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Sugar conditioning combined
with nectar nonsugar compounds
enhances honey bee pollen
foraging in a nectarless diocious
crop

Facundo Verellen!?, Florencia Palottini%%3, M. Cecilia Estravis-Barcala®%* &
Walter M. Farina®2™

Recently, it has been shown that sugar-conditioned honey bees can be biased towards a nectarless
dioecious crop as kiwifruit. The challenges for an efficient pollination service in this crop species are
its nectarless flowers and its short blooming period. It is known that combined non-sugar compounds
(NSCs) present in the floral products of different plants, such as caffeine and arginine, enhance
olfactory memory retention in honey bees. Additionally, these NSCs presented in combination with
scented food improve pollination activity in nectar crops. Here, we evaluated the effect of kiwifruit
mimic-scented sugar solution (KM) on colonies located in this crop by supplementing them either with
these NSCs individually (KM + CAF, KM + ARG), or combined (KM + MIX). Our results show an increase
in colonies’ activity after feeding for all treatments. However, the colonies supplemented with the
combined mixture (KM + MIX) collected heavier kiwifruit pollen loads and showed an increasing pollen
stored area in their hives compared to the KM-treated control colonies. Unexpectedly, the caffeine-
treated colonies showed a decrease in the pollen foraging related responses. These results show a
combined effect of NSCs that improves honey bee pollen foraging in a nectarless crop, however this
activity is impaired when caffeine is used alone for a nectarless crop.

Keywords Honey bee, Apis mellifera, Kiwifruit, Actinidia chinensis, Learning, Pollination, Caffeine,
L-arginine, Combined effects

It is well established that most of the main monocultures of fruits, vegetables and seeds globally increase their
production through animal pollination and many of them depend on the pollination service provided by the
management of the honey bee Apis mellifera>. However, the demand for managed pollinators has increased®*,
which forces a reevaluation of techniques to improve honey bee pollination efficiency in commercial crops.

Targeted pollination strategy, based on in-hive social learning, has been shown to be successful in various
pollinator-dependent crops, such as sunflower, pear, apple and almond®. This consists of conditioning bees to
sugar-rewarded mixtures of odorants that imitate the floral scent of target crops, thus biasing their foraging
preferences towards them, increasing their yields. The mentioned crops have flowers that offer pollen along with
nectar as a reward, a factor that promotes foragers to continue visiting these flowers.

Interestingly, the targeted pollination procedure was successful in guiding honey bees to crops with nectarless
flowers as well, such as the case of kiwifruit Actinidia chinensis var. delicious®. This functionally dioecious
species presents staminate (male) and pistilate (female) flowers offering pollen and pseudopollen (non-viable?),
respectively, as reward®. In this agroecosystem, bees are essential to ensure pollination, transferring pollen from
staminate flowers to pistillate flowers®'%. However, their lack of nectar decreases the attraction of honey bees to
kiwifruit flowers compared to alternative nectariferous flora in the surrounding!!'?. Nevertheless, it has been
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reported that beehives supplied with a synthetic mixture of kiwifruit mimetic odorants diluted in sugar syrup,
collected more kiwifruit pollen than control hives® suggesting a potential biased foraging preference towards
this crop.

Additionally, it is known that a wide variety of non-sugar chemical compounds are present in the nectar and
pollen of many plant species!'?, and some of these non-sugar compounds (NSCs) present potentially beneficial
effects for both plants and pollinators'®. This is the case of the alkaloid caffeine (CAF) and the aminoacid
arginine, in its left-handed form “L-arginine” (ARG) which are present in the nectar and pollen of flowers of
different angiosperm species!>-!7. CAF is present in fruits, seeds and leaves of many plant species'8, protecting
these structures against insect attack and preventing the germination of adjacent seeds'®. However, at trace
concentrations, its aversive effect in Apis mellifera disappears, and it can enhance the establishment of long-term
olfactory memories (LTM) by potentiating responses of high-order neurons involved in olfactory learning and
memory of the honey bee brain'>. CAF has also been proposed as an enhancer of the appetitive behavior of the
honey bee, which is manifested in greater foraging activity and recruitment of conspecifics towards new food
sources through intensifying honey bee dances in active foragers®’. ARG, on the other hand, is an aminoacid
that participates in the synthesis of nitric oxide, which is involved in the formation of LTM in Apis mellifera*'-23.
Additionally, this compound has a positive effect on the formation of short-term memory, if administered at low
concentrations®*?>. This essential aminoacid also acts by preventing the presence of parasites in insects®®. and
improves the immune response at the cellular level?’.

