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ABSTRACT: Honey bees are experiencing nutritional deficiencies related to intensive agriculture and climate change, posing major
threats to the ecosystem services they provide. Colonies managed for crop pollination are fed artificial diets to offset reduced pollen
in the environment and to stimulate population growth. Here, we evaluated the effects of a spirulina microalga feed additive on
commercial honey bee colonies in an agriculturally intensive desert environment. One hundred honey bee colonies were used in a
randomized block design that was replicated at two apiary sites over 4 months leading up to spring almond pollination. Colonies
were fed a pollen-free artificial diet or the same diet containing 25% spirulina. Unfed colonies were randomly assigned within
treatment blocks as controls. We measured colony population size, brood production, thermoregulation, and a panel of molecular
biomarkers associated with nutritional status, stress responses, and gut microbiota. Hive brood imaging and continuous temperature
data enabled sensitive detection of diet treatment effects. Spirulina feed significantly improved brood production and
thermoregulation prior to almond pollination relative to unfed controls. Bees fed spirulina had distinct expression profiles of
nutrition and stress response genes, but gene expression was primarily driven by the apiary site. We conclude that spirulina is a
sustainable feed additive with potential to improve crop pollination efficiency by supporting larger, healthier honey bee colonies.
KEYWORDS: pollinator health, Apis mellifera, sustainable diet, climate change, Arthrospira platensis, microalgae, pollen substitute

1. INTRODUCTION
A rapidly growing human population necessitates that modern
agriculture sustainably produces more food while using less
resources than ever before.1−3 Over the last century, global
biodiversity has plummeted largely because of anthropogenic
climate change as well as land conversion for agricultural use
and increased urbanization.4−7 Whereas up to 90% of
flowering plants require animal-mediated pollination�largely
by insects8�approximately one-third of the human diet
requires insect pollination.9 Extirpations and range contrac-
tions of native insect pollinators have increased reliance on
managed species for crop pollination.4,10−13 Because of their
large colony size and relative ease of husbandry, the Western
honey bee (Apis mellifera spp.) comprises the bulk of the
commercial pollination workforce in the US. However, colony
health and the sustainability of pollination services provided by
honey bees are threatened by a variety of interacting stressors.
Honey bee colony losses are largely associated with pests,
pathogens, and agrochemicals, but malnutrition is a growing
threat that synergizes with other stressors.14−21 Several
compounding sublethal effects are linked to poor nutrition,
including retarded immune function and increased suscepti-
bility to diseases and pesticides.22−27

Diverse and abundant floral resources are crucial to honey
bee colony growth, productivity, and resilience to biotic and
abiotic stressors. Flower nectar serves as a carbohydrate source,
whereas pollen provides essential proteins, lipids, and micro-
nutrients. Both floral resources are also a source of secondary
metabolites, which do not serve direct nutritional functions but
exert a wide range of bee health-modulating effects.28

Beekeepers have increased their reliance on supplemental
feeding to offset nutritional deficiencies related to land use
intensification and climate change, which have begun to
drastically alter the landscape of floral resource availabil-
ity.13,29−31 Furthermore, monoculture cropping systems fail to
provide colonies with adequate nutrition as honey bees require
a varied diet to meet their nutritional needs.22,25,32,33 Pollen
nutrition is a major concern to beekeeping industries because it
is not easily recapitulated by current dietary interventions. As
such, there is room for improvement to develop efficacious
feed that is tailored to seasonal and regional colony needs.
Importantly, given the challenges of feeding a growing human
population, sustainable ingredients that do not compete with
human food production are ideal choices to address this critical
need of modern beekeeping.

Microalgae are photosynthetic unicellular microorganisms
that have become an attractive feed source for humans,
livestock, and laboratory-reared model insects.34−37 From a
sustainability perspective, microalgal biomass production
requires significantly less agricultural land use (ALU) when
compared to common animal feed additives. For example,
soymeal production requires about 3.11 m2/kg, whereas
microalgae have a measured ALU of approximately 0.034
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m2/kg, a near 100-fold increase in land use efficiency.38

