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Abstract – Colonies of Apis mellifera provided with natural forage show decreased pathogen loads and increased
overwintering success when compared with colonies provisioned with supplemental protein diets. Despite the
potential benefits of a pollen-based diet, protein supplements are commonly used in colonies throughout the spring
and increasingly through the fall and winter as the cost of pollen is greater than that of supplements and concerns
exist over the potential for pollen to vector viruses to bee colonies. In this study, we compare virus and Nosema
burden, consumption and digestion, hemolymph protein and hypopharyngeal gland size in bees fed on pure pollen
diets, purely supplemental protein diets, and diets containing 90% supplement and 10% pollen to examine whether
the inclusion of small amounts of pollen mitigates the negative impacts of consuming protein supplements seen in
preceding studies. We found that the diets had similar concentrations of total soluble protein; however, bees
consumed and digested significantly more of the pollen diet than either PS alone or mixed with pollen. In colonies,
honeybees consuming pollen had lower deformed wing virus (DWV) and Nosema titers than bees fed protein
supplements. The addition of 10% pollen to the supplement significantly increased digestion and hypopharyngeal
gland size and decreased levels of Nosema infection over colonies fed supplement alone. These results indicate that
the addition of small amounts of pollen into protein supplements may help to mitigate the differences observed
between protein supplement and pollen fed bees.
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1. INTRODUCTION

The nutrients necessary for growth and devel-
opment in Apis mellifera are encompassed in a
diet of pollen and nectar. Nectar provides carbo-
hydrates necessary for fueling flight, and pollen
provides protein and other resources essential for
rearing brood to adulthood (Brodschneider and
Crailsheim 2010). Adequate protein consumption

is required for sustaining a variety of pathways
crucial to colony health (DeGrandi-Hoffman et al.
2010; Di Pasquale et al. 2013). The amino acids
derived from the protein component of a honey-
bees’ diet are essential constituents of immune
functions and hypopharyngeal growth among oth-
er vital physiological operations (Casteels et al.
1990; Cotter et al. 2011).

A variety of commercially available protein
supplements are available to beekeepers when
pollen resources are scarce or not available, usu-
ally occurring in early spring or during
overwintering when floral resources are not abun-
dant and weather may not permit foraging.
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Colonies intended for early year pollination of
crops, such as almonds, are increasingly fed sup-
plements to promote vigorous brood rearing be-
fore being transported to orchards. Although pol-
len and the protein supplements contain similar
levels of soluble proteins (Human and Nicolson
2006; DeGrandi-Hoffman et al. 2016), protein
supplements appear to be less digestible than pol-
len and bee bread and contain lower concentra-
tions of many of the amino acids found in natural
forage which decreases overwintering success and
increases pathogen loads (DeGrandi-Hoffman
et al. 2016).

Poor nutrition can lead to impacts on stress
resistance in Apis mellifera which may result in
increases in parasite and pathogen titers as well as
increased sensitivity to pesticides (Huang 2012).
Significant differences exist in colonies fed on
supplements during pollen dearth; however, when
even a small amount of pollen becomes available,
the negative effects resulting from supplement
feeding appear mitigated and the quality of colo-
nies fed on pollen or protein supplement becomes
comparable (DeGrandi-Hoffman et al. 2008).
Whether or not the addition of some pollen direct-
ly into a supplement will have similar effects to
what was observed in field studies is unknown. In
this study, we examined whether the addition of
pollen to a protein supplement would improve the
nutritional condition and lower virus and patho-
gen burden significantly over those fed protein
supplement alone at both the cage and colony
level.

2. MATERIALS AND METHODS

The study was conducted at the Carl Hayden
Bee Research Center, Tucson, AZ, USA. The
effects of protein supplement with and without
added pollen were compared in bees in both cage
and colony level studies. Diet consumption, di-
gestion, and hypopharyngeal gland acini size were
compared among the diet treatments to evaluate
the effects of the diet on traits associated with
brood rearing and colony growth. The effect of
nutrition on immune response was indirectly in-
ferred by comparing Nosema and virus titers
among the three diet treatments. All bees used in
this study were of the subspecies Apis mellifera

ligustica from colonies containing a commercial-
ly produced and mated European queen (C.F.
Koehnen & Sons, Inc., Glenn, CA). Cage studies
were conducted prior to colony studies to assess
differences in consumption, digestion, hemo-
lymph protein concentration, Nosema burden,
hypopharyngeal gland size, and virus titers on 7
and 11 day old bees.

