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Abstract

The effects of honey bee management, such as intensive migratory beekeeping, are part of the ongoing debate 
concerning causes of colony health problems. Even though comparisons of disease and pathogen loads among 
differently managed colonies indicate some effects, the direct impact of migratory practices on honey bee 
pathogens is poorly understood. To test long- and short-term impacts of managed migration on pathogen loads 
and immunity, experimental honey bee colonies were maintained with or without migratory movement. Individuals 
that experienced migration as juveniles (e.g., larval and pupal development), as adults, or both were compared 
to control colonies that remained stationary and therefore did not experience migratory relocation. Samples at 
different ages and life-history stages (hive bees or foragers), taken at the beginning and end of the active season, 
were analyzed for pathogen loads and physiological markers of health. Bees exposed to migratory management 
during adulthood had increased levels of the AKI virus complex (Acute bee paralysis, Kashmir bee, and Israeli acute 
bee paralysis viruses) and decreased levels of antiviral gene expression (dicer-like). However, those in stationary 
management as adults had elevated gut parasites (i.e. trypanosomes). Effects of environment during juvenile 
development were more complex and interacted with life-history stage and season. Age at collection, life-history 
stage, and season all influenced numerous factors from viral load to immune gene expression. Although the factors 
that we examined are not independent, the results illuminate potential factors in both migratory and nonmigratory 
beekeeping that are likely to contribute to colony stress, and also indicate potential mitigation measures.
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The health of the western honey bee (Apis mellifera Linnaeus 
[Hymenoptera: Apidae]) remains a major concern for the sustain-
ability of apiculture and the associated pollination of agricultural 
and wild plants that rely upon them (Klein et al. 2007, Kulhanek 
et al. 2017, Gray et al. 2020). A number of potentially interacting 
factors may contribute to compromising honey bee health. These in-
clude pesticides, pathogens and pests, and poor nutrition (Vanbergen 
2013, Goulson et al. 2015) with potentially synergistic effects among 
stressors (Pettis et  al. 2012, Dolezal et  al. 2019). Several of these 

stressors depend on the management and environment of honey 
bee colonies, and the apparent heterogeneity of causes of honey bee 
health declines may be related to the diversity of external conditions 
that honey bees experience.

The lives of bees in migratory versus stationary manage-
ment differ significantly, which has implications for colony health 
(Simone-Finstrom et al. 2016, Traynor et al. 2016a, Steinhauer et al. 
2021). Commercially managed honey bee colonies are transported 
throughout the country to fulfill pollination service contracts, being 
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moved among different crops as needed in addition to different 
areas for honey production. Stationary colonies simply are main-
tained in a single location. Although differences between stationary 
and migratory hives are often reported in surveys of colony losses 
(Seitz et al. 2016) and pathogens (Traynor et al. 2016b, Bartlett et al. 
2021), management practices, operation size, and landscape are not 
independent variables making it difficult to interpret these differ-
ences. Specifically, migratory practices lead to large-scale changes 
in the environment that bees experience, most notably exposure to 
differential forage quality, reduced forage diversity, and pesticides, 
which can impact colony health (Alaux et al. 2017, Colwell et al. 
2017, Alburaki et  al. 2018, Van Esch et  al. 2020, St Clair et  al. 
2020). Similarly, migratory management is practiced by large-scale 
beekeepers that employ different management practices than smaller-
scale, mostly stationary beekeepers (Welch et  al. 2009, Zhu et  al. 
2014, Traynor et al. 2016b, Goodrich et al. 2019, Underwood et al. 
2019, Bartlett et al. 2021). Consequently, the direct effects of migra-
tory management on honey bee health in its own right remain rela-
tively sparsely investigated and poorly understood (Ahn et al. 2012, 
Simone-Finstrom et al. 2016, Alger et al. 2018, Jara et al. 2021).

