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A B S T R A C T

Honey bees are the most efficient pollinators of several important fruits, nuts and vegetables and are indis-
pensable for the profitable production of these crops. Health and performance of honey bee colonies have been
declining for decades due to a combination of factors including poor nutrition, agrochemicals, pests and diseases.
Bees depend on a diversity of plants for nutrition as pollen is the predominant protein and lipid source, and
nectar, the source of carbohydrates for larval development. Additionally, pollen and nectar also contain small
amounts of plant secondary metabolites or phytochemicals that are primarily plant defense compounds. Bees have
coevolved to benefit from these compounds as seen by the improved longevity, pathogen tolerance and gut
microbiome abundance in worker bees whose diets were supplemented with select phytochemicals. Here we
investigate the impact of four phytochemicals, known to benefit bees, – caffeine, kaempferol, gallic acid and p-
coumaric acid, on hypopharyngeal gland (HPG) size of nurse bees. Newly emerged bees were provided with 25
ppm of each of the four phytochemicals in 20% (w/v) sucrose solution and the size of HPGs were measured after a
10 d period. Bees that received p-coumaric acid or kaempferol showed a significant increase in HPG size. A
significant decrease in HPG size was seen in bees receiving caffeine or gallic acid. The implication of our findings
on worker bee ontogeny, transitioning from nurses to foragers and relevance to foraging related competencies are
discussed. It is critical that bees have access to phytochemicals to ensure colony health and performance. Such
access could be through natural habitats that provide a diversity of pollen and nectar sources or through dietary
supplements for bee colonies.
1. Introduction

Managed honey bee colonies are primary pollinators promoting
production and yield in several major insect-pollinated crops (Hristov
et al., 2020). However, global honey bee colony numbers have not kept
pace with the growing demand (Aizen and Harder, 2009). Colony losses
have been exacerbated by several interacting biotic and abiotic factors
(Neumann and Blacqui�ere, 2017; van Engelsdorp et al., 2012). Habitat
loss and intensified agriculture have compromised access to healthy and
diverse forage (Potts et al., 2010) while simultaneously increasing
exposure to potentially harmful agrochemicals (Doublet et al., 2015;
Johnson et al., 2010). Poor nutrition has escalated the susceptibility of
bees to pests and pathogens (Berenbaum, 2015; Simone-Finstrom et al.,
2016). Ongoing changes to climate further compromise the availability
of nutritive flowers, as plants respond adversely to stressful growing
), arathi.seshadri@usda.gov (H.S

m 19 April 2022; Accepted 22 Au
en access article under the CC B
conditions (Arathi et al., 2018; Phillips et al., 2018). Additionally,
widespread prevalence of Varroa destructor, an ectoparasitic mite,
mite-vectored viruses, and the resurgence of fungal and bacterial brood
diseases have augmented colony stress (Dainat et al., 2012; Goulson
et al., 2015; Le Conte et al., 2010), necessitating the need for integrative
colony management strategies that focus on strengthening individual
worker bees to promote colony performance.

Nutrition is key to the ability of an organism to withstand challenges
during its lifespan. Optimal nutrition during colony growth, either
through access to diverse natural forage (Smart et al., 2018) or as
nutritional supplements (Fedoriak et al., 2021), determines the survival
trajectory of a colony (Di Pasquale et al., 2013). While macronutrient
(carbohydrate, protein and lipid) needs of honey bees are fairly well
understood (Brodschneider and Crailsheim, 2010), we are now begin-
ning to understand the importance of minerals, vitamins and plant
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secondary metabolites (Bernklau et al., 2019; Boncristiani et al., 2021;
Geldert et al., 2021; Johnson et al., 2012; Liao et al., 2017; Mao et al.,
2015). For the development of optimal dietary supplements to maintain
colony health and productivity (Negri et al., 2019; Tauber et al., 2019), a
deeper understanding of all compounds contributing to honey bee diet is
critical. Healthy colony growth results from increased brood production
which in turn depends on the presence of a healthy population of nurse
bees within the colony to produce adequate brood food via glandular
secretions (D€oke et al., 2015; Lass and Crailsheim, 1996). Glands that
produce food provisioned for brood development are the mandibular and
hypopharyngeal glands (HPGs) (Brouwers, 1983; Wang and Li-Byarlay,
2015). The size of HPGs has long been used as a reliable marker of
honey bee nutritional status (DeGrandi-Hoffman et al., 2010). Here, we
determine the HPG size in nurse bees supplemented with each of the four
dietary phytochemicals, p-coumaric acid, caffeine, gallic acid or
kaempferol. Previous studies have shown that these phytochemicals, at
low doses (25 ppm), improved longevity, pathogen tolerance (Bernklau
et al., 2019), and gut microbiomes (Geldert et al., 2021). In addition,
other studies suggest that such a dose (25 ppm) is within the range of
concentration of phytochemicals in floral nectar (Kretschmar and Bau-
mann, 1999; Palmer-Young et al., 2019). Here, we investigate the impact
of the same phytochemicals at the same low dose on HPG size, a physi-
ological trait responsible for brood food production, and discuss our
findings in the context of targeted nutritional supplements for healthy
honey bees.

