situations are best described
by complex blends of VOCs from plants that are most likely responding to a range of abiotic and
biotic stresses (Aartsma et al., 2017). It is important to assess the bee performance in targeting

the infected plants in field or semi-field situations, as conditions are likely to be highly variable.

Protocol 1 demonstrated the capability of worker honeybees to learn specific odour cues and
differentiate between a potato leaf sample and clean air through conditioning. Despite the lack of
significant results, also Protocol A showed a positive trend in the distinction of a healthy potato leaf
sample and an infected potato leaf sample. The capability of worker bees to detect PVY-infected
potato plants through associative conditioning aligns with prior research demonstrating the
remarkable olfactory sensitivity of worker honeybees (Bitterman et al., 1983; Pham-Delegue et al.,
1997; Twidle et al., 2015; Wright & Smith, 2004). As a whole, however, the results of this work
need to be taken with caution due to the weakness in the detected trends which must be

ascertained with further testing.

We detected a weakening of the learning curve after the sixth round out of the nine conditioning
rounds. However, previous studies showed that using fewer conditioning rounds such as four or
five rounds (Sandoz et al., 2001; Suckling & Sagar, 2011), should be sufficient to successfully
condition the bees. Additionally, the response level (i.e., the percentage of individuals displaying
PER) found in our study was low and hindered the results and their statistical interpretation. The

variability in responsiveness is not uncommon in ecological behavioural studies and can be due to
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a large number of environmental factors such as atmospheric pressure, temperature, and artificial
light intensity to cite only a few of them (Alves et al., 2015; Erber et al., 2006). Moreover, the use
of one hive only for this study corresponded to a limited genetic diversity in the collected honeybee
sample, which might negatively impact the honeybee learning capabilities and the reliability of the

results.

Despite these significant limitations, our results suggest that honeybees have the potential to
discern between PVY-infected and healthy potato leaf samples in a practical and complex odour
habitat, although further investigation is necessary to confirm this trend. Protocols for such
investigations need to be tailored to align with the ultimate objective, which is the cost-effective
detection of PVY-infected potatoes in field settings. This necessitates the ability to train large
numbers of foraging honeybees and identify, on a field scale, the plants to which these conditioned
workers are attracted. Moreover, the conditioning methodology should be streamlined and time-

efficient, moving away from the manual training approach utilized in this study.

The methodology must account for the inevitable "mistakes" made by some individuals, as no
olfactory cue study has achieved 100% success. Therefore, a time-efficient method for
conditioning large numbers of bees and deploying an on-field tracking system is essential.
Moreover, the use of 3D-printed harnesses might represent a constraint for the bees and a
potential source of stress that might affect the learning performance. We recommend training
entire hives to recognize PVY-infected potato plants using artificial feeders placed on infected
potted plants, allowing free-flying bees in semi-open or open designs (Decourtye et al., 2004; Laloi
et al., 2000). The conditioned bees would be tagged to facilitate on-field location since they would
fly and land near the source of volatiles, creating detectable hotspots on a map (Piqueret et al.,
2023). Similarly, trained honeybees could be released in the area of interest and tracked through
an UAV camera or a bee-mapping LIDAR system to create spatial density maps to pinpoint the
infected plants within the field(Bromenshenk et al., 2015; Filipi et al., 2022). Furthermore, the
social behaviour of honeybees and bumblebees, and their ability to share information within the

colony, can further enhance conditioning efficiency(Bridges et al., 2023; Chittka & Rossi, 2022).

We believe that honeybees or other hymenopteran insects could be valuable in the monitoring of
crop health and might provide precise detection of specific diseases or pests using plant volatile
compounds. Additionally, as a globally accessible resource, honeybees would provide an
alternative to the current disease screening methods in the field, which are visual inspection and
roguing. Sometimes, on site tests such as lateral flow devices can be used. These tests are applied
on each suspected plant and thus are not cost-effective. A large-scale use of honeybees for this
application could be relevant for the early detection of infected plants and the removal of these
source plants, thereby preventing further spread of PVY by aphids. These plants may be
secondarily infected (when the plant is growing from an infected tuber) and act as early virus
sources in the field. Moreover, symptoms of PVY are not always shown by the plant due to variety
traits, or simply not observed due to weather conditions. Overall, the early detection by bees
might decrease the risk of further transmission. In this regard, since climate change is causing
invasive pests to reach countries without the facilities to withstand them (Schneider et al., 2022),

