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ABSTRACT: Managed honey bee colonies used for crop pollination are fed artificial diets to offset nutritional deficiencies related
to land-use intensification and climate change. In this study, we formulated novel microalgae diets using Chlorella vulgaris and
Arthrospira platensis (spirulina) biomass and fed them to young adult honey bee workers. Diet-induced changes in bee metabolite
profiles were studied relative to a natural pollen diet using liquid chromatography-mass spectrometry (LC-MS) and gas
chromatography-mass spectrometry (GC-MS) metabolomics. Untargeted analyses of pollen- and microalgae-fed bees revealed
significant overlap, with 248 shared features determined by LC-MS and 87 shared features determined by GC-MS. Further
metabolomic commonalities were evident upon subtraction of unique diet features. Twenty-five identified metabolites were
influenced by diet, which included complex lipids, essential fatty acids, vitamins, and phytochemicals. The metabolomics results are
useful to understand mechanisms underlying favorable growth performance as well as increased antioxidant and heat shock protein
gene expression in bees fed the microalgae diets. We conclude that the tested microalgae have potential as sustainable feed additives
and as a source of bee health-modulating natural products. Metabolomics-guided diet development could eventually help tailor feed
interventions to achieve precision nutrition in honey bees and other livestock animals.

KEYWORDS: honey bee, Apis mellifera, microalgae, pollen substitute, artificial diet, nutrition, Chlorella vulgaris, spirulina,
Arthrospira platensis, antioxidant, metabolomics, gene expression

1. INTRODUCTION protein-rich ingredients, such as soy, corn gluten, yeast, casein,
and egg, as a source of essential amino acids.” However, diet
comparisons suggest the existence of potentially overlooked
nutritional factors or other pollen components that might
improve artificial diet effectiveness (i.e., providing phytochem-
icals that mi§ht stimulate bee immunity or improve stress
resistance).'””” In addition to protein content, pollen contains
a variety of necessary lipids, essential fatty acids,”' ">’ and a
broad diversity of bee health-modulating bioactive compounds,
such as vitamins and phenolic acids.””*® Thus, there are
opportunities to enhance feed to more closely mimic the
chemical composition of pollen, especially to serve the growing
demands of a majority of US beekeepers who feed
supplemental nutrition to their colonies.”’ Importantly, given
the challenges of feeding the world’s human population,
sustainable ingredients that do not compete with human food
production are good candidates to address this crucial need of
modern beekeeping.

Microalgae are nutritious and sustainable feed ingredients
that have been used in a variety of livestock,” including recent
applications in managed honey bees.”” Notably, eukaryotic
microalgae in the genus Chlorella and prokaryotic cyanobac-

The honey bee (Apis mellifera) is the world’s primary managed
pollinator. In the United States alone, honey bee pollination
services contribute ~$20 billion per year to the value of crop
production.’ Nevertheless, commercial beekeepers are experi-
encing annual colony losses that are on average twice as high as
historical records, jeopardizing pollination services and human
food security.” Honey bee colony losses are attributed to
multiple stressors, notably parasites and pathogens. However,
many lines of evidence indicate that malnutrition is a major
factor underlying colony mortality.” > Abundant floral
resources are required for honey bee colony growth, immune
function, and stress responses.(’_m Nectar provides energy in
the form of carbohydrates, while pollen is the main source of
proteins, lipids, and micronutrients.” Under ideal conditions,
varied flower sources are necessary to meet bee nutritional
requirements since the composition of pollen varies by plant
species.' "' Unfortunately, modern intensive agriculture is
associated with reduced flower diversity and, hence, lower
nutritional value."*~" Plant responses to climate change, such
as altered flower, nectar, and pollen production, will alter the
landscape of floral resource availability.'*™"® These conditions
may further exacerbate the challenges of honey bee nutrition -
and health, especially within a managed setting. Received:  April 14, 2022 FOD CHEMISTAY
Managed bee colonies used for crop pollination are routinely Revised:  July 14, 2022
fed artificial “pollen substitute” diets to compensate for a lack Accepted: July 15, 2022
of pollen forage in the environment and to prevent nutritional Published: July 26, 2022
deficiencies. Various diet formulations have been used as a
substitute for natural pollen, and these often incorporate
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Figure 1. Schematic overview of metabolite extraction and analyses. Honey bees were fed four different diets: sugar, pollen, Chlorella (Chlorella
vulgaris), and spirulina (Arthrospira platensis). Bee abdomens were harvested, extracted, and examined through untargeted and targeted liquid
chromatography-mass spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS) to analyze their metabolomic compositions.