2.1. Diets

The pollen used for both the cage and colony
studies was collected in the Spring of 2015 as
corbicular loads from hives outfitted with pollen
traps located in apiaries in the Sonoran Desert
surrounding Tucson, AZ, USA. Pollen was stored
at − 20 °C until used in the study. Corbicular
pellets were ground into a fine powder using a
coffee grinder (Mr. Coffee model 1DS77, Sun-
beam, Boca Raton, FL) before mixing into patties.
Pollen patties for the cage and colony experiments
were made using methods described in DeGrandi-
Hoffman et al. (2008). The same ground
corbicular pollen was added to a commercially
available protein supplement patty (BeePro® pat-
ties, Mann Lake, Hackensack, MN, USA. #FD-
355) in a 1:9 pollen to protein supplement ratio
(by weight).

2.2. Cage setup

Frames of sealed brood close to emergence
were removed from colonies of European honey
bees (A. m. ligustica ), and placed in frame cages
in a dark, humidity, and temperature-controlled
environmental room to emerge overnight (32–34
°C, 30–40% relative humidity). Newly emerged
bees were collected and divided into 12 cages
each containing 100 bees. Four cages were
assigned to each diet treatment—pollen (P), pro-
tein supplement (PS), or a 1:9 Pollen + protein
supplement mixture (P+PS), and returned to the
environmental room for the remainder of the ex-
periment. All cages were supplied continuously
with a 50% sucrose solution and water (w/v) in
separate 30-mL vials inserted in the top of each
cage. Mortality in cages was measured daily, and
dead bees were removed each day. This process
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was repeated for three separate trials of cage stud-
ies (Figure 1).

2.3. Diet consumption

Diets were fed to cages in plastic tubes (2.2 cm
in diameter) inserted on the side of each cage. The
diet and tube wereweighed as a single unit prior to

feeding to cages. All diets were changed and
reweighed on days 4, 7, and 11 to estimate
consumption.

2.4. Colony setup

To determine the effects of the protein diet
treatments in colonies, 15 colonies were

Figure 1. Sampling layout for cage and colony experiments.
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established in individual bays of an enclosed
flight area at the Carl Hayden Bee Research Cen-
ter, Tucson, AZ, USA, (DeGrandi-Hoffman et al.
2015). Each colony contained adult bees, brood, a
marked laying queen (C.F. Koehnen & Sons, Inc.,
Glenn, CA), and no pollen stores. The enclosed
flight area has a total of 16 bays with dimensions
of 2.5 mwide, 3.6 m long, andwith a height of 4.3
m. Bees cannot fly between bays. Colonies were
provided with half pound (227 g) patties for each
treatment (pollen, protein supplement, or a 1:9
pollen + protein supplement mixture), a 30% su-
crose solution (w/v), and a water feeder ad libitum
continuously throughout the study. Patties were
replaced as they were consumed (Figure 1).

2.5. Midgut protease

Because consumption of the diets was not mea-
sured directly in colonies, measurements of en-
zymes responsible for hydrolysis of proteins
down to amino acids, proteases, were used as a
relative estimate of consumption of each diet.
There is an inverse relationship between protease
concentration and amount of protein consumed,
so lower midgut protease concentrations were
interpreted as an increase in digestion in this study
(Muller et al. 1995; Dadd 1956; Blakemore et al.,
1995, DeGrandi-Hoffman et al. 2015). To assess
differences in consumption at the colony level,
total midgut protease levels were measured using
methods described in Eckholm et al. (2015). Suc-
cinctly, nurse age bees (adult workers observed
feeding larvae) were collected from the brood
frame of colonies housed in the enclosed flight
area after one full brood cycle (21 days) following
the introduction of the diets. 24 excised midguts
per colony were pooled in 2-mL reinforced
microvials (BioSpec Products, Inc.) containing
1500 μL 50 mM borate buffer (pH 8.5; Thermo
Scientific) along with two 2.3-mm diameter
chrome-steel beads (BioSpec Products). The
pooled midguts were then homogenized using a
mini beadbeater (BioSpec Products) and centri-
fuged for 5 min at 10,000×g. Five microliters of
supernatant was transferred to a clean 2-mL cen-
trifuge tube containing 995 μL borate buffer.
Samples were stored at – 20 °C until analysis
using the QuantiCleave Protease Assay Kit