the availability of cheaper detection methods represents a great opportunity to face such threats.
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Nonetheless, operational considerations include the fact that bees do not forage at night or in
adverse weather conditions, which limits their operational times. Additionally, it remains uncertain
whether bees will systematically screen the entire field or focus on the strongest VOC sources. To
optimize this methodology, protocols should be adjusted to enhance efficiency, taking into account
insect behaviour and environmental constraints. Advanced tracking technologies can improve
accuracy and coverage in monitoring bee movements, and training entire hives can enhance
collective learning and detection success rates. By addressing these factors, bees could be

effectively used for on-field tracking of target VOCs (Dorokhov et al., 2014; Piqueret et al., 2023).

Materials and Methods

Honeybee preparation

We collected batches of forager honeybees (Apis mellifera mellifera or Apis mellifera carnica) from
the same hive located in the Business and Science Park, Wageningen, The Netherlands, using a
small vacuum device, between May-July 2023. The hive was treated with oxalic acid. The hive
consisted of two boxes, where the younger bees and the queen where confined to the top box and
the flight entrance was at the bottom. This design was meant to maximise the chance of selection
of forager bees for the experiments. The bees were collected from the entrance of the hive as they
departed or returned from foraging either in the morning (7:00-9:00 CET) or at the end of the
afternoon (16:00-18:00 CET) depending on the protocol (see section below). The bees were likely
a mixture of different ages. The bees were transported to the laboratory and sedated by placing
them into a freezer (-18°C) for a maximum of 5 minutes (Kontos et al., 2022). Once sedated, the
bees were carefully placed into a specifically designed harness inspired by Kontos et al. (2022) for
testing (Figure 5). The harness consisted of two parts, a half cylinder-shaped main chamber and a
lid. The main chamber, where the bee body rested, was provided with a slight opening of 2 mm at
the top where the bee neck was inserted. The outer frame, i.e. the lid, could be opened and closed
to restrain the bee at the thorax level as well as behind the head. This secured the bee head while
allowing its body to move freely. This new design carried improvements compared to Kontos et al.
(2022), specifically concerning (i) the addition of the lid, which allowed to avoid the use of tape to
keep the harness closed and gave more control to the user while harnessing a honeybee, and (ii) a
wider main chamber (12.5 mm vs 10 mm) to allow the honeybee to move more freely without
injuries.

After being harnessed, the bees rested at room temperature for 3 hours (when collected in the
morning of the behavioural assay) or overnight (when collected at the end of the afternoon of the
day prior to the behavioural assay) before conditioning. When bees were collected for overnight
starvation, they were fed ad libitum with a sugar solution (40%) before the night. When bees were
collected in the morning, no feeding was done prior to the testing. To ensure the responsiveness of
the bees, we touched their antennae with a cotton swab soaked in a 40% sugar solution and

checked whether it elicited a PER response. Only bees that displayed a PER were selected for the
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conditioning and memory retention test. Each selected bee per day was uniquely identified with a
number (ranging from one to thirty). In total, 54 to 84 bees were tested per protocol (see Table
1).

Olfactory conditioning and memory testing procedures

We tested three different bee training protocols (Table 3). In all protocols, the potato leaf samples
(healthy and infected) were collected on the morning of the test to ensure freshness of the
sample. The samples were collected from three healthy and three infected symptomatic PVY-
infected potato plants, grown from healthy and infected tubers, respectively, all taken from one
plant (cultivar Bintje, secondarily infected with PVYN™N isolate 757), kept in a separate greenhouse
compartment (insect-free, conditioned at 20+1°C, with additional LED lighting to extend D/N to
16/8 h). The intact leaflet samples were transported and kept in separate plastic bags to avoid any
cross-contamination. Three leaves per plant were collected and alternated during conditioning to
account for within-plant variability of volatile emission. The leaflet samples were then placed into a
20 mL plastic syringe (BD Discardit™ II, Becton Dickinson, Spain) and fixed at the height of the
bee head using a fixed holder at a 2 cm distance between the bee and the syringe outlet which
released a 15 mL sample headspace volume. The syringe was manually operated to release an air
puff containing the volatile compounds from potato leaflets (infected, healthy, or empty) directly
towards the bee head. The bees were rewarded with sugar (unconditioned stimulus, US) when
exposed to infected samples in protocol A and B, and to healthy samples in protocol 1 (CS*,
unconditioned stimulus given; CS°, unconditioned stimulus not given). The sample headspace was
delivered in 5 seconds, with the sugar reward given 2 seconds after the start of the odor cue
release for a total of 5 seconds (only in the case of CS™ cues). The sugary reward consisted of a
40% sucrose solution soaked on a cotton swab. The soaked swab was presented to the bee
antennae first (a PER-triggering stimulus), and subsequently to the proboscis. Note that, in
protocol A, the harnessed bee rested in the upward vertical for 25 seconds before the start the
delivery of the air puff and remained 22 seconds after the cue was delivered before switching to
another individual. In protocols 1 and B, the harnessed bee rested in the upward vertical for 20
seconds before the start of the delivery of the air puff and remained 7 seconds after the cue was
delivered before switching to another individual. The Intertrial Interval (ITI) (time elapsed between
successive trials for the same bee (two trials per round)) was set at 10 minutes for all protocols.