teria (blue-green microalgae) in the genus Arthrospira
(commonly called spirulina) are excellent sources of protein,
fatty acids, sterols, and other bioactive compounds with
nutraceutical potential. These microalgae are digestible by
honey bees and appear to reproduce the growth characteristics
of a natural pollen diet;**° however, little is known about the
metabolic mechanisms underlying their impact on bee health.

Mass spectrometry-based metabolomics enables compre-
hensive and systematic analyses of all metabolites in an
organism,” and it has emerged as a powerful tool in nutrition
and food sciences.”’ Metabolomics-guided diet development
could enable precision nutrition and an improved under-
standing of the mechanisms underlying the effects of feed.’
Using a mass spectrometry-based metabolomics approach, the
objective of this study was to investigate diet-induced changes
in honey bees, so as to better understand the nutritional and
metabolic effects of microalgae relative to a natural pollen diet
(Figure 1).

2. MATERIALS AND METHODS

2.1. Honey Bee (Apis mellifera L.) Experimental Design.
Experiments were conducted in the summer of 2021 at the USDA-
ARS Honey Bee Breeding Genetics and Physiology Laboratory in
Baton Rouge, Louisiana. Newly emerged worker bees were obtained
by incubating sealed brood frames at 35 °C and 50% relative humidity
overnight. Three brood frames were obtained from a healthy, vigorous
colony that was treated for Varroa mites and had no visible signs of
disease. Bees (<24 h old) were collected into a container and then
randomly assigned to diet treatment groups (S0 bees/cage). Four
cages were established for each diet (16 cages total). Thus, each diet
had four biological replicates. After 8 days of ad libitum feeding, bees
were separately collected from each cage, frozen on dry ice, and then
stored at —80 °C.

2.2. Diet Preparation and Consumption Measures. The
different diet groups consisted of sugar, bee-collected pollen, Chlorella
(C. vulgaris), and spirulina (A. platensis). All diets were mixed with 1:1
(v/v) sucrose syrup/honey to achieve a paste consistency. Thus, the
formulated diet pastes were approximately two parts of dry
ingredients to one part of sucrose/honey syrup. Diet pastes were
loaded into modified microcentrifuge tubes (see experimental design
schematic, Figure S1) and stored at —20 °C until use. There were four
cage replicates per diet treatment (i.e., biological replicates). For the
pollen diet, mixed corbicular pollen pellets were collected using
entrance-mounted pollen traps during the late fall of 2020 (thus,
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predominantly Solidago spp. in floral composition) from a USDA-ARS
apiary in Baton Rouge, Louisiana, and frozen at —80 °C until needed.
The Chlorella diet consisted of organic, powdered, cracked cell wall C.
vulgaris biomass (Micro Ingredients, California). The spirulina diet
consisted of organic, powdered A. platensis biomass (Micro
Ingredients, California). Approximately, 1.25 g of formulated diet
paste was provided to each cage. The pollen and spirulina diets used
in this study were characterized for amino acid content and protein
bioavailability previously.””** The amount of diet consumed by each
cage was recorded on day 4, then the diet was refreshed with
approximately 1.25 g of new diet paste, and consumption was
measured again on day 8. As a control, diet samples were placed in
cages without bees and weight loss was measured to determine the
evaporation rate for each diet type. Diet consumption in each cage
was adjusted for moisture loss (<1.5%) and recalculated to give the
total diet consumed over the 8-day period

2.3. Honey Bee Dissection. Frozen bees were dissected on dry
ice into three parts: head, thorax (excluding legs and wings), and
abdomens with guts intact. Then, dissected parts were collected into
pools of eight parts per cage. Two separate pools of eight abdomens
were made for each cage. One abdomen pool was used for RNA
extraction and gene expression, while the other abdomen pool was
used for metabolite extraction and metabolomic analyses. The bee
abdomen was chosen for gene expression and metabolite analyses
since it contains the fat body, a tissue with central nutrient storage,
and metabolic functions, as well as the entire digestive tract.