Recently, microalgae have shown promise as feed additives for
honey bees due to their essential nutrient density and
biochemical overlap with pollen.39 Laboratory experiments
with individual bees indicate that diets containing the
prokaryotic microalga Arthrospira platensis (commonly called
spirulina) are nutritious pollen substitutes for bees.40,41 From a
practical standpoint, spirulina biomass could be formulated
into patties for application to bee hives during routine colony
maintenance. However, this requires validation in a field
setting as honey bee nutrition is complex to evaluate because
of emergent complexities of the colony and environmental
stochasticity.
Pollen nutrition is especially important leading up to the use

of bee colonies for crop pollination because larger, healthier
colonies lead to improved pollination efficacy. In this study, we
tested the effects of a microalgae diet additive on honey bee
colonies managed using standard commercial apicultural
practices in the Imperial Valley of southern California, United
States, during a 4 month period leading up to their use in
almond pollination. This location represents an agriculturally
intensive environment with low rainfall and reduced natural

forage that necessitates supplemental feeding. Replicated at
two apiary sites, colonies were provisioned with a commercial
artificial diet patty, a spirulina microalga-containing patty or
were left unfed as controls. We monitored colony population
size, brood production, thermoregulation, and a panel of
molecular biomarkers associated with bee nutritional status,
stress responses, and beneficial microbiota. We hypothesized
that (i) colonies fed artificial diets would perform better than
unfed controls, (ii) fine-scale brood frame imaging and
continuous temperature monitoring will provide increased
resolution on the impact of different feeding regimens, and
(iii) a spirulina feed additive will positively influence colony
performance and health biomarkers.

2. MATERIALS AND METHODS
2.1. Study Design and Honey Bee Colony Management.

One hundred honey bee (Apis mellifera) colonies were established
from splits of large, healthy parent colonies sourced from Ashurst Bee
Co. Inc. (Westmoorland, CA), which managed all colonies in this
study. Fifty colonies were maintained on six-way pallets at each of the
two apiary sites: site 1 (33°06′12.7″N 115°27′32.4″W) and site 2
(33°04′04.5″N 115°22′09.8″W). At the start of the experiment in
October 2019, feeding groups were designated as alternating rows of

Figure 1. Study location and experimental site layouts. (A) The experiment was replicated in a randomized block design across two apiary sites
denoted by blue flags as “1” and “2”, respectively, on the maps. (B) Colonies were organized onto six-way pallets. Gold squares represent colonies
that received a commercial artificial diet that did not contain pollen. Green squares represent colonies that received the same diet containing 25%
spirulina. Black squares represent unfed controls. Gray squares indicate empty pallet positions. Only numbered colonies were included in the study.
Panel A was generated using publicly available data from the State of California and the Department of Forestry and Fire Protection (URL: https://
gis.data.ca.gov/maps/CALFIRE-Forestry::california-vegetation-whr13-types).
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pallets to control for positional effects within the sites (Figure 1). At
each site, 40 colonies were fed an artificial diet containing a
commercial pollen-free, terrestrial plant-based protein mixture (Ultra
Bee, Mann Lake, the “pollen sub” colonies) or the same diet in which
the protein source was substituted with 25% dried spirulina
(Arthrospira platensis biomass; the “spirulina” colonies) (Earthrise
Nutritionals, LLC, USA) (see Table S2 for full diet compositions).
This ratio was determined after 100% spirulina patties proved to be
unpalatable in an initial pilot experiment because of desiccation of the
patties (Figure S3; Tables S3 and S4). Ten colonies at each site were
randomly assigned as negative controls that were not fed and were
dubbed the “unfed” colonies. Feeding treatments (“unfed”, “pollen
sub”, or “spirulina”) were applied to hives approximately every 21
days. Colonies were evaluated at the start of the experiment in
October 2020 and again in February 2021 prior to their use in almond
pollination services. Hive evaluations were carried out as follows:
Frames of bees (FOB) were visually estimated in both top and
bottom boxes by the number of between-frame spaces and half spaces
covered by bees when observed from above. The same member of the
team estimated all FOB values. Last, patty consumption was
qualitatively assessed while replenishing patties to ensure that feed
was consumed, although no quantitative measurements of con-
sumption were taken.

All colonies were sampled for molecular analyses at the end of the
study. A representative sample of brood-rearing nurse bees was
collected from the central brood nest into 50 mL conical tubes,
immediately frozen on dry ice, and stored at −80 °C for further

processing. Molecular measures for three hives were excluded from
the study because of insufficient nucleic acid yields.
2.2. Colony Brood Area Measurements via Hive Frame