Previously, we reported on direct effects of different migra-
tion regimes on the level of oxidative stress and life expectancy of 
honey bee workers, with interactions between developmental and 
adult stages (Simone-Finstrom et al. 2016). In this prior work, we 
reported nuanced effects on the accumulation of oxidative stress in 
bees that were exposed to migratory management either during ju-
venile development or as adults. Importantly, migratory treatment 
effects differed, depending on whether migration was experienced 
during development or adulthood. Here, we expand this paradigm 
by using samples from the same experiments to test the hypothesis 
that immunity and pathogen levels are also impacted by migratory 
beekeeping. Pathogens in migratory honey bees are of particular 
concern because honey bees can share many pathogenic agents with 
nonmanaged pollinators (McMahon et  al. 2015, Graystock et  al. 
2015, Manley et  al. 2019), potentially facilitating long-range dis-
persal of pollinator pathogens. We assess the impact of migratory 
versus stationary conditions during the juvenile and adult phases of 
honey bee workers (hive bees and foragers) on five viral targets, four 
other pathogens, and nine stress response genes at two time points 
during a single season. We predicted that the environment that indi-
viduals experience as adults will have the most impact on pathogen 
loads, but that both rearing and adult experience would influence 
the health and stress response genes.

Material and Methods

To establish homogeneous experimental units, colonies were set up 
from randomized mixtures of unselected worker bees, brood, food 
stores, and sister queens that were allowed to mate naturally at the 
Lake Wheeler Farms Bee Research Facility at North Carolina State 
University, Raleigh, NC (Simone-Finstrom et al. 2016). Throughout 
the experiment, these colonies were maintained in standard 
Langstroth hives according to best management practices without 
pest control measures. Five colonies were kept stationary in an apiary 
bordered by a forested park and agricultural field, while five other 
colonies were subjected to a migratory treatment, moving colonies 
over more than 30 miles every 21 d (the developmental period of a 
worker honey bee) among three agricultural sites in North Carolina 
(see Simone-Finstrom et al. 2016 for site details). In a paired design, 
newly emerging workers from one stationary and migratory colony 
(n > 300 bees) were paint-marked with a colony-specific color and 
evenly introduced into their own colony and the paired colony of 

different treatment, resulting in four experimental groups based on 
their juvenile and adult environment: “migratory treatment during 
juvenile development/migratory treatment during adult life” (MM), 
“migratory/stationary” (MS), “stationary/migratory” (SM), and 
“stationary/stationary” (SS). After 14 and 28 d, marked workers 
were retrieved from brood frames (as hive bees) or from the out-
side of colony entrances (as foragers), representing young and old 
ages, respectively. Both hive bees and foragers were collected at both 
age groups since chronological age, behavioral task, and pathogen 
dynamics could all influence one another. To account for seasonal 
effects, two replicate samples were collected, one after the first mi-
gration in May (early season) and the second at the end of July (late 
season). Collected samples (Fig. 1) were immediately frozen and 
stored at –80 °C until further processing.

Pools of five abdomens per each colony and treatment group 
combination (i.e. juvenile environment, adult environment, age, 
behavioral state, and season; see Fig. 1) were homogenized prior 
to RNA extraction, cDNA synthesis, and qPCR following estab-
lished practices (López-Uribe et al. 2017, De Guzman et al. 2017, 
Simone-Finstrom et al. 2018). Briefly, RNA was extracted using the 
Maxwell system with the LEV simplyRNA tissue kit (Promega) with 
quantity and purity assessed spectrophotometrically (Nanodrop, 
ThermoFisher, USA). cDNA template was generated from 2 µg of 
total RNA using the QuantiTect Reverse Transcription Kit (Qiagen 
Inc.) following the manufacturer’s protocols. qPCR reactions were 
conducted in triplicate using a CFX96 Real-Time PCR (BioRad, 
Inc.). Amplification was performed in 10 μl volumes using PowerUP 
SYBR Green Master Mix (Applied Biosystems). The cDNAs were as-
sessed by qPCR for the following viral targets: Deformed Wing Virus 
(DWV), Lake Sinai Virus (LSV), Black Queen Cell Virus (BQCV), 
and the AKI virus complex (Acute Bee Paralysis Virus + Israeli Acute 
Paralysis Virus [IAPV] + Kashmir Bee Virus [KBV]). IAPV and KBV 
were also analyzed separately to specify AKI results. In addition, 
the cDNA was used to quantify the pathogens Ascosphaera apis 
(fungal agent of Chalkbrood [CB]), Melissococcus plutonius (bac-
terial agent of European foulbrood [EFB]), the gut parasite Nosema 
(Nosema referring to its common name as taxonomically its genus 
is now Vairimorpha; Tokarev et al. 2020), trypanosomes (Lotmaria 
passim), according to previous studies (e.g. Dainat et  al. 2012, 
Glenny et al. 2017), although a better understanding of the validity 
of this approach is needed. Finally, we assessed the expression of 
nine honey bee genes related to immunity and health (Supp. Table 
S1 [online only]), using β-actin as a reference, via qPCR. Honey bee 
genes of interest were chosen in order to cover those responding 
to a large swathe of different stressors (López-Uribe et  al. 2020). 
Triplicates were averaged for relative quantification according to 
∆Ct = Ctreference—Cttarget so that a high ∆Ct intuitively indicates a high 
target expression. Not all combinations of the two ages, two behav-
ioral states, four treatment groups, and two seasons were sampled 
and processed successfully, so that only 115 of the 160 samples were 
included in the final analyses.