Furthermore, the oral administration of these combined two NSCs in field-realistic doses improves olfactory
memory retention in honey bees subjected to classical olfactory conditioning laboratory assays?®. Differential
effects were obtained when the compounds were administered separately or combined, being the latter one
that showed the best learning performances in harnessed bees. The use of NSCs was also evaluated under
field conditions, in which food (sugar solution) scented with a synthetic mixture that mimics the sunflower
inflorescence odor and supplemented with these compounds (CAF and ARG), showed an increase in foraging
activity by honey bees in the sunflower crop and even in yield®’.

However, whether the use of NSCs under field conditions might enhance foraging related activity in a
nectarless dioicous crop is still an open question. In the present field study, we report the effect of offering KM-
scented food supplemented with NSCs on the pollination service provided by honey bees in a kiwifruit crop.
We fed colonies with KM-scented food (as a control group), and KM-scented food supplemented with either
CAF ARG, or a mixture of both, in field realistic doses!>!5, and assessed foraging related activity on the crop. It
is proposed that the joint administration of synthetic mimic odors of the target crop in combination with these
NSCs, which act as memory enhancers, could further improve bee pollination efficiency in this nectarless crop.

Results

Colony activity and kiwifruit pollen collection

The effect of the kiwifruit mimic-scented sugar solution on colony activity was analyzed within the experimental
period (Fig. 1). Thus, the number of incoming bees at the hive entrance per unit time, showed no signiticant
differences among treatments within the measuring time (Fig. 1A, Table S1, Wald Chi-square statistic=5.5263,
p-value=0.13707), but increased significantly after feeding the colonies irrespective of the treatment offered
(Fig. 1B, Table S2, p-value<0.0001). Focussing on pollen foraging, we analyzed the amount of white pollen
loads collected, corresponding to kiwifruit (see “Materials and Methods”), both in absolute and relative terms,
and found significant differences among treatments (Fig. 2A,B, Table S1, Wald statistics =37.6867; 30.1284
respectively, p-values<0.0001). The number and proportion of kiwifruit pollen loads did not differ between
the control group KM and the colonies treated with KM + ARG and KM + MIX; however, those colonies treated
with the synthetic odorant mixture plus CAF (KM + CAF) collected significantly lower amounts of white pollen
loads (Fig. 2A,B; Table S3A,B, p-values <0.05). When the weight of each corbicular load of kiwifruit pollen was
estimated, significant differences were obtained among treatments (Fig. 2C, Table S1, Wald statistic =8.0033,
p-value=0.045943). The size of the pollen loads for those colonies treated with KM + MIX resulted larger than
those from the KM-control group. In contrast, treatments with only CAF or ARG resulted in lower outcomes
compared to their combination (see Table S3C).

Colony pollen storage

The amount of stored pollen in each hive was measured the day before the administration of the treatments
(initial area) and 8 days later (final area). Despite an initial lack of pollen reserves in all hives, the applied
treatments showed a significant change on the stored pollen area after stimulation depending on the treatment
(Kruskal-Wallis test: p-value <0.05, Fig. 3). Increasing stored pollen areas within the experimental period were
observed for all colony groups, although those treated with NSCs (i.e., KM + ARG, KM + CAF and KM + MIX),
showed higher values compared with the control colonies (KM). However, such increment resulted significant
only in the case of colonies treated with the mixture of NSCs (KM + MIX, Table S4, p-value <0.05).