2.4. Honey Bee Physiological Measures and Gene
Expression Analyses. The average head and thorax weights per
bee cage were determined by drying pools of eight heads or thoraces
to a constant weight (60 °C for 48 h) and recording to the nearest 0.1
mg. For gene expression analyses, pools of eight frozen bee abdomens
per cage were subjected to RNA extraction with a Monarch total RNA
miniprep kit (New England BioLabs) according to the manufacturer’s
protocol. cDNA synthesis was carried out using 1 pg of DNAase-
treated RNA and a LunaScript RT SuperMix Kit (New England
BioLabs) according to the manufacturer’s protocol. Quantitative
polymerase chain reaction (QPCR) was performed in triplicate to
quantify expression levels of vitellogenin (vg), superoxide dismutase
(CuZn SOD)), catalase, heat shock protein 70 (hsp70), and heat shock
protein 90 (hsp90). All gPCR reactions were performed as follows:
initial denaturation at 95 °C for S min; 40 cycles with denaturation at
95 °C for 15 s; and a primer-pair-specific annealing and extension
temperature (Table S4) for 30 s. The reactions were carried out using
SsoAdvanced Universal SYBR Green Supermix (Biorad) in triplicate
on a CFX96 Real-Time PCR Detection System (Biorad). To confirm
the absence of contaminating genomic DNA and primer dimers,
amplification and melting curves were tested in negative control
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Figure 2. Effects of pollen and microalgae diets on honey bee feed consumption and growth performance after 8 days. (A) Diet consumption. (B)
Average head weight. (C) Average thorax weight. Error bars represent standard error (SE). Columns with different letters are significantly different

at a = 0.0S.

reactions containing only DNase-treated total RNA. Relative
transcript levels were determined based on standardized Ct values
(AC,) using f-actin for normalization.

2.5. Honey Bee Metabolite Extractions. Each bee sample
represented one biological replicate that contained eight honey bee
abdomens that were fed a specific diet (i.e., sugar, pollen,Chlorella, or
spirulina). First, abdomens were ground with a mortar and pestle
using liquid nitrogen (Figure S2). Then, the crushed abdomens were
transferred to a scintillation vial, submerged with 5 mL of acetone,
and were shaken for 16 h. The solvent was transferred to an
Eppendorf tube and centrifuged. The supernatant (i.e., acetone layer)
was retained. The residual solids were resuspended in 1:1 MeOH/
CHCl, (5 mL) and sonicated for 30 min. The solvent layer was
transferred to an Eppendorf tube and centrifuged, where the
supernatant (i.e, MeOH/CHC, layer) was saved and combined
with the acetone layer described above. The combined layers were
dried under a nitrogen atmosphere to produce a bee extract fed on a
diet, and each of these consisted of four biological replicates (Table
S1). Standards of pollen, Chlorella (C. vulgaris), and spirulina (A.
platensis) were treated and extracted in a manner identical to the
above. Extraction solvents were chosen based on their widespread use
in the processing of biological materials.****

2.6. Mass Spectrometry Analysis. 2.6.1. LC-MS Analysis. The
extracts were examined at 0.2 mg/mL dissolved in MeOH. An
Acquity ultraperformance liquid chromatography system (UPLC,
Waters Corp.) coupled with a Thermo Q Exactive Plus MS (Thermo
Fisher) was used for the analysis. MeOH was used as a blank sample.
The flow rate of the UPLC was set to 0.3 mL/min using a BEH C18
(2.1 mm X SO mm X 1.7 ym) column equilibrated at 40 °C. The
mobile phase consisted of Fisher Optima LC-MS grade CH;CN—
H,O (with 0.1% formic acid added). The analysis started at 15%
CH,CN and increased linearly to 100% CH;CN over 8 min; it was
then held at 100% CH;CN over 1.5 min before returning to the
starting conditions over 0.5 min, making the total run time 10 min.
Photodiode-array (PDA) detection was used to acquire data from 200
to 500 nm with a resolution of 4 nm. The Q Exactive Plus with
electrospray ionization (ESI) was used to collect high-resolution
accurate mass measurements and fragmentations of the detected ions.
The initial data were collected from m/z 135 to 2000 at a resolving
power of 70,000 for both positive and negative modes; however, only
positive mode data were used for these studies. The spray voltage was
set to either 3000 V (+) or 3000 V (—). Sheath gas was 47.50, aux gas
was set to 11.25, spare gas 2.25, the heater temperature was 350.0 °C,
the capillary temperature was 256.25 °C, and s-lens was 50.0. The
acquired LC-MS data were analyzed using Xcalibur (Thermo
Scientific).