To keep track of the timing of the bee conditioning, we used a Tabata timer®.

The conditioning consisted of nine rounds. In each round, the focal bee was exposed to both
healthy and infected potato leaf sample headspaces in a pseudorandomized order: C-T-C-T-T-C-T-
C-C-T-T-C-C-T-C-T-T-C (control and treatment for empty and healthy sample, respectively, for
Protocol 1, and healthy and infected samples, respectively, for Protocol A and B).

PER responses displayed by the bees were recorded during the first 3 s after odour delivery
(before the sugar reward) regardless of the odor cue delivered and reward for analyses of their

learning curves. The same was done during the memory retention test.
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One hour after the last conditioning round, the memory retention test started. The same potato
leaf samples used for the conditioning (hereafter infected_O, healthy_0O) and freshly cut leaf
samples, one healthy and one infected (hereafter healthy_F, infected_F), were used for testing
memory retention. The bees were placed in an upward vertical position on the harness holder 2 cm
away from the syringe outlet similarly as in the conditioning round. This time the tested sample
headspaces were delivered without the sugar rewards in a pre-determined random manner. The
PER responses of the bees were recorded to measure their capacity to distinguish the different

odor cues previously learned.

Analysis

We examined the learning curves of the bees for each protocol separately using a generalized
linear mixed model (GLMM). These models use a binomial distribution and logit error link. The
bees PER response (measured as either 0 or 1) served as the dependent variable (Zuur et al.,
2009). The type of sample (CS* and CS’), the conditioning rounds, and their interactions were
considered explanatory variables (Kontos et al., 2022). If the interaction was not significant
(P<0.05), it was removed from the model. We accounted for repeated measurements on individual
bees by including their unique identification (bee ID) within day (date of testing) as a random
intercept (Rabe-Hesketh & Skrondal, 2008). The models’ assumptions were verified by residual
analysis and qg-plots of the fixed and random effects (Hartig, 2019; Zuur et al., 2009). We
conducted hypothesis testing using a chi-square distribution to evaluate the importance of the

explanatory variables with a significance threshold set at P<0.05.

To assess the bee's discrimination accuracy between the tested samples after conditioning, we
fitted again a GLMM with a binomial distribution and logit error link for each protocol (Zuur et al.,
2009). In these models, the bees’ response (PER: 0 or 1) was the dependent variable, while the
type of sample (healthy_F, healthy_O, infected_F, infected_O, empty) was the fixed explanatory
variable and the bee ID within days was introduced as a random intercept (Kontos et al., 2022).
The models’ assumptions were verified by residual analysis and qqg-plots of the random intercepts
(Hartig, 2019; Zuur et al., 2009). We conducted hypothesis testing using a chi-square distribution
to evaluate the importance of the explanatory variables with a significance threshold set at
P<0.05.