Discussion
Our study supports the potential use of NSCs as supplements for a targeted pollination strategy in kiwifruit with
the aim to improve honey bee pollination services in a nectarless dioecious crop, evinced by an increase in the
weight of kiwifruit pollen loads collected and in the total hive-stored pollen during the experimental period.
Firstly, when assessing the impact of offering colonies KM-scented food supplemented with NSCs on their
activity at their hive entrances, no significant differences were detected among the treatments. However, a
significant increase was observed in the number of incoming bees following the stimulation event for all treated
colonies. These results align with those reported in field assays conducted on sunflower crops”, where, similar to
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Fig. 1. Effect of kiwifruit mimic-scented food on colony activity. Colonies were stimulated with kiwifruit
mimic scented sucrose solution (KM) or KM-scented sucrose solution plus nectar nonsugar compounds
presented individually (caffeine or l-arginine; KM + CAF, KM + ARG, respectivelly) or both combined

(KM + MIX). (A) The number of incoming bees per minute was monitored per treatment. Boxplots show

the median and interquartile range (IQR), with whiskers showing the maximum value within 1.5 IQR, and
individual points mark values outside this range. (B) The number of incoming bees per minute was monitored
up to 3 days post-stimulation. Circles indicate the mean values and bars show the 95% confidence intervals.
The number of colonies evaluated is shown in parentheses. Letters indicate significant differences between
measurement days (Supplementary Table S2). Green arrow indicates the moment of colony stimulation.

this study, honey bee colonies exhibited increased foraging related activity after being stimulated with scented-
food supplemented with NSC. Similar foraging patterns were also recently observed for honey bee colonies
supplemented with KM-scented food in a kiwifruit crop®.

The first unexpected result was that the colonies supplied with KM+ CAF showed a decrease in pollen
collection, which was reflected in significantly lower quantities and proportions of kiwifruit pollen loads
collected. This finding contrasts with previous studies on nectar collection in bees when exposed to CAF (honey
bees?, bumble bees®®). On the other hand, the KM + MIX treated colonies showed an increase in the weight of
the collected kiwifruit pollen loads, being the only treated group that showed significant differences compared
to the control group KM. Additionally, significant changes in the area of stored pollen were also recorded for the
KM + MIX treated colonies, being once again the ones that presented a greater amount of reserves in their hives
after the experimental period.

The result that honey bees treated with KM + CAF collected significant lower amounts of kiwifruit pollen
is surprising, given the well-known boosting effects of this alkaloid at field-realistic concentrations, in terms
of resource collection?*?, cognitive abilities!>?%, benefits on vitality of honey bees’! and their conditions as an
antioxidant®>-3, Hence, considering these factors, it is expected that following CAF administration, inactive
foragers would be stimulated to begin searching for immediate energy resources, such as nectar. However,
no studies to date have linked boosting compounds like CAF, at the dose used here, to resources other than
carbohydrates.

Based on the palynological analysis carried out in this work and prior research on this crop®*, only the
white loads collected were considered as kiwifruit pollen loads, although some works mention that pollen loads
from male flowers are white, while those from female flowers are a white-yellowishshade, reporting an increase
in the number of mixed loads as flowering progresses'. Due to the challenge of differentiating between white
and white-yellowish shades, despite having perfomed a microscopic palynological study of flowers and pollen
loads, there may have been an underestimation of the amounts of kiwifruit pollen collected by bees from the
crop. Additional studies to distinguish the type of pollen collected, as well as monitoring the bees in the crop,
would allow us to elucidate accurately the origin of the pollen loads and additionally determine if the activity of
honey bees presents a bias towards one of the two floral types of kiwifruit (female or male) after KM stimulation.