2.6.2. GC-MS Analysis. The extracts were analyzed with a GC-MS-
QP2010S (Shimadzu). The samples were prepared at 1 mg/mL
dissolved in CHCl;. An AOC-20i/s autosampler was used for
injection of the samples, with the injection temperature at 270 °C and
split mode used (10.0 ratio), all via an Agilent DB-1HT (30 mm X
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0.10 gm X 0.25 mm) column. The analysis started at S0 °C, where it
was held for § min, then increased to 350 °C at a rate of 15 °C/min,
where it was held for 20 min. GC-MS solution Version 4.20
(Shimadzu) was used to process the results and to apply the similarity
search to a NIST library (2011).

2.7. Statistical Analysis. Data generated by LC-MS and GC-MS
were processed through MZmine 2.53% using the tabulated
parameters (Table S2—S3). To filter and clean the LC-MS data for
principal component analyses (PCA) and Volcano plots, a 1 X 10*
blank cutoff was used (i.e., to remove background noise from signals
with peak areas under 1 X 10*), and the mass spectrometry data were
filtered between m/z 135 and m/z 2000 with a retention time window
of 0 to 10 min. Four technical injections per biological replicate were
used and averaged, using a relative standard deviation (RSD)
threshold value below 0.4 (i.e., to remove system variance).”” To
filter the GC-MS data, the blank cutoff was 1 X 107, and the mass
spectrometry data were filtered between m/z 19 and m/z 350 with a
retention time window of 10.00 to 22.75 min with a 0.4 RSD cutoff.
For generation of the PCA plots, Jupyter lab (Python) was used.
Volcano plots were made by VolcaNoseR.*® Venn diagrams were
made by using an available webTool (https://bioinformatics.psb.
ugent.be/webtools/Venn/ ). To generate the PCA and volcano plots
that display only the unique and/or upregulated features, the data
acquired from MZmine were further filtered.’® The features (peak
areas and appropriate m/z over retention time values) from bees fed
sugar, as well as features from the specific diet samples (i.e., pollen,
Chlorella, or spirulina), were all subtracted from the feature list
acquired from bees fed the respective diets. Thus, the generated
filtered feature list only contained the unique and or upregulated
metabolites when the bees were fed on the pollen, Chlorella, or
spirulina diets (Figure S3).

3. RESULTS AND DISCUSSION

3.1. Diet Consumption and Honey Bee Growth
Performance. Diet consumption was measured in caged
honey bees fed sugar, pollen, Chlorella, and spirulina diets after
8 days of ad libitum feeding. Consumption is an important
metric in feed comparison studies since the amount of diet
consumed determines the pool of available nutrients. Of the
protein-containing diets, consumption was highest for the
pollen diet and lowest for the Chlorella diet (P < 0.0001).
Overall diet consumption was as follows: sugar > pollen >
spirulina > Chlorella (Figure 2). These results are consistent
with our previous observations that bees consume less
microalgae than pollen in similar experimental designs.””***”
Bees fed sugar had the lowest head weights, but there were no
differences between bees fed pollen and microalgae (P =
0.0013). Similarly, the sugar diet produced the lowest thorax
weights (P < 0.0001), but there were no differences among
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Figure 4. Venn diagrams showing feature distributions of honey bee metabolites from LC-MS and GC-MS analyses. Diagrams represent the
number of features belonging to bees fed the different diets. Each feature is defined as an m/z value and retention time pair. These orthogonal
approaches revealed a high number of shared features across bees fed the diets (248 and 87, respectively).