Correlations of relative abundances were assessed among all 
qPCR targets, using a FDR < 0.05 significance threshold. For the 
samples that overlapped with our previous study (Simone-Finstrom 
et  al. 2016), we also calculated correlation coefficients between 
average transcript levels and oxidative stress levels across experi-
mental groups but did not find any significant relationships.

For statistical analysis, first, a multivariate principal component 
(PC) analysis was conducted in JMP 12.2.0 to provide a descriptive 
analysis of the influence of juvenile treatment, adult treatment, age, 
behavioral state, and season on gene targets in the following three 
functional groups: viral loads, other pathogens (CB, EFB, Nosema 
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different treatment, resulting in four experimental groups based on 
their juvenile and adult environment: “migratory treatment during 
juvenile development/migratory treatment during adult life” (MM), 
“migratory/stationary” (MS), “stationary/migratory” (SM), and 
“stationary/stationary” (SS). After 14 and 28 d, marked workers 
were retrieved from brood frames (as hive bees) or from the out-
side of colony entrances (as foragers), representing young and old 
ages, respectively. Both hive bees and foragers were collected at both 
age groups since chronological age, behavioral task, and pathogen 
dynamics could all influence one another. To account for seasonal 
effects, two replicate samples were collected, one after the first mi-
gration in May (early season) and the second at the end of July (late 
season). Collected samples (Fig. 1) were immediately frozen and 
stored at –80 °C until further processing.

Pools of five abdomens per each colony and treatment group 
combination (i.e. juvenile environment, adult environment, age, 
behavioral state, and season; see Fig. 1) were homogenized prior 
to RNA extraction, cDNA synthesis, and qPCR following estab-
lished practices (López-Uribe et al. 2017, De Guzman et al. 2017, 
Simone-Finstrom et al. 2018). Briefly, RNA was extracted using the 
Maxwell system with the LEV simplyRNA tissue kit (Promega) with 
quantity and purity assessed spectrophotometrically (Nanodrop, 
ThermoFisher, USA). cDNA template was generated from 2 µg of 
total RNA using the QuantiTect Reverse Transcription Kit (Qiagen 
Inc.) following the manufacturer’s protocols. qPCR reactions were 
conducted in triplicate using a CFX96 Real-Time PCR (BioRad, 
Inc.). Amplification was performed in 10 μl volumes using PowerUP 
SYBR Green Master Mix (Applied Biosystems). The cDNAs were as-
sessed by qPCR for the following viral targets: Deformed Wing Virus 
(DWV), Lake Sinai Virus (LSV), Black Queen Cell Virus (BQCV), 
and the AKI virus complex (Acute Bee Paralysis Virus + Israeli Acute 
Paralysis Virus [IAPV] + Kashmir Bee Virus [KBV]). IAPV and KBV 
were also analyzed separately to specify AKI results. In addition, 
the cDNA was used to quantify the pathogens Ascosphaera apis 
(fungal agent of Chalkbrood [CB]), Melissococcus plutonius (bac-
terial agent of European foulbrood [EFB]), the gut parasite Nosema 
(Nosema referring to its common name as taxonomically its genus 
is now Vairimorpha; Tokarev et al. 2020), trypanosomes (Lotmaria 
passim), according to previous studies (e.g. Dainat et  al. 2012, 
Glenny et al. 2017), although a better understanding of the validity 
of this approach is needed. Finally, we assessed the expression of 
nine honey bee genes related to immunity and health (Supp. Table 
S1 [online only]), using β-actin as a reference, via qPCR. Honey bee 
genes of interest were chosen in order to cover those responding 
to a large swathe of different stressors (López-Uribe et  al. 2020). 
Triplicates were averaged for relative quantification according to 
∆Ct = Ctreference—Cttarget so that a high ∆Ct intuitively indicates a high 
target expression. Not all combinations of the two ages, two behav-
ioral states, four treatment groups, and two seasons were sampled 
and processed successfully, so that only 115 of the 160 samples were 
included in the final analyses.