Imaging. For brood measurements, each brood frame was removed
from the hive, gently shaken to dislodge adult bees, photographed on
both sides using a 16.3 megapixel digital camera (Pentax K-01, Ricoh
Imaging Co., Ltd.), and replaced in the hive. The area of sealed brood
per frame was estimated from the photographs using CombCount, an
open-source semiautomated Python program,42 and ImageJ v 1.47
(W. Rasband, National Institutes of Health, USA).
2.3. Internal Hive Temperature Measurements and Anal-

yses. Temperature sensors (iButton Thermochron, precision ±0.06
°C, accessed using 1-Wire Drivers x64, version 4.05) enclosed in
plastic cassettes (Thermo Fisher Scientific, Waltham, MA) were
stapled to the center of the top bar on the middle frame in the bottom
hive box and set to record every 30 min. The data were then
summarized for analysis as temperature amplitude, which is the daily
change in brood nest temperature, by subtracting the lowest recorded
temperature from the highest recorded temperature within a given
day.

Three dates were chosen for post hoc analysis to test specific
hypotheses related to hive temperature amplitude. We first tested
whether treatment groups were identical at the beginning of the study
as they were normalized by colony size. We then tested (2 February)
if 4 months of continuous supplemental feeding would result in
significantly improved colony thermoregulation. Finally (12 Decem-
ber), we tested if colonies experienced benefits from supplemental
feed when temperature amplitude peaked, assuming that colonies

Figure 2. Brood area imaging is a quantitative and fine-scale measurement of colony performance. The strength of the linear relationship between
brood area and frames of bees was tested by a mixed effects model with apiary as both a random effect and a fixed effect. Marginal R2 (R2

m)
measures the variance explained by fixed effects alone, whereas conditional R2 (R2

c) measures the variance explained by the combined fixed and
random effects. Asterisks denote significant covariates (*p < 0.05, **p < 0.01, ***p < 0.001).

ACS Agricultural Science & Technology pubs.acs.org/acsagscitech Article

https://doi.org/10.1021/acsagscitech.3c00082
ACS Agric. Sci. Technol. 2023, 3, 748−759

750

https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.3c00082/suppl_file/as3c00082_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.3c00082/suppl_file/as3c00082_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.3c00082/suppl_file/as3c00082_si_001.xlsx
https://pubs.acs.org/doi/10.1021/acsagscitech.3c00082?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.3c00082?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.3c00082?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.3c00082?fig=fig2&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.3c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were most temperature stressed at this time. We also tested the date at
which the difference in temperature amplitude between unfed and
supplemented colonies peaked (15 November).
2.4. Molecular Biomarker Analyses via Quantitative

Polymerase Chain Reaction (qPCR). Pools of 30 field-collected
bee abdomens were homogenized in 2 mL of Maxwell simplyRNA
homogenization solution (Promega, Madison, WI, USA) using a Bead
Rupture Elite bead mill (OMNI International, Kennesaw, GA, USA).
Samples were centrifuged, and 100 μL of the supernatant was
removed for RNA extraction with a Monarch total RNA miniprep kit
(New England BioLabs, Ipswich, MA, USA) according to the
manufacturer’s instructions. Complementary DNA (cDNA) template
was generated using 1 μg of total RNA and a LunaScript RT
SuperMix Kit (New England BioLabs) following manufacturer’s
instructions. Quantitative PCR was carried out using iTaq Universal
SYBR Green Supermix (Biorad) in triplicate on a CFX96 Real-Time
PCR Detection System (Biorad). See Table S1 for a full list of targets
measured in this study. PCRs were performed in triplicate as follows:
initial denaturation at 95 °C for 5 min; 40 cycles with denaturation at
95 °C for 15 s; and a primer-pair-specific annealing temperature for
30 s. All amplicons were verified by Sanger sequencing here or in a
previous study (see the “reference” column on Table S1) to verify
specificity. To confirm the absence of contaminating genomic DNA
and primer dimers in the qPCR assay, we monitored amplification
and melting curves in negative controls consisting of DNase-treated

total RNA without reverse transcriptase. Relative gene expression was
determined based on standardized Ct values (ΔCt) using the
geometric mean of rp49 and β-actin Ct values as a composite
reference value.
2.5. Statistical Analyses. Analyses were conducted and figures

were generated in R version 4.1.2 “Bird Hippie”.43 Simple linear
regression models were constructed using the base R stats package,
and mixed effects models were fit using the lme4 package.44,45 All fixed
effect structures for linear models were determined a priori, but
random effect structures for random intercept models were
determined using forward selection by REML criterion minimization.
Hive ID, site, and date were assessed as potential random effects
during model fitting to account for the autocorrelation of variables
due to repeated measures of hives and the environmental effect on
hive physiological parameters within a given date or site. Marginal
means of brood area were calculated using the marginalef fects
package.46 Where the errors of evaluated models deviated from
normality, the dependent variables were log transformed. A locally
weighted running line smoother function was used to fit the
polynomial function and corresponding 95% confidence interval of
the true parameter shaded in gray in Figure 4A.