pollen-,Chlorella-, or spirulina-fed bees (Figure 2). Increases in
head and thorax weights, respectively reflect head gland and
flight muscle development, attributes that are central to honey
bee colony fitness and productivity.”*>*' The protein content
of spirulina biomass is 60—66% and the protein content of
Chlorella ranges from 38 to 48%.> Further, the lipid content of
spirulina ranges from 2 to 7%, whereas Chlorella ranges from
13 to 21%. Protein and lipid contents reported for a variety of
pollens ranged from 2—60 and 2—20%, respectively.'""'* Taken
together, the high macronutrient content and bioavailability of
the microalgae diets may explain how reduced consumption
led to bee growth characteristics that were similar to those
produced by a natural pollen diet. Since honey bees do not
appear to consume pollen based on its nutritional quality,*” it
can be postulated that non-nutrient components might
underlie pollen’s attractiveness. Indeed, pollen phagostimulants
are solvent-extractable in sufficient quantities to increase the
consumption of artificial diets by honey bees, although the
specific compounds involved are largely unknown."

3.2. Nutritionally Regulated Gene Expression. Nutri-
tional genomics approaches can indicate how nutrients impact
gene expression as well as measure an organism’s response to
changes in feed composition."* Nutritionally regulated gene
expression was measured in bees fed the different diets. In
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honey bees, Vitellogenin (Vg) is a central storage and
regulatory protein that has been used as a nutritional
biomarker since protein and mRNA titers are linked to diet
quality.'”*>*® yg mRNA expression was highest in pollen- and
Chlorella-fed bees and was lowest in sugar-fed bees (P =
0.0010). Overall vg expression was as follows: pollen
Chlorella > spirulina > sugar, with Chlorella-fed bees trending
toward higher vg levels than pollen-fed bees (Figure 3).
Antioxidant enzyme gene expression is associated with
longevity in honey bees'” and is nutritionally regulated.”®
Bees fed spirulina had significantly higher transcript levels of
the antioxidant genes catalase (P < 0.0001) and superoxide
dismutase (P < 0.0001). Heat shock proteins are highly
conserved and have important roles in protecting cells from
thermal-induced (including cold) and oxidative stresses,” as
well as innate immune functions.”” Bees fed sugar and spirulina
had higher levels of heat shock protein 70 (hsp70) (P = 0.0073).
Spirulina-fed bees had the highest levels of heat shock protein
90 (hsp90) (P < 0.0001) (Figure 3).

3.3. Untargeted Metabolomics Via LC-MS and GC-MS.
Untargeted metabolomics has proven useful to identify bee
metabolites,”’ and thus, a combination of both LC-MS and
GC-MS was used to study the effects of different diets on the
bee metabolome. These techniques generate mass-to-charge
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Figure S. Principal component analysis (PCA) plots of untargeted honey bee metabolites acquired through LC-MS and GC-MS. Each data point
represents a biological replicate (i.e., eight bees pooled from an independent cage with each sample analyzed in four technical replicates). Bees fed
pollen, Chlorella, and spirulina had distinct separations that were evident by both the LC-MS and GC-MS. Chlorella- and spirulina-fed bees
exhibited overlapping metabolome profiles and were more similar to each other than to the metabolomes of bees fed pollen.

ratio (m/z) and retention time (RT) pairs, hereafter referred
to as features.”” The generated feature lists acquired by LC-MS
and GC-MS were compared using a suite of computational
tools and plotting techniques to analyze and explore honey bee
metabolome compositions.

LC-MS analyses revealed 248 features that were shared
among bees fed the different diets, and GC-MS analyses
revealed 87 shared features (Figure 4). In the case of the GC-
MS data, a peak area threshold of 500 was applied to each
feature. For both instruments, features were determined prior
to applying a subtractive metabolomics approach.

To explore bee metabolomes among diet treatment groups,
principal component analyses (PCA) were performed. We also
used a subtractive approach to represent unique and/or
upregulated features of bee metabolomes that responded to the
pollen, Chlorella, or spirulina diets. To accomplish this, features
of sugar-fed bees and features from the respective diet extracts
were subtracted from the total feature list (Figure S3) While
there are pros and cons to this approach (Table S8), it is a
pragmatic way to focus attention on certain features uniquely
impacted in the experimental bees. For example, unique and/
or upregulated features of pollen-fed bees were determined by
subtracting sugar-fed bee features and features that were
specific to the pollen extract itself (Figure S3). As displayed in
the PCA plots (Figures S and 6), metabolomes of bees fed
pollen and either Chlorella or spirulina had a distinct separation
regardless of using an LC-MS or GC-MS approach.
Interestingly, bees fed Chlorella and spirulina exhibited some
overlap despite the taxonomic divergence of the microalgae
biomass used for the diets. Chlorella is a eukaryotic microalga
and spirulina is derived from Arthrospira, a genus of
prokaryotic cyanobacteria (blue-green algae). Consistent with
our PCA results, a large-scale analysis of mass spectrometry
data from diverse algae samples revealed similar clustering
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patterns among marine and freshwater algae specimens when
compared to groups of marine and terrestrial actinobacteria
and lichens.™