2. Materials and methods

2.1. Bee rearing and feeding assay

The experiment was conducted at the Harry H. Laidlaw Jr. Honey bee
Research facility at University of California, Davis (Davis, CA). Source
colonies of Apis mellifera ligustica (Jackie Park-Burris Queens Inc., Palo
Cedro, CA) and A. mellifera caucasica (Can-Am Apiaries, Orland, CA)
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headed by naturally mated queens, were used to obtain newly emerged
worker bees. Frames of capped brood from three source colonies of
respective sub-species were placed in wooden brood boxes stored in an
incubator at 34.5 �C and ~50% relative humidity until emergence (Ni~no
et al., 2013). Groups of 17–19 one-day old workers from the same source
colony were placed in individual cages fashioned out of plastic cups
(Bernklau et al., 2019; Evans et al., 2009). They were given ad libitum
access to one of the four phytochemicals: caffeine, gallic acid, kaempferol
or p-coumaric acid, at 25 ppm in 20% sucrose (w/v), and a uniform piece
of Ultra Bee pollen patty as protein (Mann Lake, Ltd., Woodland, CA).
Test compounds (97.5% purity) were obtained from Sigma-Aldrich (St.
Paul, MN, USA; Catalog numbers: kaempferol K0133, p-coumaric acid
C9008, gallic acid G7384, caffeine C0750). Control bees received 20%
(w/v) sucrose solution and pollen patty. 9–10 replicate cages per treat-
ment were kept in an incubator at 34.5 �C and ~50% relative humidity,
daily bee mortality was recorded, and dead bees were removed. On day
10, four bees were collected from each of the cages and immediately
stored at �80 �C and used later for dissection.

2.2. Hypopharyngeal gland (HPG) measures

Dissection and measurement of HPGs were completed following the
protocol described in Corby-Harris and Snyder (2018). Worker heads
and bodies were separated, and heads transferred into individually
labeled microcentrifuge capsules over a bed of dry ice using sterile
dissection tools. HPGs were then dissected, imaged under an Olympus
SZX10 microscope (Olympus IE, Waltham, MA) and an Olympus SC50
microscope camera (Olympus IE, Waltham, MA). Figure 1 shows well
developed (A) and poorly developed (B) HPGs. For each head, the di-
ameters of 10 randomly selected acini, whose borders were clearly in
focus, were measured (Figure 1C) in pixels and converted to millimeters
using the 5.667937:1 pixel-millimeter conversion ratio. The averages of
the 10 individual acini measured per bee head were used for statistical
analysis.
Figure 1. Hypopharyngeal glands (HPGs) made up of
acini serve as the site for glandular secretions in nurse
bees that produce brood food fed to developing
larvae. The images below depict (A) well-developed
acini, (B) poorly developed acini and (C) an
enlarged acinus with the red measurement line. Four
bees per cage per treatment were dissected and 10
acini were measured per bee for use in statistical
analysis. This image is in color. HPG are white and are
pictured as they appear on dissection. Figure 1C is in
color as seen by the red line indicating the measure-
ment of HPG.



Table 1. Univariate analysis of variance showing that the average acini mea-
surements were significantly influenced by dietary phytochemicals.

Source MSS Df F P

Dietary phytochemical treatment 11.21 4 4.06 0.003

Sub-species 76.85 1 27.81 <0.001

Dietary phytochemical treatment x Sub-species 2.99 4 1.09 0.36

Error 2.76 386
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2.3. Statistical Analysis

Average measurements of 10 acini from four bees per cage, confirmed
for normality, were compared using a univariate analysis of variance
3

with dietary phytochemical treatment and sub-species as independent
variables (IBM Statistics SPSS 28) and the average acini size as the
dependent variable followed by Tukey's post-hoc multiple comparisons
to compare averages across treatments.

3. Results

Phytochemical supplementation altered HPG development in worker
bees that received 25 ppm of one of the four phytochemicals, caffeine,
kaempferol, gallic acid or p-coumaric acid. Univariate analysis of vari-
ance indicated a significant effect of treatment diet on the average acini
size (Table 1). Tukey's post-hoc mean comparison (Figure 2A) indicated
that, while average acini sizes were significantly larger than that of the
Figure 2. (A) Acini sizes of worker bees fed on dietary
phytochemicals. Statistically significant differences
following Tukey's post-hoc analysis. Numbers within
the bars indicate sample sizes for each treatment. Bars
with different letters are significantly different average
measurements at p < 0.0001. (B) Acini sizes for the
different sub-species. Numbers within the bars indi-
cate sample sizes for each sub-species. Bars with
different letters show significantly different average
measurements within the relevant sub-species at p <

0.0001.
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control (7.87 � 1.94; n ¼ 80) in bees receiving p-coumaric acid (8.49 �
1.62; n¼ 80) or kaempferol (8.13� 1.36; n¼ 79), the average acini sizes
were significantly smaller in bees that received caffeine (7.57� 1.46; n¼
79) or gallic acid (7.65 � 2.1; n ¼ 78).