Correlations of relative abundances were assessed among all 
qPCR targets, using a FDR < 0.05 significance threshold. For the 
samples that overlapped with our previous study (Simone-Finstrom 
et  al. 2016), we also calculated correlation coefficients between 
average transcript levels and oxidative stress levels across experi-
mental groups but did not find any significant relationships.

For statistical analysis, first, a multivariate principal component 
(PC) analysis was conducted in JMP 12.2.0 to provide a descriptive 
analysis of the influence of juvenile treatment, adult treatment, age, 
behavioral state, and season on gene targets in the following three 
functional groups: viral loads, other pathogens (CB, EFB, Nosema 

and trypanosomes), and bee health and stress response genes. For 
PC1 and PC2 of each group, the most likely additive model of ju-
venile treatment, adult treatment, age, behavioral state, and season 
was selected in “R” (v3.5.1) using a backward linear model pro-
cedure to identify potential main effects (“lm” combined with 
“stepAIC”). When a main effect was identified, interactions among 
variables were examined with respect to juvenile treatment or adult 
treatment. Based on the results of the principal component analysis 
(PCA), we then used the same model selection procedure for each 
individual target to better elucidate the factors influencing particular 
targets of interest. Consistent with the PCA, any significant main 
effect was specifically tested for interactions with juvenile treatment 
or adult treatment. Model selection was followed by Tukey’s HSD 
posthoc analyses to determine differences between specific groups. 
Bonferroni correction was used to adjust α to conservatively account 
for multiple testing in each functional group (viral load: corrected 
α = 0.0125; other pathogens: corrected α = 0.0125; health response 
genes: corrected α = 0.0055). This enabled us to focus on the main 
question (i.e., the influence of rearing and adult environments on 
pathogen exposure and immune expression) while still identifying 
other potential effects and interactions.

Results

The ten colonies included in this study all survived the entire experi-
mental period, and basic colony variables (e.g., colony size, brood, 
pollen stores, and Varroa infestation) did not significantly differ 
among treatment groups (Simone-Finstrom et  al. 2016). Recovery 
of marked foragers for the late-season replicate was difficult in 

several hives, reducing our sample size for these experimental 
groups. Across all samples, most viruses were positively correlated 
with each other (Fig. 2). Viruses were also mostly positively correl-
ated with European foulbrood (Melissococcus plutonius: EFB) and 
Chalkbrood (Ascosphaera apis: CB) but not with trypanosomes or 
Nosema. The quantities of various viruses had minimal relationship 
to gene expression levels: Deformed wing virus (DWV) with a posi-
tive relation to vitellogenin (VG) and defensin1 and a negative rela-
tion to lysozyme2 (Lys2); BQCV with a positive relation to HSP90; 
Lake Sinai virus (LSV) with a negative relation to VG; and Kashmir 
bee virus (KBV) and Israeli acute paralysis virus (IAPV) with posi-
tive relations to VG (Fig. 2). VG and Lys2 expression also exhibited 
significant correlations with the eukaryotic pathogens, while most of 
the other surveyed genes were only positively correlated with each 
other (Fig. 2).

Viral and Pathogen Levels
The first two PCs extracted from the virus quantification indicated a 
strong impact of the AKI complex on overall variation (PC1) and a 
moderate influence of DWV, BQCV, and LSV on PC2 (refer to Supp. 
Table S2 [online only] for eigenvectors and loading values). Based 
on model selection, adult environment and behavioral state were 
identified as significant factors influencing PC1 (adult environment: 
F(1,112) = 4.58, P = 0.034; behavioral state: (F(1,112) =5.85, P = 0.017; 
see Fig. 3A). While season was the only significant factor for PC2 
F(1,112) = 86.75, P < 0.001).