Figure 3. Artificial diets increase colony brood production relative to unfed controls. A mixed effects model was used to predict colony brood area
as a function of treatment with apiary as both a random and fixed effect. Feed supplementation increased brood area overall. Marginal R2 (R2

m)
measures the variance explained by fixed effects alone, whereas conditional R2 (R2

c) measures the variance explained by the combined fixed and
random effects. Marginal means were extracted from the model to assess differences in brood area indicating that feed supplementation increased
brood area within sites. Asterisks denote significant covariates (*p < 0.05, **p < 0.01, ***p < 0.001).
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3. RESULTS
3.1. Apiary Site Locations and Random Block Design.

A randomized block design was employed across two apiaries
in a setting with heavy agricultural land use surrounded by
desert (Figure 1A). This environment is an ideal venue for field
experiments involving nutritional manipulations because it
features significantly reduced natural forage and is relatively
homogeneous. Although site 2 was qualitatively in closer
proximity to more herbaceous landcover (in brown) than site
1, both landscapes were dominated by agriculture. Given a
typical foraging distance of under 5 km,47 there was likely
minimal overlap in the bee forage range between sites.
At the start of the experiment, 50 colonies at each site were

chosen based on similar starting population sizes (hive frame
coverage of bees) and then divided into pallet-level treatment
blocks (pollen substitute or spirulina) with a randomized
allocation of 10 unfed negative control colonies to treatment
blocks at each site (Figure 1B). This design aimed to minimize
random spatial effects within the apiaries that may confound
field experiments.
3.2. Fine-Scale Imaging of Colony Brood Area

Predicts a Beekeeping Industry Standard Performance
Metric of Honey Bee Population Size. Colony size was
assessed by “frame size” (i.e., number of frames more than two-
thirds covered by adult bees), and brood production was
quantitatively assessed from frame photographs by measuring
brood area in square centimeters (cm2). In this data set, frames
of bees were strongly associated with brood area (Figure 2;
estimate = 78.5, t = 4.5, p = 2.22 × 10−5, R2

marginal = 0.39,
R2

conditional = 0.64 with apiary as a random effect). Therefore,
we used brood area as a more quantitative and precise measure
of colony performance for further analyses.
3.3. Spirulina Supplementation Increases Honey Bee

Colony Brood Production. Brood area was measured at the
beginning of the study (October 2020) and again at the end of
the study (February 2021). By design, there was no difference
between treatment groups in measured brood area or frames of
bees in October 2020 (Figure S1). Feed supplementation
resulted in significantly larger brood area than colonies that
were unfed by February 2021 (Figure 3; pollen substitute-
control: t = 2.8, p = 0.009; spirulina-control: t = 3.09, p =
0.0028; R2

marginal = 0.34, R2
conditional = 0.61 with apiary as a

random effect). This effect was consistent within sites as well
(site 1: pollen substitute-control: z = 2.68, p = 0.029; spirulina-
control: z = 3.09, p = 0.0079; site 2: pollen substitute-control:
z = 2.68, p = 0.029; spirulina-control: z = 3.09, p = 0.0079)
Interestingly, in apiary site 2, spirulina-fed colonies had a mean
brood area of 1736 ± 101 cm2, whereas pollen-substitute-fed
colonies had a mean brood area of 1517 ± 101 cm2, although
this difference was not statistically significant (simple linear
regression with Bonferroni correction for multiple post hoc
comparisons). In support of the use of this more quantitative
colony performance metric, there was no treatment effect on
frames of bees at the end of the study (Figure S2).
3.4. Spirulina Supplementation Improves Honey Bee

Colony Thermoregulation. Internal hive temperature was
recorded in 30 min increments in the brood chamber over the
course of the study and summarized as temperature amplitude
(i.e., the differences between maximum and the minimum
temperature recorded in a day). Colonies had lower temper-
ature amplitudes when they were provisioned with the pollen
substitute (p = 0.001, linear mixed model with date and colony

as a random effect) or the spirulina substitute (p = 0.0006),
indicating that supplementation improved brood chamber
thermoregulation (Figure 4A). Whereas there was no differ-
ence in baseline temperature amplitudes at the beginning of