Volcano plots were generated based on LC-MS and GC-MS
data (Figures 7 and S4, respectively). Each dot on the plots
represents a feature (i.e, RT/m/z value). All features that
exhibited > 1.5-fold change and P < 0.05 were considered
statistically significant. Subtractive analyses (Figure S3)
removed features associated with diet extracts and indicated
bee metabolites that were differentially expressed upon
consumption of the different diets (Figure 7, Unique Features
panel). In general, LC-MS and GC-MS volcano plots revealed
high similarities among bees that were fed pollen, Chlorella,
and spirulina. A nonsubtractive approach across LC and GC-
MS volcano plot data showed that the two algae species are
highly similar due to a majority of the features being shared
and/or nonsignificant (Figure 7). Although pollen-fed bees
exhibited features that were significantly different from
microalgae-fed bees, many features were shared among the
diets. In addition, when the subtractive approach was utilized,
even fewer features remained, which indicated that some
differences originated from the diets and not from the
metabolomic response of the bee. When the two algae species
were compared after subtraction, only a few features remained,
indicating that metabolomes of bees fed Chlorella are highly
similar to bees fed spirulina. Applying the subtractive approach
to LC-MS data, we identified selected features that may have
contributed to diet effects on bee growth performance and
gene expression (Figure 7 and Table SS). Putative identi-
fication was based on accurate mass searches in the Dictionary
of Natural Products®* and aimed to highlight the potential of
volcano plot data for addressing diet deficiencies. For example,
the feature 8.27/463.378 (RT/m/z) was putatively identified
as a di-Et ester derivate of tricosanedioic acid; a fatty acid that
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Figure 6. Principal component analysis (PCA) plots of untargeted honey bee metabolites acquired through LC-MS (scores plots (A) and (C)) and
GC-MS (scores plots (B) and (D)) after applying a subtractive metabolomics approach. To better evaluate bee metabolomic responses, the
features originating from extracts of pollen, Chlorella, or spirulina diets were subtracted from the respective feature lists of the bees fed those diets
(scores plots (A) and (B)). Further, features of sugar-fed bees were separately subtracted (scores plots (C) and (D)). Bees fed Chlorella and
spirulina exhibited similarities to pollen-fed bees, but their metabolomes were more similar to each other than to pollen.

was upregulated in bees fed pollen but not in bees fed Chlorella
when all features were examined (Figure 7, pollen vs Chlorella,
All features plot). Upon subtraction of diet extract features, this
feature remained, suggesting a potentially important role in the
nutritional value of the pollen diet (Figure 7, pollen vs
Chlorella, Unique features plot). Similarly, the feature 5.52/
335221 (RT/m/z) was putatively identified as 10,11-
dihydroxy-8,12-octadecadienoic acid, a fatty acid that was
upregulated in bees fed pollen but not in bees fed spirulina
after subtractive analyses (Figure 7, pollen vs Chlorella, Unique