Examining each virus separately clarified the relationships in-
dicated by the PCA. Viral infection levels were affected by migra-
tory treatment, both alone and via interactions with other variables. 
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Migration during adulthood increased AKI loads relative to the 
stationary treatment overall (F(1,112) = 7.4, P = 0.007). Independent 
of treatment, age, or season, hive bees tended to have higher AKI 
levels than foragers (F(1,112) = 6.3, P = 0.014), but this difference was 
nonsignificant based on the Bonferroni-adjusted α. When independ-
ently analyzing IAPV and KBV, the same differences were found; mi-
gration during adulthood significantly increased KBV (F(1,112) = 8.30, 
P  =  0.005) and numerically, but nonsignificantly increased IAPV 
(F(1,112) = 5.71, P = 0.019), and hive bees had higher loads than for-
agers (IAPV: F(1,112) = 7.10, P = 0.009; KBV: F(1,112) = 7.34, P = 0.008). 
An influence of migration during adulthood on viral levels was also 
suggested for BQCV by an interaction between adult treatment 
and season (F(1,112) = 8.78, P = 0.0037), which was due to a higher 
BQCV in the migratory than the stationary treatment early in the 
season which reversed later in the year (Fig. 4). DWV increased 
over the experimental season (F(1,112)  =  64.46, P  < 0.0001), which 
also interacted separately with migratory treatment during develop-
ment (F(1,112) = 9.10, P = 0.003). The seasonal increase in DWV was 
stronger in bees from a migratory juvenile environment than from 
a stationary one. LSV levels were only influenced by season, with 
lower levels seen later in the season (F(1,112) = 11.36, P = 0.001).

The PCA for the other pathogens also indicated multiple 
influencing factors in the data. PC1 correlated with all four patho-
gens and was only significantly affected by season (F(1,112)  =  4.58, 
P  =  0.034). PC2 represented mostly EFB and was impacted by a 
three-way interaction of adult environment, behavioral state, and 
season (F(1,112)  =  4.75, P  =  0.031; Fig. 3B), typifying the complex 
nature of effects of migratory management on these bee health met-
rics. In order to elucidate these factors, again each pathogen was ana-
lyzed separately. For trypanosomes, the treatment during adulthood 
and season interacted (F(1,112) = 31.42, P < 0.0001; Fig. 5); while bees 
from the adult migratory treatment had significantly higher levels 

early in the season versus later in the season, the corresponding sam-
ples from the stationary treatment experienced a less-pronounced 
seasonal change with intermediate levels. Overall, Nosema levels de-
creased from early to late season (F(1,112) = 34.82, P < 0.0001) and 
were numerically (but nonsignificantly) higher in bees experiencing 
the stationary treatment as adults relative to those from the migra-
tory treatment (F(1,112) = 5.43, P = 0.021). No experimental treatment 
effects were found in the larval pathogens, but CB levels were higher 
in late season relative to early season (F(1,112) = 21.73, P < 0.0001) 
and EFB was found in higher levels in hive bees versus foragers 
(F(1,112) = 28.25, P < 0.0001).

Immune and Health-Related Gene Expression
PCA indicated the major descriptors of variation for the immune 
and health-related gene targets were adult environment, behavioral 
state, and season. A main effect of adult environment (F(1,112) = 5.38, 
P = 0.022; Fig. 3C) along with an interaction between behavioral 
state and season (F(1,112) = 15.02, P = 0.0002) was significant for PC1, 
which represented numerous gene targets in similar fashion with the 
exception of vitellogenin (Vg). PC2 also represented numerous genes 
to varying degrees and was largely influenced by behavioral state 
(F(1,112) = 18.01, P < 0.0001).