Figure 4. Artificial diets improve colony thermoregulation. (A)
Temperature amplitude was predicted as a function of treatment.
Pollen-substitute- and spirulina-containing diets both reduced
temperature amplitude over the course of the study compared to
the control, indicating improved thermoregulation. The density plot
on the right margin shows the distribution of amplitude measure-
ments by treatment group. (B) Temperature amplitude was extracted
from four dates (8 Oct 2020, 15 Nov 2020, 12 Dec 2020, and 3 Feb
2021), and a mixed effects model was used to assess the treatment
effect. There were no differences at the beginning of the study. Fed
colonies had lower temperature amplitudes in November, December,
and February relative to unfed controls. Marginal R2 (R2

m) measures
the variance explained by fixed effects alone, whereas conditional R2

(R2
c) measures the variance explained by the combined fixed and

random effects. Date and apiary were both included as random effects.
Asterisks denote significant covariates (*p < 0.05, **p < 0.01, ***p <
0.001).
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the study (F = 0.712, p = 0.493, simple linear regression), the
difference in thermoregulation was the greatest around mid-
November (pollen substitute-control: t = −5.7, p = 1.4 × 10−7;
spirulina-control: t = −5.11, p = 1.75 × 10−6; simple linear
regression; Figure 4B). However, when temperature amplitude
peaked on December 12th, only the spirulina-fed colonies had
lower amplitudes than unfed colonies (t = −2.774, p = 0.0067;
simple linear regression).
At the end of the study, both pollen-substitute-fed and

spirulina-fed colonies had lower temperature amplitude (pollen
substitute-control: t = −2.59, p = 0.011; spirulina-control: t =
−2.72, p = 0.008; multiple linear regression, Figure 4B).
During the final inspection on February 3rd, the beekeeper
made the decision to remove a medium hive body from several
colonies due to reduced adult populations. This was a
significant covariate as colonies that would have a medium
removed on February 3rd had significantly higher temperature
amplitude on February 2nd (estimate = 4.8 °C, t = 6.7, p =
2.84 × 10−9).
Furthermore, pollen-substitute- and spirulina-fed colonies

had larger brood areas (pollen substitute-control: p = 0.024;
spirulina-control: 0.0097, linear mixed model), and these lower
temperature amplitudes significantly predicted larger brood

areas (p = 0.0025, linear mixed model, R2
marginal = 0.513,

R2
conditional = 0.54, Figure 5).
3.5. Honey Bee Colonies Fed Spirulina Had Distinct

Gene Expression Profiles That Were Primarily Driven by
Apiary Site. We measured the expression profile of putative
molecular biomarkers (see Table S1 for all genes tested) in bee
samples collected from each colony. Multidimensional analysis
was applied to the relative expression of nine genes (including
antiviral immune genes, heat shock proteins, and antimicrobial
peptides), four core constituents of the honey bee gut
microbiome, and the log of the temperature amplitude to
test the hypothesis that feeding regimen would result in unique
gene expression profiles. In fact, there was significant
separation by treatment, but apiary site predominantly explains
the majority of the variation in gene expression (FAMD,
Figure 6). There was differentiation between bees from
spirulina-fed and unfed control colonies along dimension 4
and differentiation between bees from spirulina-fed and pollen-
substitute-fed colonies along dimension 5 (FAMD, Figure 7),
although these dimensions only explained 7.3 and 5.2% of the
variation in measured mRNA targets (12.5% of total variation).
S. alvi, Vg-like-A, VgMC, and hymenoptaecin expressions are
primarily loading onto dimension 4, suggesting that these are

Figure 5. Improved colony thermoregulation is associated with larger brood areas. Brood area was predicted as a function of the log of the
temperature amplitude using a mixed effects model. A higher amplitude was significantly associated with a smaller brood area. Treatment and apiary
were included as covariates with apiary as a random effect. Marginal R2 (R2

m) measures the variance explained by fixed effects alone, whereas
conditional R2 (R2

c) measures the variance explained by the combined fixed and random effects. Asterisks denote significant covariates (*p < 0.05,
**p < 0.01, ***p < 0.001).
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driving most of the variation between treatment groups along
that axis. It is less clear which variables are driving
differentiation between pollen-substitute- and spirulina-fed
bees along dimension 5, although the weak contributors are
Firmicutes 5, bee antiviral protein 1, heat shock protein 90, and
heat shock protein 70 cognate 3 (FAMD, Figure S4).
Interestingly, site 2 had larger brood area than site 1 (F =