(Thermo Scientific), following the manufacturer’s
instructions. The kit employs succinylated casein,
which is cleaved at peptide bonds in the presence
of available proteases existing in the midgut.
TPCK-treated trypsin is included as a protease
standard to which sample protease concentrations
were compared.

2.6. Soluble protein in pollen, diets, and
hindgut

As a measure of digestion, soluble protein con-
centrations of the ileum and rectum of 7 day old
bees were measured and compared with soluble
protein concentrations of the respective diet treat-
ment. Seven-day-old workers were chosen be-
cause they consume more pollen than older
workers (Crailsheim et al. 1992). A 1-μL sample
of the hindgut contents was added to 999 μL of
PBS and 1 % EDTA-free HALT protease inhibi-
tor. Samples were stored at − 80 °C until analyzed
using bicinchoninic acid (BCA) protein assay
(#23225, Thermo Scientific). Digestion was esti-
mated by 1- ([total soluble hindgut protein]/[total
soluble protein in diet]) (DeGrandi-Hoffman et al.
2016).

2.7. Hemolymph collection and soluble
protein analysis

Hemolymph soluble protein concentrations
were compared among the treatments as a mea-
sure of protein uptake in an approach similar to
previous studies (DeGrandi-Hoffman 2016). He-
molymph protein concentrations were measured
from five bees per cage at 7 days old from 5 bees
per colony after one full brood cycle in colonies
using methods described in DeGrandi-Hoffman
et al. (2010, 2013). Hemolymph from five
workers was pooled, and a 1-μL sample was
added to 99 μL of PBS containing 1 % EDTA-
free Halt Protease Inhibitor Cocktail (HPIC)
(#78437, Thermo Scientific, Rockford, IL). Sam-
ples were stored at − 80 °C until analyzed using
bicinchoninic acid (BCA) protein assay (#23225,
Thermo Scientific). Absorbance was measured at
562 nm with a Synergy HT spectrophotometer
(BioTek Instruments, Inc., Winooski, Vermont).
Protein concentration was quantified using a
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standard curve generated from serial dilutions of
bovine serum albumin.

2.8. Hypopharyngeal glands

Hypopharyngeal glands were dissected from 5
bees per cage on day 7 and from five nurse bees
from colonies after one full brood cycle of consum-
ing the diet treatments. Bees were flash frozen in
liquid nitrogen, and maintained at − 80 °C until
their HPG were measured using previously de-
scribed techniques (DeGrandi-Hoffman et al.
2010, 2017). Briefly, HPG were removed from
head capsules and placed into a PBS buffer
(37 mM NaCl, 2.7 mM KCl, and 10 mM PO4,
pH 7.4). The HPG were examined microscopically
at × 60 magnification, and the area (mm2) of five
randomly selected acini per bee was measured
using the Leica Applications Suite v.3.8.0 software.
Only acini with clear borders were measured. Acini
areas were averaged among individuals to obtain an
estimate of HPG size for the cage.

2.9. Nosema levels

Abdomens were removed and placed individ-
ually in an eppendorf tube with 1 mL of ultra-pure
water, and crushed with a pestle. A 10-μL sample
was pipetted onto a hemocytometer and covered
with a glass slip. Nosema spores were counted at
× 40 magnification and converted to total spores
per bee using methods described in Fries et al.
(2013). Baseline Nosema values were taken from
10 newly emerged bees at the beginning of the
cage experiment before dividing bees among the
cages. Nosema spores were measured in 5 bees
per cage on day 7. In colonies, 10 nurse bees (bees
seen actively feeding larvae on brood frames)
were sampled from each colony at the beginning
and after one complete brood cycle (21 days) after
introducing the diet treatments.