All data analyses were performed using the statistical software R version 4.3.1 (R Core Team,
2019). The GLMM were fit using the package Ime4 (Bates et al., 2015), the Wald test was
performed using the car package (Zeileis et al., 2008). The models' assumptions and validity were
assessed with the package DHARMa (Hartig, 2019) for residual testing and with the package
performance ((Lidecke et al., 2021)) for the model fit calculations (i.e. r-squared). The post-hoc
analysis was performed with emmeans (Russell, 2018) and the figures were drawn using the
ggplot2 package (Wickham, 2016).
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Figures and Tables
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Fig. 1. Bee learning curve (over 9 rounds) for Protocol 1. The

proportion of proboscis extension reflex (PER) of the bees is displayed per

conditioning round with standard error for proportions as error bars

(n=77). The green line represents the healthy potato sample (CS™), while

the grey line represents the empty sample (CS").
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Fig. 2. Bee learning curves (over 9 rounds) for Protocol A and B.
The proportion of proboscis extension reflex (PER) of the bees is displayed
per conditioning round with standard error for proportions as error bars
(n=54 and 84 for protocols A and B, respectively). The orange line
represents the infected potato sample (CS*), while the green line

represents the healthy potato sample (CS).
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Fig. 3. Memory retention of the conditioned bees for Protocol 1 (n
= 71). The proportion of proboscis extension reflex of the bees is
displayed per sample type (Empty represents ambient air, Healthy_O
represents old healthy leaf samples, and Healthy_F represents fresh
healthy potato leaf samples) with standard error around the proportion as
error bars. Different letters above the columns represent significant
differences between the samples.
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Fig. 4. Memory retention of the conditioned bees for Protocol A
and B (n = 53 and 83, respectively). The proportion of proboscis
extension reflex of the bees is displayed per sample type (Healthy_O
represents old healthy leaf samples, Healthy_F represents fresh healthy
leaf samples, Infected_O represents old infected leaf samples, and
Infected_F represents fresh infected leaf samples) with standard error

around the proportion as error bars.
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Fig. 5. Dimension of the bee harness, front (left picture) and back
view (i.e. the lid; middle picture). The picture on the right shows a
harnessed bee.
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Table 1. Number of bees collected and tested per day and protocol (i.e.
Collected bees and Tested bees, respectively) with the number of

individuals that perished during the learning phase (i.e. Perished).

Protocol Date Collected Perished Tested bees
bees

1 13-06-2023 30 4

1 14-06-2023 30 1 77
1 21-06-2023 30 8

A 23-05-2023 20 3

A 24-05-2023 20 2 54
A 25-05-2023 20 1

B 15-06-2023 30 4

B 20-06-2023 30 2 84
B 22-06-2023 30 0

Table 2. Number of bees tested per day and protocol (i.e. Tested bees)
with the number of individuals that perished during the memory retention

phase (i.e. Perished).

Bee sample _
Protocol Date o Perished | Tested bees
(after conditioning)

1 13-06-2023 26 1

1 14-06-2023 29 2 71

1 21-06-2023 22 3 >
a

A 23-05-2023 17 1 5
(2]

A 24-05-2023 18 0 53 =
©

A 25-05-2023 19 0 £
©

B 15-06-2023 26 1 9
aQ

B 20-06-2023 28 0 83 o
(S}

B 22-06-2023 30 0 <
c
o
Q
o
>
o
9
Q
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Table 3. Details of the tested protocols with the starvation period,
duration of the conditioning phase for one bee and one trial and the

conditioned stimulus (CS™*) and control (CS).

Cs*
) Trial duration CS
Protocol Starvation (sugar
(per bee) (no reward)
reward)
3 hours Clean air
) Healthy
1 (in the 40 seconds (empty
) potato leaflet _
morning) syringe)
) _ Infected Healthy
A Overnight One minute
potato leaflet | potato leaflet
3 hours Infected
_ Healthy
B (in the 40 seconds potato leaf
] ) potato leaflet
morning) disc
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Biology Open (2025): doi:10.1242/bio.061680: Supplementary information

Table S1. Results of the binomial generalized linear mixed-effects model (GLMM) for
the conditioning phase of Protocol 1. The table reports effects with leaf sample type
(clean, healthy F, and healthy O) with corresponding log-odds with standard errors
(SE), Z-values (Z), and p-values (P). Random intercept information with the variance

and standard deviation (SD) along with the model fit (Conditional R2) are reported

Predictor Log-odds SE z P

Fixe part

Intercept [Clean air] -2.63 0.23 -11.55 <0.001
Sample [Healthy] 1.13 0.15 7.45 <0.001
Conditioning round 0.07 0.03 2.46 0.014
Random part

Variance 0.87 - - -

SD 0.93 - - -
Number of bee (total) 77 - - -
Number of observations 1386 - - -
Conditional R2 0.27 - - -