Recently, it has been observed that honey bee colonies feed with KM-scented sugar solution showed enhanced
kiwifruit pollen collection, suggesting a biased preference towards the target crop®. In the present study, we built
upon this previous work by adding a mixture of CAF and ARG to the mimic odor KM. We observed that this
additional supplementation increases the amount of kiwifruit pollen collected in terms of the pollen load size
produced by the foragers. Regarding this aspect, colonies treated with KM + MIX showed the highest weights
of the unit load of kiwifruit pollen, unlike what was obtained for the colonies supplemented with each NSC
separately. This effect due to the NSCs mixture, which was not visualized with the individual compounds, was
also reported for learning assays under controlled experimental conditions?® and when evaluating the foraging
activity of honey bees stimulated with such NSCs together with scented food in a sunflower crop?, indicating a
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Fig. 2. Effect of kiwifruit mimic odor and nectar nonsugar compounds on the collection of kiwifruit pollen.
The number and proportion of trapped kiwifruit (white) pollen loads were monitored up to three days

after feeding colonies with kiwifruit mimic scented sucrose solution (KM) or KM-scented food containing
individually nectar non-sugar compounds, caffeine or l-arginine, or combined (KM + CAF, KM + ARG,

KM +MIX; A, B). The weight of each kiwifruit pollen load was also estimated (C). Letters indicate significant
differences between treatments (see Table S3). Squares indicate the mean values and bars show the 95%
confidence intervals. The number of colonies evaluated is shown in parentheses.

possible additive effect in the responses observed when the combination of both is present. This phenomenon
could be linked to the positive effects that these compounds simultaneously have on the formation of long-term
and stable memories through different pathways in the bee brain.

It has already been described that the weight of the unit loads of pollen collected by pollinators increases
during the flowering period (bumble bees®®, honey bees®”), proposing in these reports that learning would be
involved in motor skills related to the extraction and collection of pollen from flowers by pollinating insects>¢38:3,
The results found in this study could indicate that the mixture of CAF and ARG, supplied together with the KM-
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Fig. 3. Effect of kiwifruit mimic odor and nectar nonsugar compounds on the amount of stored pollen in
honey bee colonies. Colonies were stimulated with kiwifruit mimic scented sucrose solution (KM) or KM-
scented sucrose solution containing individually nectar non-sugar compounds, caffeine or l-arginine, or
combined (KM + CAE, KM + ARG, KM + MIX). The total pollen area of beehives was assessed the day before
applying the treatments and 8 days afterwards. Boxplots show the median and interquartile range (IQR), with
whiskers showing the maximum value within 1.5 IQR, and individual points mark values outside this range.
Letters indicates significant differences between treatments obtained by performing post-hoc comparisons
(Table S2).

scented food, would have a positive effect on associative learning, manifesting itself in a more efficient kiwifruit
pollen collecting activity, and therefore, in an increase in the weight of the pollen loads collected.

Regarding the variation in the stored pollen area, the colonies treated with KM + MIX significantly increased
their pollen reserves during the experimental period compared to the control colonies. In contrast, pollen
reserves of the groups treated with the non-sugar compounds offered individually did not differ from the
control group KM. It was expected that both CAF, as a booster of collecting behaviors?*®* and ARG, due to
its role as a precursor in the synthesis of compounds that promote the development of long-term memories
such as nitric oxide??2, could have a positive impact on the pollen reserve level of the treated hives. However,
Couvillon and collaborators?® have also reported, when feeding with sugar solution supplemented with CAF
traces, decreases in honey reserves levels in the hives, as a result of an overestimation of the resource offered
under these experimental conditions. On the other hand, previous works highlight the positive effect of ARG
on the formation of short-term rather than long-term memories**?, so it is likely that the colonies fed with this
non-sugar compound by itself did not show high levels of pollen reserves at the end of the experimental period,
due to the short duration of the effect that the supplement may have had on the retention of learned information
in bees. Once again, a differential effect was observed between non-sugar compounds when offered individually
or together, being the latter the only one that seems to show a positive effect on pollen reserves, suggesting a
possible combined effect of CAF and ARG on the neural network system that links the incorporated associative
memories, which causes greater storage of this resource.