2.10. Virus titers

Ten bees were taken from each colony at the
beginning (baseline) and the end of both the cage
and colony experiments for viral analysis. All
samples were flash frozen in liquid nitrogen and
stored at − 80 °C until analyzed using SYBR-

Green real-time quantitative RT-PCR (qRT-PCR)
for detection and quantification of seven viruses
including black queen cell virus (BQCV), de-
formed wing virus (DWV), Israeli acute paralysis
virus (IAPV), Kashmir bee virus (KBV), and Sac
brood virus (SBV) using methods described in
Chen et al. (2005). The primer sets used for RT-
PCR amplification were those used previously in
Chen et al. (2005) and DeGrandi-Hoffman et al.
(2010). qRT-PCR was performed using
Stratagene’s Mx3005Real-Time PCR System op-
erated by MxPro qPCR software. qRT-PCR was
carried out in a 50-ll reaction volume containing
25 ul of 2Brilliant SYBR Green qRT-PCRMaster
Mix (Stratagene, La Jolla, CA), 0.4lM each of
forward and reverse primers, and 200 ng of tem-
plate RNA. The thermal profile parameters
consisted of one cycle at 50 °C for 30 min, one
cycle at 95 °C for 3 min followed by 30 cycles of
95 °C for 30 s, 55 °C for 1 min, and 72 °C for 30 s.
Negative controls (no reverse transcriptase and no
template) were included in each run of the reac-
tion. The positive control was purposely not in-
cluded in the reaction in order to avoid any poten-
tial contamination. After amplification, a melting
curve analysis was performed to determine the
specificity of the PCR products. The PCR prod-
ucts were incubated for 1 min at 95 °C, ramping
down to 55 °C at a rate of 0.2 °C/s. The dissoci-
ation curve was constructed using 81 complete
cycles of incubation where the temperature was
increased by 0.5 °C/cycle, beginning at 55 °C and
ending at 95 °C. The expression of the housekeep-
ing gene, b-actin, in each sample also was mea-
sured for normalization of real time qRT-PCR
results using a pair of primers published previous-
ly (Chen et al. 2005). The output of qRT-PCR
assays of each virus was interpreted by using the
comparative Ct method (ΔΔCt method).

2.11. Statistical analysis

One-way analysis of variance (ANOVA) were
used to compare consumption, digestion, hemo-
lymph protein concentration, digestion,
hypopharyngeal gland acini size, log10 (n + 1)-
transformed Nosema levels, and fold increase
from baseline measures of virus titers in colonies,
two-way full factorial ANOVA with interactions
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were used to compare the same measures in cages
to include trial effects. Kruskal-Wallis tests were
also performed on all measures to account for
non-normal distribution of data. All parametric
ANOVA analyses were performed using JMP
(SAS Institute Inc, JMP 13.2.1); Kruskal-Wallis
tests were performed in R (R Foundation for
Statistical Computing, R 3.5.0)

Virus levels were quantified using the compara-
tive Ct method (ΔΔCt method) based on the num-
ber of cycles needed to generate a fluorescent sig-
nal above a predefined threshold. The average Ct
value (ΔCt) of each virus was normalized using the
Ct value for housekeeping gene β-actin (ΔCt =
(Average Cttarget x) − (Average Ctβ-actin)). The
group with the lowest ΔCt was chosen as a cali-
brator. TheΔCt value of each groupwas subtracted
from the ΔCt of the calibrator to generate ΔΔCt.
The virus concentration in each treatment group
was calculated using the formula 2−(ΔΔCt) and
expressed as an n -fold difference relative to the
calibrator (Chen et al. 2005; Livak and Schmittgen
2001). To compare initial virus levels to the final
samples, baseline values were used as the calibrator
to calculate fold increase over the baseline.