9795

features plot). Another use case for the subtractive approach is
the feature 5.10/274.275 (RT/m/z) found in bees fed the
pollen diet, putatively identified as 2-amino-1,3 hexadecane-
diol. Upon subtraction of the diet features, this putatively
identified compound was not statistically different, suggesting
that its signal primarily originated from the diet (Figure 7,
pollen vs Chlorella, Unique features plot). These results
highlight the potential of untargeted metabolomics for artificial
diet development in honey bees. By comparison to pollen, the
bee’s natural source of macro- and micronutrients, feed could
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Figure 7. Volcano plots of honey bees fed different diets generated using untargeted LC-MS metabolomics. “All features” plots represent all RT /m/
z values processed. The “Unique features” plots only show uniquely expressed and/or upregulated features produced by the bees. On these plots, a
subtractive approach was used, thus the features that came from the bees fed only sugar and the features originating in the pollen and microalgae
diet extracts were subtracted. A selection of RT/m/z pairs (highlighted dots) that may contribute to diet effects was putatively identified. These
features are further discussed in Table S5. Overall, the LC-MS volcano plots revealed high similarities among the metabolomes of bees that were
fed pollen and microalgae.
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ultimately be tailored to reproduce the metabolomes of pollen-
fed bees. This approach could further be applied to optimize
feed ingredients that support seasonal and regional nutritional
requirements of honey bees, which vary based on interactions
between available pollen forage and seasonal colony demog-
raphy.>®

Unique features of Chlorella- and/or spirulina-fed bee
metabolomes warrant further investigation to better under-
stand the effects of specific algal metabolites on bee physiology,
particularly since such compounds are not naturally encoun-
tered. Some metabolites derived from algae appear to have
ecological roles as allelochemicals, including compounds that
may inhibit competing microorganisms. These allelochemicals
may also serve as protection against aquatic invertebrates and
their larvae.® Commercially grown strains of Chlorella and
spirulina are generally recognized as safe for human and animal
consumption. However, mass produced strains can coexist in
the same habitats as potentially toxic algae, and if so, such
biomass can become contaminated with toxins produced by
other microorganisms.57 Therefore, future work could
incorporate screening for known algal toxins and their
metabolites in bees, especially when testing novel strains and
wild-harvested biomass. On the other hand, microalgae are a
rich source of natural products with unique structures that also
have potential as therapeutic agents.”> Notably, a sulphated
polysaccharide derived from the red alga, Porphyridium spp.,
led to decreased parasite loads and decreased honey bee
mortality due to infection by the gut parasite Nosema ceranae.>®
In our study, microalgae diets led to increased mRNA levels of
antioxidant enzymes and heat shock proteins. These genes
apparently respond to diet quality in honey bees and may be
differentially regulated by certain algal metabolites. Consistent
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with our results, dietary spirulina supplementation led to
increased antioxidant gene expression and total antioxidant
capacity in rainbow trout.”” It remains to be determined if
prolonged upregulation of antioxidant gene pathways is
beneficial to bees or if it presents a metabolic cost.
Nevertheless, further studies could lead to the identification
of potentially health-modulating metabolites for therapeutic
development in honey bees.

3.4. Comparative Quantification of Select Metabo-
lites by LC-MS and GC-MS. Where pure reference standards
were available, select metabolites were identified and quantified
by LC-MS and GC-MS. Specifically, LC-MS data were used to
identify metabolites through comparisons to available standard
materials. Extracted jon chromatograms (XIC) of each
compound were examined (Figure SS—S11). The relative
abundances of the compounds were calculated based on their
average peak area (Table S6). Accurate mass measurements,
retention time, and UV absorptions were used to confirm
identification®® of the following compounds: linoleic acid, a-
linolenic acid, zeaxanthin, lutein, quinic acid, and a-tocopherol
(Figure S12). Due to the low ionization of ff-carotene standard
under the same experimental parameters using ESI, the
identification of f-carotene was recorded as “putative,” as
opposed to the previously mentioned compounds, which were
all first level compound identifications.”” Linoleic acid and a-
linolenic acid are two polyunsaturated fatty acids that are
considered essential for honey bees.”' ~>* The Chlorella diet led
to the highest levels of linoleic acid, and the levels of a-
linolenic acid were comparable to pollen-fed bees (Figure 8).
Spirulina-fed bees accumulated the lowest levels of both
essential fatty acids (Figure 8). The abundance of pollen-
derived polyunsaturated fatty acids is positively correlated with
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Figure 9. Putatively identified metabolites from GC-MS analyses of bees fed pollen and microalgae diets. A comparison to the NIST 2011

compound library was used for metabolite identifications.