In addition, new evidence was obtained indicating that honey bee colonies treated with CAF decrease their
pollen collecting activity, proving not to be a boosting factor in that activity as reported in previous studies?**.
It is worth noting that the CAF dose used in this study is considered field-realistic and has been already used
in laboratory and field related studies with honey bees!>2*2$2°_ Future research should explore how CAFE, when
provided alongside a mixture of odors mimicking the floral scent of kiwifruit, affects the appetitive behaviors
of bees in contexts where the primary available resource is not carbohydrates. When supplied simultaneously,
these NSCs once again demonstrated differential and additive effects compared to their individual presentation
on bee behavior. These effects were observed in activities conducted both inside and outside the hive, since an
increase in the efficiency of pollen collection by these pollinators in the crop was obtained, which was reflected
in the increase in the size of the kiwifruit pollen loads collected, and on the other hand, an increase in the storage
of this resource within the hives was observed. The latter is particulary interesting, taking into account that
these insects process, in addition to information based on individual experiences, resulting from informational
exchange among conspecifics within their colonies®. Hence, collective-scale effects could be observed when
these combined NSCs are offered. However, more studies are needed to address this aspect.
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In conclusion, the present results represent an advance in the development of tools that increase pollination
efficiency in nectarless crops, and open new questions for future research addressing the effect of these NSCs on
the neural networks related to honey bee learning and memory.

Materials and methods

Study site, animals and chemical compounds

Field activities were carried out in a commercial kiwifruit (Actinidia chinensis var. deliciosa (A. Chev.) A. Chev.)
10-ha orchard, ‘Dos Abriles, near Navarro, province of Buenos Aires, Argentina (33°47'48"S, 59°44'13"W),
during the blooming season of 2021. The producers of this orchard interplanted vines of female cultivar Hayward
with vines of male cultivars Chico malo, Matua, Tomuri and Chieftain. During the experimental period, wild
flora such as Fabaceae and Asteraceae were present in the surrounding area. Crop under study consisted of 3
plots planted with female and male vines mentioned above intermixed within a 5-ha area. The measurements and
sampling described below were carried out for four consecutive days between 10 am and 6 pm. Sixty Langstroth-
type honey bee (Apis mellifera) hives located at the edges of the crop to provide pollination services (Fig. S1).
Each hive had 10 frames, a fertilized queen, between 4 and 6 brood frames, a limited food reserve and had
similar population level (around 20,000 individuals). They were entered into the culture between 1 and 4 days
prior to the beginning of the measurements (this fact was considered in the statistical analyses performed as late
and early arrival respectively, see “Hive arrival” variable in Table S1). The hives were divided into 4 equal groups,
1 for each treatment provided (see below “Hives stimulation”), located at approximately 100 m from each other
to avoid the drift of individuals belonging to different experimental groups. They were located within the crop in
such a way as to guarantee similar floral availability between groups. The level of flowering in the crop during the
measurement days post-stimulation (Fig. S2) was estimated as the percentage of open flowers (number of open
flowers per branch / total number of flowers per branch). This was done once per day, on 30 randomly selected
plants per batch (15 males and 15 females).

The palynological analyses and sample processing were carried out during December 2021 in the Social
Insects Laboratory located in the Experimental Field of the Faculty of Exact and Natural Sciences of the UBA,
Buenos Aires, Argentina. The chemical compounds used in the preparation of the treatments to be applied to
the hives were obtained from Sigma-Aldrich, Steinheim, Germany. A kiwifruit formulation developed in our
laboratory was used*!. The concentrations of CAF and ARG used (see the section below) are within the range of
values present in the nectars of different floral species!'>!®. Additionally, they improved learning performance,
facilitated stable and long-term olfactory memory processes and enhanced survival under controlled
experimental conditions?®. These concentrations were also applied in a related field study with positive effects
both on honey bee foraging and on crop yield®.

Hives stimulation

Scented food was prepared by diluting 50 pl of the synthetic kiwifruit mixture (KM) per liter of 50% w/w sucrose
solution. From this solution, 4 treatments were prepared: KM (control group), KM + Caffeine [0.15 mM]
(KM +CAF), KM +L-Arginine [0.03 mM] (KM+ARG) and KM +Mixture of Caffeine and L-Arginine
(KM + MIX). Twelve honey bee colonies per treatment were fed at the end of the first day of the experimental
period by pouring 500 ml of one of these scented sugar solutions over the frames of the hives.