Table S2. Results of the binomial generalized linear mixed-effects model
(GLMM) for the conditioning phase of Protocol A. The table reports effects
with leaf sample type (healthy F, and healthy O, Infected F, and Infected O)
with corresponding log-odds with standard errors (SE), Z-values (Z), and p-
values (P). Random intercept information with the variance and standard

deviation (SD) along with the model fit (Conditional R2) are reported

Predictor Log-odds SE z P

Fixe part

Intercept [Healthy] -2.11 0.34 -6.14 <0.001
Sample [Infected] 1.13 0.17 6.56 <0.001
Conditioning round 0.05 0.03 1.54 0.120
Random part

Variance 3.52 - - -

SD 1.88 - - -
Number of bee (total) 54 - - -
Number of observations 972 - - -
Conditional R2 0.54 - - -
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Biology Open (2025): doi:10.1242/bio.061680: Supplementary information

Table S3. Results of the binomial generalized linear mixed-effects
model (GLMM) for the conditioning phase of Protocol B. The table
reports effects with leaf sample type (healthy F, and healthy O,
Infected F, and Infected O) with corresponding log-odds with
standard errors (SE), Z-values (Z), and p-values (P). Random
intercept information with the variance and standard deviation (SD)
along with the model fit (Conditional R2) are reported.

Predictor Log-odds SE z P

Fixe part

Intercept [Healthy] -3.10 0.29 -10.70 <0.001
Sample [Infected] 1.09 0.18 6.09 <0.001
Conditioning round 0.00 0.03 0.00 1.000
Random part

Variance 1.88 - - -

SD 1.37 - - -
Number of bee (total) 84 - - -
Number of observations | 1512 - - -
Conditional R2 0.40 - - -

Table S4. Results of the binomial generalized linear mixed-effects
model (GLMM) for the memory retention phase of Protocol 1. The
table reports effects with leaf sample type (clean, healthy F, and
healthy O) with corresponding log-odds with standard errors (SE),
Z-values (Z), and p-values (P). Random intercept information with
the variance and standard deviation (SD) along with the model fit
(Conditional R?) are reported.

Predictor Log-odds SE Y4 P

Fixe Part

Intercept [Clean air] -5.63 1.34 -4.18 <0.001
Sample [Healthy F] 4.44 1.24 3.57 <.0001
Sample [Healthy O] 4.44 1.24 3.57 <0.001
Random Part

Variance 3.16 - - -

SD 1.78 - - -
Number of bee (total) 71 - - -
Number of observations 213 - - -
Conditional R2 0.70 - - -
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Table S5. Results of the binomial generalized linear mixed-effects model
(GLMM) for the memory retention phase of Protocol A. The table reports
effects with leaf sample type (healthy F, and healthy O, Infected F, and
Infected O) with corresponding log-odds with standard errors (SE), Z-values
(Z2), and p-values (P). Random intercept information with the variance and
standard deviation (SD) along with the model fit (Conditional R2) are reported.

Predictor Log-odds SE z P
Fixe Part

Intercept [Healthy F] -0.86 0.37 -2.33 0.020
Sample [Healthy O] -0.22 0.46 -0.47 0.636
Sample [Infected F] 0.11 0.46 0.23 0.816
Sample [Infected O] 0.81 0.45 1.79 0.074
Random Part

Variance 1.36 - - -

SD 1.17 - - -
Number of bee (total) 53 - - -
Number of observations 212 - - -
Conditional R2 0.32 - - -

Table S6. Results of the binomial generalized linear mixed-effects model
(GLMM) for the memory retention phase of Protocol B. The table reports
effects with leaf sample type (healthy F, and healthy O, Infected F, and
Infected O) with corresponding log-odds with standard errors (SE), Z-values
(Z), and p-values (P). Random intercept information with the variance and
standard deviation (SD) along with the model fit (Conditional R2) are reported.

Predictor Log-odds SE z P
Fixed Part

Intercept [Healthy F] -1.95 0.41 -4.74 <0.001
Sample [Healthy O] 0.46 0.43 1.06 0.287
Sample [Infected F] -0.82 0.50 -1.65 0.098
Sample [Infected O] 0.19 0.44 0.44 0.661
Random Part

Variance 2.38 - - -

SD 1.54 - - -
Number of bee (total) 83 - - -
Number of observations 332 - - -
Conditional R2 0.44 - - -
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