The univariate analysis also showed a significant effect of sub-species,
and a non-significant interaction effect of treatment and sub-species, on
the resulting acini size following dietary phytochemical supplementation
(F(1,386) ¼ 27.81, p < 0.001; Table 1). Accordingly, the response trends
for each phytochemical were similar across the two sub-species, and
A. m. caucasica exhibited higher responses than A. m. ligustica. Figure 2B
shows the average acini sizes in response to phytochemical supplemen-
tation in the two sub-species.

4. Discussion

Dietary supplementation with phytochemicals caffeine, kaempferol,
gallic acid and p-coumaric acid has been shown to improve longevity,
pathogen tolerance, pesticide resilience and gut microbiome abundance
(Arathi and Bernklau, 2021; Bernklau et al., 2019; Geldert et al., 2021).
Our results provide further evidence for the benefits provided by these
specific phytochemicals. Improved HPG size with p-coumaric acid con-
sumption are consistent with trends in previous reports. P-coumaric acid,
is reported to being an up-regulator of detoxification and immunity genes
in the P450 enzyme superfamily (Liao et al., 2017; Mao et al., 2013).
Finding that HPG size decreased with caffeine consumption is novel and
may relate to the role caffeine plays in promoting learning and memory
in foragers (Wright et al., 2013). Caffeine has been suggested to act as an
adenosine receptor antagonist through potentiated responses of mush-
room body neurons involved in olfactory learning and memory. The
differential effect of caffeine and gallic acid in relation to other phyto-
chemicals tested suggests that the beneficial impacts of these phyto-
chemicals could be age dependent.

Dietary phytochemicals have also shown to benefit Bombus impatiens
infected with Crithidia bombi (Richardson et al., 2015) and honey bees
infected with Nosema ceranae (Bernklau et al., 2019). While pathogen
tolerance is not an age-independent benefit, HPG size is important for
younger, nurse-aged bees that perform brood care. Cognitive capacities
such as learning and memory are important for older, forager-aged bees.
Age-related changes to hormones have been shown to drive the tran-
sitioning from nursing to foraging behaviors in honey bees (Pankiw et al.,
1998; Robinson, 1992). Our results showing that caffeine reduces HPG size
suggests that such a reduction maybe a precursor to the onset of foraging.
Therefore, caution may be recommended for colony level supplementation
with caffeine to avoid precocious onset of foraging behavior.

Enhanced HPG development in nurse-age workers receiving p-cou-
maric acid aligns with its established role in honey bee ontogeny. Mao
et al. (2015) demonstrated that dietary p-coumaric acid reduced ovarian
development in workers and may regulate caste determination via
methylation. This complements the fact that queen mandibular phero-
mone and (E)-βocimene larval pheromones both suppress ovariole acti-
vation and promote HPG development in workers (Huang et al., 1989;
Mohammedi et al., 1996; Traynor et al., 2014). Thus, in addition to
reinforcing the reproductive monopoly of the queen, dietary p-coumaric
acid may act in tandem with queen and/or brood pheromones to enforce
division of labor by supporting healthy HPG development necessary for
functioning nurses (Crailsheim, 1991; Naiem et al., 1999; Pankiw et al.,
1998).

While there are no studies so far demonstrating and comparing the
sensitivity to diet between two sub-species of the western honey bee, a
few others have investigated physiological variability amongst these. In a
study by Al-Ghamdi et al., (2011), there is evidence for HPG variation
among subspecies such that nurse-aged (9 days) A. m. carnica workers
developed larger HPGs and more acini secretory cells than A. m. jeme-
nitica, the Arabian honey bee. Our findings are significant in that dietary
regimes could be tailored to unique subspecies that could help optimize
resource allocation in commercial settings.
4

The findings reported here support the importance of diverse nutri-
tional sources for healthy honey bee populations. Diverse pollen and
nectar sources provide a supply of micronutrients and phytochemicals
that are important for normal physiological and behavioral ontogeny of
worker bees. Loss of natural habitats that provide diversity in nutritional
components for bees necessitates the need for supplemental feeding to
ensure healthy colony growth. Phytochemicals in low doses could be
developed as supplemental nutrients to ensure healthy colonies that can
provide much needed pollination services and ensure agricultural pro-
ductivity. Future research is necessary to evaluate the benefits of colony
level supplementation and to develop appropriate application regimes.
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