3. RESULTS

3.1. Protein concentration of diets

Total soluble protein concentration did not dif-
fer significantly among the three diets (F 2,6 =
0.832, p = 0.480; χ 2

2 = 2.241, p = 0.326). Pollen
contained an average protein concentration of
351.557 mg/μL, PS had a protein concentration
310.231 mg/μL and P+PS contained 331.690 mg/
μL total soluble protein.

3.2. Consumption

The amount of diet consumed in the cage stud-
ies was effected by diet type, but there was no
interaction between diet type and trial (diet type:
F 2,33 = 28.537, p < 0.0001; diet type*trial: F 2,33

= 2.485, p = 0.099). Significantly differences
were found among the consumption of each diet
type with pollen having the largest amount con-
sumed and PS having the least (χ 2

2 = 22.511, p <
0.0001) (Figure 2).

Both a one-way ANOVA and Kruskal-Wallis
rank sum test revealed significant effects of diet
on total midgut protease concentration for nurse
bees in colonies (F 2,15 = 6.826, p = 0.0105; χ 2

2 =
7.634, p = 0.022). Colonies consuming pollen
had significantly lower protease concentrations
(i.e., higher relative protein consumption) than
those consuming PS. Protease concentrations of
colonies consuming P+PS did not differ signifi-
cantly from either the pollen or PS (Figure 3).

3.3. Mortality

Mortality of bees in cages was not effected by
diet or the interaction between diet type and trial
(diet type: F 2,33 = 0.667, p = 0.521; diet type*trial:
F 2,33 = 0.163, p = 0.851). Cages in the PS treat-
ment had an average of 34.750 ± 14.868% mortal-
ity after 11 days, P+PS cages had an average mor-
tality of 26.250 ± 16.286%, and mortality in pollen
cages averaged 19.750 ± 9.303%.

3.4. Digestion

Estimates of protein digestion among the three
trials in the cage depended on diet type but were
not affected by trial (diet type: F 2,33 = 12.237, p <
0.0001; diet type*trial: F 2,33 = 0.605, p = 0.553).
Protein digestion differed significantly among the
three diets (χ 2

2 = 15.479, p = 0.0004). Bees in the
pollen treatment digested an average of 51.396 ±
1.998% of soluble protein in the diets; this is
significantly higher than P+PS (45.529 ±
1.379%) or PS (39.823 ± 1.355%) (Figure 4).

3.5. Hemolymph protein

No significant differences in hemolymph pro-
tein concentrations were detected in cages (F 2,24

= 1.590, p = 0.220) or colonies (F 2,12 = 0.964, p
= 0.409) among bees fed the three diets. Mean
hemolymph protein concentrations in cages were
213.307 ± 25.629 mg/μL in pollen fed bees,
299.373 ± 49.770 mg/μL in bees fed P+PS, and
242.093 ± 22.022 mg/μL in PS fed bees. Hemo-
lymph protein concentrations did not differ at the
colony level (χ 2

2 = 1.680, p = 0.432). Mean
hemolymph protein concentrations in colonies
were 275.383 ± 21.016 mg/μL in pollen fed bees,
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Figure 2. Total consumption of diets (PS, P+PS, Pollen) in cages. PS:N = 4, P+PS:N = 4, P:N = 4 pools of 5 bees.
ANOVA: p < .001. Kruskal-Wallis: χ 2

2 = 22.511, p < 0.0001. Tukey’s post hoc tests: pairwise comparisons
resulted in significant differences among all treatments.

Figure 3. Total protease activity in colonies PS: N = 5, P+PS: N = 5, P: N = 5 pools of 24 midguts. ANOVA: p =
.011. Kruskal-Wallis: χ 2

2 = 7.634, p = .022. Tukey’s post hoc tests: pairwise comparisons resulted in significant
differences among pollen, and PS treatments. P+PS did not differ significantly from the pollen or P+PS treatment.
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299.373 ± 18.416 mg/μL in bees fed P+PS, and
242.093 ± 15.454 mg/μL in PS fed bees.