56.49, p = 6.7 × 10−11, ANOVA), and bees collected from
colonies at site 2 had higher abundance of S. alvi (F = 144.2, p
= 2.2 × 10−16, simple linear regression), lower bap1 expression
(F = 75.71, p = 3.1 × 10−13), and lower hsc70-3 expression (F
= 50.35, p = 4.41 × 10−10). We postulate that the design
captured an environmental effect on gene expression differ-
ences associated with brood area. In support of this, a strong
positive association between the expression of two putative
molecular biomarkers (bap1 and hsc70-3) was observed across
and within apiaries (F = 289, p < 2 × 10−16, R2

marginal = 0.708,
R2

conditional = 0.908, linear mixed model with apiary as a random
effect, Figure S5) similar to what was seen in previous cage
studies.48

4. DISCUSSION
Honey bees meet all of their nutritional needs from floral
resources in the environment. Monoculture cropping systems
are the dominant method of human food production, which
have resulted in landscapes with reduced capacity to support
plant-pollinator networks.4,49−51 These depauperate floral

landscapes may also fail to supply adequate nutrition to bees,
especially when colonies are maintained at high densities
leading up to and during pollination events.32,33,52−54 Research
aimed at feed development for honey bees is lagging behind
other livestock and companion animals.55 Therefore, as
societal dependence on honey bee pollination services expands,
it is imperative to develop sustainable and efficacious strategies
to provision bee colonies on an agricultural scale. This study
tested the effects of a spirulina feed additive on commercially
managed honey bee colonies involved in almond pollination.
The Imperial Valley of southern California represents an
agriculturally intensive desert environment (Figure 1) with
reduced natural forage that necessitates supplemental feeding.
This location is ideal for testing novel feed formulations and
provides an extreme example of the nutritional limitations that
could be faced by modern beekeeping due to climate change
and land-use conversion.

We used hive brood frame imaging and continuous
temperature monitoring to evaluate honey bee colony
performance in response to different supplemental feeding
regimens. Although adult populations and brood production
are traditionally estimated by visual inspection, more sensitive
and accurate tools are necessary because bee nutritional
responses are complex to evaluate, especially at the colony
level. Advances in camera, software, and sensor technology
have resulted in less expensive and more accurate methods that
make using these approaches easier and more informative than

Figure 6. Expression profiles of putative molecular biomarkers are mainly driven by apiary site. Factor analysis of mixed data (FAMD) was used to
test the hypothesis that gene expression profiles (see Table S1) were being driven by treatment (control, pollen substitute, or spirulina). Most of
the variation was explained by site effects, indicating a landscape-level effect. “Contribution” is a measure of how much variance is explained by a
given variable on a scale ranging from low contribution (teal) to high contribution (red).
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visual inspection alone.56 Spirulina supplementation led to
increased colony brood production as measured by hive frame
imaging. Our results agree with previous studies in which
spirulina diets had positive impacts on individual bee
nutritional physiology. In laboratory cages, bees fed spirulina
had greater head weights, indicating nutrient assimilation into
head glands that sustain brood via proteinaceous secretions.57

Proteome analyses of the honey bee fat body, a tissue with
central nutrient storage and metabolic functions, indicated that
pollen and spirulina diets led to comparable protein
assimilation and a marked overlap in proteome expression
patterns.58 Taking this into consideration along with the results
of the current study, spirulina is bioavailable to honey bees and
appears to support colony-level brood production under field
conditions. A more granular approach in which the change in
patty weight is measured would be useful in comparing actual
consumption of patties with and without spirulina as well as
any potential effects of the amount of the patty consumed on
measured colony parameters.
It is intriguing that spirulina-fed colonies had marginally

higher brood area than pollen-substitute-fed colonies at site 2,
although the difference is not statistically significant (Figure 3).

Although it is tempting to speculate about the complementary
potential of provided supplements and environmentally
available nutrients, it is equally likely that this observation
was spurious. Commercially available diets for bees typically
incorporate protein-rich ingredients such as soy, corn gluten,
and yeast as a substitute for the essential amino acids provided
by natural pollen. Honey bees cannot synthesize arginine,
histidine, lysine, tryptophan, phenylalanine, methionine,
threonine, leucine, isoleucine, and valine, and therefore, they
must be obtained from the diet.59 We previously compared
essential amino acid compositions of bee diets formulated with
mixed pollen, spirulina, and the same pollen substitute used in
this study. Essential amino acid levels in spirulina matched or
exceeded the other tested diets except for histidine and lysine,
which were higher in pollen.41 Although significant research
effort has been focused on protein nutrition in bees, other
macronutrients in spirulina could have contributed to the
observed site-dependent increase in brood production.