Based on individual analysis, expression of target genes was influ-
enced by migratory treatment (during juvenile and adult stages) and 
differed between in-hive workers and outside foragers. Two genes 
exhibited overall higher expression in bees that were in stationary 
hives as adults as compared to bees from the adult migratory envir-
onment (PGRP: F(1,112) = 9.15, P = 0.003; dicer-like: F(1,112) = 11.97, 
P  =  0.0008; Fig. 6). The antimicrobial peptides defensin1 and 
hymenoptaecin were influenced by behavioral state, with both being 
more expressed in foragers than hive bees (defensin1: F(1,112) = 13.54, 
P = 0.0004; hymenoptaecin: F(1,112) = 14.70, P = 0.0002). Lysozyme2 
was only influenced by season, exhibiting a decline over time 
(F(1,112) = 12.97, P = 0.0005). Abaecin, HSP90, and CypQ93 showed 
no significant differences in response to any treatment.

Vitellogenin expression patterns were complex, characterized by 
a significant 5-way interaction effect among all independent vari-
ables. To simplify, VG expression was thus analyzed separately for 
each season, based on previous studies that already documented sea-
sonal effects on Vg expression (Amdam and Omholt 2002, Kunc et al. 
2019). For the early-season samples, the adult treatment influenced 
Vg expression, interacting with age and behavioral state (F(1,58) = 8.68, 
P  =  0.0051). In the stationary treatment group, old foragers had 
higher Vg expression than old hive bees and young foragers, whereas 
young bees in the stationary treatment group and all bees in the migra-
tory treatment group exhibited the expected decrease in Vg expression 
in foragers relative to hive bees (Fig. 7). Later in the season, behavioral 
state was the only significant factor (F(1,54) = 11.73, P < 0.0001) with 
hive bees expressing higher Vg than foragers across all groups.

Discussion

Despite its importance for pollinator health, the consequences of 
migratory beekeeping are still insufficiently studied. Here, we at-
tempted to elucidate the direct effects of migratory hive movement 
on pathogen levels and the expression of honey bee genes that play 
roles in immunity and other physiological defenses. It was beyond 
the scope of this work to establish separate experiments to examine 
every variable associated with migratory beekeeping. Instead, we 
employed a complex experimental design to disentangle the effects 
of a migratory environment during development and adulthood on 
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cytochrome P450; HSP90, heat shock protein 90; Hymen, hymenoptaecin; 
PGPR, peptidoglycan recognition protein; VG, vitellogenin; Lys2, lysozyme2.
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measures at different ages and behavioral phenotypes, while also ac-
counting for potential seasonal variation. The results demonstrated 
that the effects of these five factors (juvenile treatment, adult treat-
ment, age, behavioral state, and season) were variable and often 
interacted, highlighting the complexity and heterogeneity of honey 
bee health problems.

Similar to our previous findings on life expectancy and oxida-
tive stress levels (Simone-Finstrom et al. 2016), there were no simple 
or general positive or negative effects of migratory management on 
pathogen levels or gene expression. Effects of migratory practices 
varied with season, age, and behavioral/life-history stage. The inves-
tigated pathogens are transmittable among bees, particularly when 

they were residing in the same hive. Thus, the transfer of samples 
as newly emerged bees may have negated migratory treatment ef-
fects on resident pathogens due to the potential introduction of 
new pathogens across pairs of colonies. Therefore, our results likely 
represent an underestimation of experimental effects. Conversely, 
any differences among experimental groups that were sampled as 
adults from the same hive occurred despite the common environ-
ment, indicating the persistence of developmental influences on in-
dividuals (Scofield and Mattila 2015), as was also shown previously 
with regard to oxidative stress and lifespan in these same samples 
(Simone-Finstrom et al. 2016). In the case of infectious pathogens, 
this persistence at the individual level is qualitatively different than 
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previous findings of persistent effects of management at the colony 
level (Jara et al. 2021, Bartlett et al. 2021).