3.6. Hypopharyngeal gland size

No significant differences were found among
the three trials of the cage study (diet type: F 2,70 =
.1.55, p = 0.220; diet type*rep: F 2,70 = .1.735, p
= .184; χ 2

2 = 1.731, p = 0.421). In the cage study,
HPG had an average acinus size of 0.015 ± 0.0007
mm2 in the pollen treatment, PS cages had an
average acinus size of 0.012 ± 0.0007 mm2 and
P+PS acinus averaged 0.012 ± 0.0005 mm2.

HPG size differed significantly among the
treatments at the colony level with bees fed pollen
(0.015 ± 0.0005 mm2) and P+PS (0.013 ± 0.0008
mm2) having larger acini areas than those fed PS
(0.010 ± 0.0007 mm2) (F 2,12 = 19.060, p =
0.0003; χ 2

2 = 9.506, p = 0.009). (Figure 5)

3.7. Nosema

Baseline Nosema infections were low with
an average of 5000 ± 5000.000 spores/bee in

the sample of newly emerged bees. Colonies
had baseline averages of 4000 ± 1095.445
spores/bee in the pollen treatment, 2000 ±
400.000 spores/bee in the P+PS treatment
and 4000 ± 1095.445 spores/bee. Baseline
Nosema counts did not differ significantly
among treatments in colonies (F 2,12 =
0.250, p = 0.783; χ 2

2 = 0.560, p = 0.756).
In the cage study, significant differences in

Nosema spore counts were detected among
the three diets (F 2,33 = 6.800, p = 0.003).
The analysis was based on pooled data from
the three trials (F 2,33 = 0.370, p = 0.694,
χ 2

2 = 11.369, p = 0.003). Bees fed PS had
significantly higher Nosema spore counts
than those fed pollen. Nosema counts in bees
fed P+PS (18333 ± 4051.437 average spores/
bee) did not differ significantly from those
fed pollen (12500 ± 4268.165 average
spores/bee) or PS (45000 ± 8919.826 average
spores/bee) (Figure 6a).

Significantly higher Nosema levels also
were detected in bees from colonies fed PS
(960000 ± 178241.409 average spores/bee)

Figure 4. Percent protein digestion of diets in cages. PS:N = 4, P+PS:N = 4, P:N = 4 pools of 5 bees. ANOVA: p <
.0001. Kruskal-Wallis: χ 2

2 = 15.479, p = .0004. Tukey’ post hoc tests: all pairwise comparisons resulted in
significant differences.
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than those fed either pollen (110000 ±
38987.177 average spores/bee) or P+PS
(216000 ± 46217.880 average spores/bee)
(F 2,12 = 18.620, p = 0.0002; χ 2

2 = 10.538,
p = 0.005). Spore numbers in bees from
colonies fed pollen or P+PS did not differ
significantly (Figure 6b).

3.8. Virus titers

Of the seven viruses tested, only DWV
was detected consistently in the final sam-
ples, and showed significant fold increases
over the study period in colonies. No differ-
ences were detected in virus titers in the cage
study (F 2,30 = 1.073, p = 0.356). Bees from
colonies fed PS had significantly higher fold
increases in DWV titers over baseline mea-
sures than pollen fed colonies (F 2,24 = , p =
0.021; χ 2

2 = 6.413, p = .041). Fold in-
creases in bees fed P+PS did not differ from
pollen or PS (Figure 7).

4. DISCUSSION

We compared pathogen levels in honeybees
fed pollen only to those fed PS alone and a 9:1
mixture with pollen. We also examined con-
sumption and digestion rates of the three diets
and the effects on HPG size. Soluble protein
concentration of the diets did not differ signif-
icantly. We found that bees fed a protein sup-
plement consumed and digested less diet than
those fed pollen. Bees consuming protein sup-
plements had smaller hypopharyngeal glands
and had higher rates of Nosema infection and
DWV titers. Bees that consumed a mixed diet
of pollen and supplement consumed and
digested more diet than those fed supplement
alone in cages. In colonies, bees fed on P+PS
had larger HPG acini size than those fed on PS
and had significantly lower Nosema burden
and lower DWV titers, although not signifi-
cant. Because bees fed PS consumed less diet
than those given pollen or P+PS, it is possible
that differences in HPG size and parasite and