Relative to what is known about bee protein requirements,
the nutritional value and functions of dietary lipids are
comparatively less understood. Linoleic acid and α-linolenic
acid are two polyunsaturated fatty acids that are essential for

Figure 7. Spirulina-fed bees exhibit distinct gene expression profiles. FAMD analysis revealed that dimensions 4 and 5 explained cumulatively a
small amount of variation (12.5%) in gene expression profiles and that (A) treatment groups were separating along these dimensions with (B)
moderate loading of antimicrobial peptides hymenoptaecin and apidaecin onto dimension 4. Ellipses represent 90% confidence of treatment group
membership.
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bees.60,61 Lipidomic analyses of spirulina bee diets indicated a
broad diversity of lipid molecular species incorporating linoleic
acid and α-linolenic acid residues.41 Although spirulina can
provide essential lipids, other microalga species may be a more
promising source due to their increased lipid accumulation.
For example, the lipid contents of edible green algae in the
genus Chlorella range from 13 to 21%, whereas the lipid
content of spirulina ranges from 2 to 7%.36 Laboratory
comparisons of bees fed Chlorella vulgaris had higher levels of
linoleic acid and similar levels of α-linolenic acid relative to
pollen-fed bees, whereas spirulina-fed bees had the lowest
levels of both fatty acids.40 Nevertheless, the protein content of
spirulina ranges from 60 to 66%, and the protein content of
Chlorella ranges from 38 to 48%,36 indicating that both
microalgae are promising feed additives to address different
bee macronutrient requirements.
Colony brood nest temperatures were continuously

monitored by sensors placed within the central brood nest of
each hive. Thermoregulation is important to bee colony fitness
because healthy brood development requires temperatures of
34−36 °C.62 We observed that colonies with lower temper-
ature amplitudes had larger brood areas and that both metrics
were improved by supplemental feeding (Figures 4 and 5) due
to improved overall colony physiology. It is also worth noting
that, in this study, spirulina-fed colonies but not pollen-
substitute-fed colonies had significantly improved thermoreg-
ulation compared to control colonies at the December
midpoint of the study even though spirulina-fed colony
temperature amplitude was not different from that of pollen-
substitute-fed colonies (Figure 4B). Furthermore, although all
colonies at had temperature amplitudes decrease back to near-
starting levels, supplemented colonies still performed better at
the end of the study (Figure 4B), an overwintering outcome
that typically results in more robust spring population growth.
Future studies should test whether winter spirulina supple-
mentation can improve long-term colony survival.
Different landscape factors and pesticide exposure can

influence colony thermoregulation.63,64 In this study, we
found that differences in hive temperature data corresponded
to feed manipulations in a commercial beekeeping operation.
This finding highlights the potential of sensor data to inform
future studies and management practices related to supple-
mental feeding, especially in large-scale beekeeping operations.
In fact, in-hive sensor data predicted a smaller adult population
prior to the beekeeper making the management decision to
downsize the hives to accommodate a smaller population.
Taking this into consideration, remote data retrieval from in-
hive sensors could have facilitated this management decision,
thereby improving management efficiency.
Because honey bee colonies are adaptively organized groups

of related individuals, we used a pooled sampling approach to
overcome individual variation and to represent the average
physiological status of adult bees localized to the central brood
nest of each colony. Here we measured the expression of nine
genes chosen for their roles in health (i.e., vg, vg-like-A) as well
as stress resistance and immunity (i.e., hymenoptaecin,
apidaecin, ago2, hsp90, hsc70-3, pl2, and bap1) as well as four
core members of the honey bee microbiome. Some of these
were previously used in laboratory studies of individual bees
fed microalgae. For instance, both spirulina and Chlorella alga
diets increased mRNA and protein levels of vitellogenin (Vg),
a nutritional storage protein that is used as a biomarker of
nutritional status and diet quality.58,65,66 In this study, we did