Colony activity and kiwifruit pollen collection

In order to study the effect of providing colonies with KM scented food supplemented with NSCs on their
activity, the total number of incoming bees on each hive entrance was quantified over a 1-min period, twice daily
throughout the 4-day experimental period (1 day pre-stimulation and 3 days post-stimulation).

On the other hand, to assess the impact on their pollen foraging, 8 conventional frontal pollen traps per
treatment were placed at the entrance of the experimental hives, so as to be able to access the type and amount
of pollen collected by each one. These traps consist of a wooden structure that is assembled at the entrance of the
hive, a metal mesh through which the foraging bees must necessarily enter tightly, releasing their loads of pollen,
which fall into a container. Pollen sampling was carried out once a day, during 3 h, on the 4 days of field work.
Samples were stored in a freezer at — 20 °C and were subsequently analyzed in the laboratory. The total number of
loads collected per hive was quantified, weighed and separated according to their color. The proportion of white
loads collected (defined as the number of white loads/total number of loads) and the weight per unit white load
(as the total weight of white loads/number of white loads) were stimated (i.e., the number of white loads for each
treatment was: KM, 1288; KM + CAF, 96; KM + ARG, 372; KM + MIX, 1393). Identity of white pollen samples
was verified under microscope by comparing them with pollen preparations from kiwifruit flower anthers, taken
in the field®**2.

Colony pollen storage

In order to analyze the effect of feeding colonies KM-scented food supplemented with NSCs on nest pollen
reserves, we estimated the amount of stored pollen in each hive the day before the administration of the
treatments (initial area) and 8 days later (final area). Using a millimeter ruler, this area was measured on both
sides of each frame of 8 hives per treatment.

Statistic analysis

All statistical analyzes were carried out using R v3.6.3 program®. Generalized linear models (GLM),
generalized linear mixed models (GLMM) and statistical tests of the different analyzes were performed with the
glmmTMB*, MASS*® and car?® packages. In each case, data’s good fit to the probability distribution chosen for
the response variable was verified, as well as the absence of over- or under-dispersion in the data and patterns
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in the distribution of the residuals using the DHARMa package®’. Non-significant variables were removed
by comparing different models using the Drop1 function*®, which uses the Akaike criterion (AIC) to make a
balance between the goodness of fit of the model and its complexity?’. The means of the different treatments
were compared using an analysis of their variances (ANOVA®?) and the relevant post hoc contrasts were carried
out using the emmeans package’! following the Tukey method for multiple comparisons®2. The effect of the
treatment on colony activity was analyzed using a GLMM?>? with a negative binomial error structure (due to
overdispersion in the data). Pollen influx to the hives was analyzed using a GLMM with negative binomial
(overdispersion) error structures for the number of white pollen loads collected, quasibinomial (overdispersion)
for the proportion of kiwi fruit pollen collected and beta for the weight per unit load of pollen. Treatment applied
(4 level factor), blooming level available (Fig. S2), absence or presence of traps in the measured hives and the day
on which the measurement were considered as explanatory variables. In turn, the hive identifiers were added as
arandom factor and, for pollen influx, the trap collection time was incorporated into the models using the offset
function to declare differences in sampling effort. Finally, after several transformations of the data, it did not fit
a normal probability distribution for the response variable “Stored pollen post-stimulation”, which is why the
non-parametric Kruskal-Wallis test was performed** as analogous to ANOVA for non-normal data.

Statement on the experimental research and field studies

The producers of the studied kiwifruit orchard granted permission for plant measurements, which were done in
situ. All methods and assays performed in this field study comply with national legislation and guidelines of the
University of Buenos Aires and CONICET-Argentina.

Data availability

The datasets generated for this study are available on request to the corresponding author.
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