abdominal vg expression.”' ~** Consistent with linoleic and a-
linolenic acid levels, bees fed pollen and Chlorella had
significantly higher abdominal vg mRNA levels than
spirulina-fed bees (Figure 3). Lipid accumulation in green
algae, such as Chlorella, is well known to exceed that of
spirulina, which is renowned for its protein content.”® Based on
fatty acid composition and vitellogenin expression, our results
suggest that Chlorella and related eukaryotic algae are
promising lipid sources for bee diet development. Never-
theless, spirulina is a natural source of many phytochemicals
that occur in pollen, including carotenoids, which are potent
antioxidants and vitamin precursors that modulate gene
activity in a variety of animals.”’ For instance, diets containing
the carotenoid, f-carotene, extracted from spirulina led to
increased expression of superoxide dismutase and catalase as
well as increased total antioxidant capacity in Nile tilapia.” In
our study, spirulina-fed bees accumulated significantly higher
levels of p-carotene (Figure 8), which may explain the
observed increases in catalase, superoxide dismutase, and
heat shock protein 90 (Figure 3). Other carotenoids, lutein
and zeaxanthin, were only identified in microalgae-fed bees
(Figure 8). Most carotenoids occurring in higher plants, plus a
variety of additional carotenoid structures, are produced by
microalgae (e.g., lutein, zeaxanthin, astaxanthin, and fucox-
anthin).’’ Our results indicate that microalgae are promising
natural sources of carotenoids for use in bee feed. Overall, the
targeted LC-MS results demonstrate the utility of metab-
olomics to quantify and compare the relative abundances of
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beneficial compounds among bees fed different diet
formulations.

For metabolite identification through GC-MS, total ion
chromatograms (TICs) were used, and the peaks were
compared to a NIST 2011 library for similarity match based
on their ion fragmentation. The putatively identified
metabolites all possessed higher than 90% similarity scores
(Figure 9). The prominent compounds identified by this
technique were mainly fatty alcohols and hydrocarbons (Figure
S12). Insects rely on blends of waxy hydrocarbons as
pheromones for mating and nestmate recognition.63 Insect
hydrocarbons are influenced by nutrition, as experimentally
demonstrated using different host plants and artificial diets.”*
In honey bees, currently unknown factors in the colony
environment may contribute directly or indirectly to molecular
processes regulating pheromone synthesis.65 Thus, it is
plausible that local nutrition could contribute to development
of similar pheromone profiles among individuals. To test this
hypothesis within the context of our study, relative metabolite
abundances were calculated based on average peak areas of
compounds detected by GC-MS (Table S7). The abundances
of 1-heneicosanol, n-nonadecanol-1, n-tetracosanol, and
docosane were significantly impacted by diet. Additionally,
two fatty acids, n-hexadecanoic (i.e., palmitic) acid and erucic
acid, were significantly impacted by diet. Overall, the GC-MS
results suggest that nutrition can influence honey bee
hydrocarbon and fatty acid profiles, which may have future
utility as dietary or health biomarkers.
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4. CONCLUSIONS

Malnutrition is a serious threat to managed honey bees that is
exacerbated by landscape agricultural intensification and
climate change. As beekeeper reliance on artificial diets
increases, there is a growing need for eflicacious and
sustainable feed that can support bee nutrition across seasons
and diverse management conditions. Current methods for
honey bee diet development involve measuring a few pre-
selected biochemical and/or physiological parameters to test
the effects of diet formulations on growth performance.
However, higher-resolution methods that can directly target
diet deficiencies are necessary. Here, we applied mass
spectrometry-based metabolomics to better understand the
nutritional and metabolic impacts of microalgae-based artificial
diets relative to a natural pollen diet. The use of both LC-MS
and GC-MS methods provided coverage across a broad range
of metabolite groups and overcame the individual limitations
associated with both approaches. Pollen and microalgae diets
had similar nutritional and metabolomic impacts in bees,
especially after subtraction of unique diet features. Chlorella
provided more essential fatty acids than spirulina, which likely
contributed to its enhanced nutritional value. Nevertheless,
spirulina is a promising source of bioavailable protein and
phytochemicals, notably carotenoids, that may augment stress
response pathways in bees. We conclude that the tested
microalgae have potential as sustainable bee feed additives and
health-modulating natural products. Finally, this study showed
that metabolomics approaches have significant potential to
achieve precision nutrition in honey bees as well as identify
beneficial attributes of natural and artificial diets.
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abundance of compounds identified through LC-MS and
GC-MS; and benefits and limitations of the subtractive
approach (PDF)
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