not observe a feeding treatment effect on vg levels. Instead, we
found that vg expression was primarily driven by apiary site,
which agrees with similar analyses of pooled, field-collected bee
samples.32,53,67 Previous studies indicate that mRNA and
protein levels of heat shock protein 90 (hsp 90) were
upregulated in caged bees fed spirulina, suggesting improved
stress resistance potential.40 Like vg expression, hsp90 levels
were more strongly impacted by apiary site. Expressions of
hsc70-3 and bap1 were both strongly negatively associated with
brood area across sites but not within sites. The implication of
this post hoc observation is not clear, but it is interesting to
speculate that reduced expression of these genes indicates
lower stress levels, which led to larger brood areas. However,
we did not find a relationship between these physiological
parameters within sites, indicating that another unmeasured
difference between sites is driving greater S. alvi abundance,
lower relative expression of hsc70-3 and bap1, and higher
brood area at site 2. Given the current state of knowledge of
colony-level gene expression, it is difficult to form reasonable
hypotheses about the direction and magnitude of expression of
these particular molecular markers in response to feed
supplementation. Therefore, we applied multidimensional
analysis to test the hypothesis that different feeding regimens
would result in unique broader gene expression profiles.
Multidimensional factor analysis of colony gene expression
data revealed clear differentiation by treatment along the
fourth and fifth dimensions, which explained only 12.5% of the
total variation. Clear separation of spirulina-fed colonies
implies global gene expression differences, although the
consequences of this remain largely unknown. Taken together
with colony performance data, the result suggests that positive
effects of spirulina supplementation may be associated with
distinct impacts on bee physiology. More granular physio-
logical studies and analyses of global gene expression by
transcriptome sequencing are necessary to better understand
how spirulina and other microalgae uniquely affect bee health.

Gut microbiota abundance was positively modulated in bees
fed alga diets and supplements.39 For instance, bees fed
spirulina in laboratory cages had increased abundance of the
gut symbiont Snodgrassella alvi, a gut symbiont associated with
individual bee health.41 In the present study, we found that site
2 had both higher relative abundance S. alvi and larger colony
brood areas, although it was not impacted by feed type. As
mentioned above, this relationship was confounded by apiary
site, but this indicates a potential landscape scale effect of diet
on gut microbe abundance. These data demonstrate the utility
of highly quantitative, colony-level measurements to better
understand the role of bee-associated microbes in a field
setting.

Algae are attractive feed additives due to their nutrient
density and sustainability of biomass production.68−70

Adapting beekeeping management practices to incorporate
microalga feed additives could help achieve objectives outlined
in the United Nations Sustainable Development Goals
(https://sdgs.un.org/goals) related to food security, sustain-
able water management, sustainable consumption, climate
change, reversal of land degradation, and halting biodiversity
loss. Industrial cultivation of microalgae has markedly
accelerated over the last few decades.71 Alga biomass is
produced on a large scale and sold directly as food and diet
supplements, whereas refined products or extracts are used by
pharmaceutical and cosmetic industries.72 In addition to its
nutritional value, spirulina is cultivated for phycocyanin, a
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natural blue colorant extracted from biomass that still retains
its protein content.73 This spent biomass could prove useful as
an essential amino acid source for bee feed development.
Therefore, low-cost bee diets could theoretically be formulated
with byproducts of industrial alga production.
There is significant potential for microalgae to be engineered

for improved nutritional value and to serve as novel therapeutic
production platforms.74−76 The nutritional value of alga strains
could conceivably be augmented via bioengineering to produce
honey bee nutrient storage proteins, such as vitellogenin and
royal jelly proteins. Such alga strains could more closely
recapitulate the dietary amino acid requirements of bees.
Complex and difficult to synthesize biomolecules such as

vaccines and monoclonal antibodies can be produced in
algae.74,77 For example, alga hosts could be used to produce
nucleic-acid-based therapeutics against bee pests and patho-
gens. Bees depend on RNA interference (RNAi) as a post-
transcriptional gene expression regulatory mechanism and core
component of their antiviral immune system. Double-stranded
RNA (dsRNA) molecules or hair-pinned microRNAs are
processed and then used by the RNA-induced silencing
complex (RISC), which triggers an immune cascade that
inhibits translation of target RNA molecules in a sequence-
specific manner.78−81 Prokaryotic microalgae such as spirulina
can produce large quantities of dsRNA using light and CO2,
making them a sustainable source of dsRNA, which is
expensive to produce in vitro.82 Recently, a honey bee gut
symbiont was engineered to deliver sequence-specific dsRNAs,
resulting in RNAi activation.83 Similarly, engineered E. coli has
been used to produce dsRNAs for bees, although dsRNA
purification was necessary prior to administration via feeding.84

These approaches present major obstacles for use in bee
colonies, mainly due to their scalability to field applications.
On the other hand, engineered algae could be formulated into
nutritious patties and delivered to honey bees via feeding
regimens that are already implemented by beekeepers.
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