Figure 5. Hypopharyngeal gland acini area (mm2) in colonies. PS: N = 25, P+PS: N = 25, P: N = 25, 5 bees
analyzed individually per colony. ANOVA: p = .003. Kruskal-Wallis: χ 2

2 = 9.506, p = .009. Tukey’s post hoc tests:
pairwise comparisons resulted in significant differences among pollen, and PS treatments. P+PS did not differ
significantly from the pollen treatment.
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pathogen burden are due to differences in the
ingested amount rather than diet quality. How-
ever if bees are not attracted to a diet and

consumes less as a result, this may prompt a
cycle of poor nutrition and nutritional stress
which can contribute to an increase in

Figure 6: a Nosema burden of caged bees in log10(n + 1)-transformed spores per bee. PS: N = 20, P+PS: N = 20,
P: N = 20, 5 bees analyzed individually per cage. ANOVA: p = .003. Kruskal-Wallis: χ 2

2 = 11.369, p = .003.
Tukey’s post hoc tests: pairwise comparisons resulted in significant differences among the pollen and PS treatments.
b Nosema burden of bees in colonies, log(n + 1)-transformed spores per bee PS: N = 50, P+PS: N = 50, P:N = 50,
10 bees analyzed individually per colony. ANOVA: p = .0002. Kruskal-Wallis: χ 2

2 = 10.538, p = .005. Tukey’s
post hoc tests: pairwise comparisons resulted in significant differences among pollen, and PS treatments. P+PS did
not differ significantly from the pollen treatment.
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susceptibility to parasites and disease as well
as other negative impacts on physiology and
health.

Though concentrations of total soluble proteins
were similar in all three diets, there were lower
digestion rates PS in both cages and colonies.
Various studies have indicated that there is a post-
prandial decrease in available protease concentra-
tion in other insect systems (Muller et al. 1995;
Dadd 1956; Blakemore et al. 1995) and DeGrandi-
Hoffman et al. (2016) demonstrated an inverse
relationship between pollen consumption and pro-
tease concentration in Apis mellifera , thus lower
midgut protease concentrations were interpreted as
an increase in consumption in this study. This may
be due to ingredients in PS that include protein
sources such as soy or barley flour and eggs, which
are outside of the scope of the natural diet of
honeybees. Bees fed PS alone also had the highest
Nosema levels, and this may have contributed to
lower digestion rates. Nosema replicates in midgut
tissues and likely impairs digestion and nutrient
absorption (Mayack and Naug 2009; Martín-

Hernández et al. 2011; Huang 2012; Holt et al.
2013) thereby intensifying nutritional stress.

Despite differences in protein consumption and
digestion in cages and colonies, there were no
observed differences in nurse hemolymph protein
concentrations among the three diet treatments.
Others have reported no effect in total soluble
hemolymph protein during protein stress, but pro-
tein resources were allocated differently at the
individual and colony level with stressed colonies
producing less brood (Rueppell et al. 2008;
Brodschneider and Crailsheim 2010; Willard
et al. 2011). Nurses play a central role in the
processing and allocation of protein within the
colony (Crailsheim 1990). Hemolymph protein
is in transit to be allocated to necessary physio-
logical functions (Lensky and Rakover 1983). It
may be that protein concentrations in the hemo-
lymph are in homeostasis and other physiological
traits, such as hypopharyngeal growth and im-
mune function, shift in response to resource avail-
ability (Toth et al. 2005). This seemed to be the
case in our study.

Figure 7. Deformedwing virus titers in fold increase over baseline titers in colonies PS:N = 50, P+PS:N = 50, P:N
= 50, 10 bees analyzed individually per colony. ANOVA: p = .021. Kruskal-Wallis: χ 2

2 = χ 2
2 = 6.413, p = .041.

Tukey’s post hoc tests: pairwise comparisons resulted in significant differences between pollen and PS treatment. No
significant differences were found between PS and P+PS.
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Diet was a significant factor in HPG size in both
cages and colonies. In the cage study, bees consum-
ing pollen had larger HPG than those consuming PS
or P+PS. In colonies, bees fed pollen or P+PS had
similar HPG size, and both were significantly larger
than colonies consuming PS. HPG in bees provided
with PS may be smaller because less of the protein
in PS was digested compared with the other diets.
The bees fed PS also had higher Nosema levels.
Poor pollen nutrition has been implicated in a re-
duction of worker bees’ resistance to Nosema
(Porrini et al. 2011; Huang, 2012; Jack et al.
2016; DeGrandi-Hoffman et al. 2015). Recent work
has shown that HPG development is reduced in
bees infected with Nosema perhaps due to damage
of midgut tissue or the appropriation of nutrients
from the bee by Nosema (DeGrandi-Hoffman et al.
2018). In addition to size differences, HPG of
Nosema infected bees show distinct physiological
differences from healthy glands including smaller
mitochondria and the collapse of intracellular duct-
ules indicating that the HPG of Nosema infected
bees may be non-functional or have reduced func-
tionality (Wang and Moeller 1969, 1971). Factors
other than diet may have been responsible for di-
rectly influencing HPG size. Decreasedmidgut pro-
teolytic activity, as was seen in bees fed on supple-
ments, may have led to a reduction in HPG function
(Sagili et al. 2005). Lipid contents of the diets were
not measured in this study; however, lipids and
protein to lipid ratios are important factors in the
quality of protein sources to bees and lower protein
to lipid ratios may positively influence HPG growth
(Corby-Harris et al. 2018). In future studies, includ-
ing analysis of lipid content in diets would provide
valuable information on the nutritional quality of
the diets and may provide more insight into the
differences in HPG growth observed in this study.

In addition to high Nosema titers, colonies fed
PS also possessed the highest DWV titers. Pollen
consumption and digestion are important factors
affecting the expression of genes related to immune
and metabolic function (Alaux et al. 2010, 2011).
Fleming et al. (2015) indicated in a recent study that
bees fed commercial PS may have similar or greater
Nosema burden than those fed on pollen. The as-
sociation between nutrition and immunity has been
well established in a variety of organisms (França
et al. 2009; Cotter et al. 2011) where immune

function is negatively impacted by caloric restric-
tion. Because PS contains essential amino acids at
lower concentrations than pollen (DeGrandi-
Hoffman et al. 2016), the expression of important
immune pathways may be limited by restricting the
synthesis of peptides in immune pathways (Grimble
2001; Schmid-Hempel 2005) which could result in
increased susceptibility to viral infection.

Changes in deformed wing virus titers were ob-
served in the colony portion of the study, but not in
cages. Newly emerged bees used in cages were
inspected for Varroa mites and those with mites
were exempt from the study. Although the packages
used in the colony portion of the study were treated
for mites when they were received in April of 2015,
colonies were not screened for mite abundance prior
to the start of the study.Varroa are known vectors of
deformed wing virus (Bowen-Walker et al. 1999;
Gisder et al. 2009). It is possible that the presence of
Varroa in colonies could have contributed to DWV
titers in the colony portion of the study.

The results of this study suggest that the addition
of pollen in small quantities into a protein supple-
ment diet has positive effects on honeybees by
increasing HPG size and reducing pathogen titers.
Beekeepers who rely on protein supplements to
rapidly grow colonies in preparation for pollination
services may be inadvertently doing long-term dam-
age to colonies because of the nutritional deficien-
cies of protein supplements. Beekeepers are hesitant
to add pollen due to concerns of exposing their bees
to pathogens. However, we found the highest path-
ogen loads in bees fed protein supplements. The
cost of pollen also deters beekeepers from adding
it to protein supplements. However, the investment
of a small addition of natural pollen in supplements
has the potential to mitigate some of the negative
effects of feeding supplement alone and possibly
prevent colony losses frommalnutrition and disease
during times of natural pollen dearth.
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