Our simultaneous assessment of pathogen levels and expres-
sion levels of relevant genes added an additional dimension to our 
data. Beyond correlations among viruses and some other pathogens 
(Cornman et al. 2012), as well as among immune and other health-
related genes, we identified some correlations among pathogen levels 
and expression levels of a few genes, most notably vitellogenin (Vg). 
However, it is impossible to infer causality from these correlations 
among pathogen and gene expression data. For example, immune 
genes may be upregulated in response to an infection (Doublet et al. 
2017), a pathogen can weaken immunity (Di Prisco et  al. 2016) 
creating a negative correlation, or the level of a pathogen could be 
increased in response to an immune system that is downregulated 
due to other factors (Dolezal and Toth 2018). Several unexpected 

positive correlations between Vg and pathogens may be due to 
higher Vg expression in hive bees that nurse brood and are simul-
taneously more exposed to brood pathogens, such as chalkbrood or 
European foulbrood (Naug and Camazine 2002). Thus, a careful 
and nuanced interpretation of our findings is required.

Nevertheless, some broad trends were apparent (Fig. 8). Migratory 
versus stationary treatment affected most pathogens and the ex-
pression level of many genes, although some of these effects were 
interacting with other variables. Direct effects of the adult environ-
ment were more common than effects of developmental environment. 
The migratory stress experienced as an adult may thus trigger physio-
logical changes, such as lower expression of some immune and stress 
resistance genes that enabled successful infections (e.g., increasing 
IAPV and KBV). Alternatively, the variable environment of the mi-
gratory colonies may have increased exposure to pathogens, leading 

Fig. 5. Effects on hive management on nonviral pathogens based on relative quantification according to ∆Ct. A) Overall, Nosema did not significantly differ 
among the different treatment groups. B) Experimental treatment alone did not affect overall trypanosome levels. However, workers that were in migratory 
hives as adults showed high levels early in the season and low levels later, while this decrease in workers under stationary conditions was much smaller. 
Different letters indicate significant differences (P < 0.0125).

Fig. 4. Effects on hive management on virus levels based on relative quantification according to ∆Ct. A) Levels of the AKI virus complex were increased by 
migratory conditions during adulthood. (P < 0.0125). B) Migration experienced during adulthood also influenced Black queen cell virus, which was most abundant 
in samples from the migratory treatment early in the season and least abundant in migratory samples late in the season, with stationary samples intermediate 
and exhibiting a less pronounced seasonal decrease. C) Deformed wing virus was influenced by developmental conditions; samples that developed in migratory 
hives exhibited the lowest levels early in the season, but the highest late in the season. Individuals that experienced stationary conditions during development 
were intermediate and exhibited a less pronounced seasonal increase. Different letters indicate significant differences when interactions occurred (P < 0.0125).
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to infection and subsequent consequences of disease on gene expres-
sion. It is impossible to determine causality but the increase in the 
relatively rare viruses of the AKI complex but not the common DWV 
or BQCV in migratory colonies supports the latter interpretation.

Effects of stationary versus migratory management persisted 
from the developmental treatment period through metamorphosis 
into adulthood for DWV levels. This finding, along with our earlier 
work with these samples on oxidative stress (Simone-Finstrom et al. 
2016), suggests that follow-up studies on brood-care of bees during 
migratory management are warranted. Compared to their counter-
parts, bees that developed under migratory conditions exhibited 
higher DWV loads later in the season but lower DWV loads earlier 
in the season. The migratory conditions in our experiments may have 
improved the diversity of pollen sources (see Simone-Finstrom et al. 
2016), and thus nutritional benefits could explain lower DWV in the 
early season (DeGrandi-Hoffman et al. 2010, Dolezal and Toth 2018). 
The relatively greater increase in DWV from early to late season in bees 

that were exposed to the migratory environment during development 
could be reflective of increased stress (Kuster et al. 2014). However, 
the later increase in DWV may also be explained by a nonsignificant 
trend for higher levels of the ectoparasitic Varroa mite in the migra-
tory colonies at the end of the season (Simone-Finstrom et al. 2016), as 
Varroa increases DWV abundance (Martin et al. 2012); this may have 
been enough to increase DWV levels seen here.

The more direct effects of adult hive management on pathogen 
loads varied; while both brood pathogens (chalkbrood and European 
foulbrood) and most viruses did not show significant differences 
between treatment groups, the AKI complex load was higher in mi-
gratory colonies. In contrast, trypanosomes (gut parasites) were sig-
nificantly higher in stationary colonies. A  number of physiological 
functions were decreased by migratory conditions during adulthood, 
including anti-viral defenses, which could explain the increased 
AKI loads (Brutscher and Flenniken 2015). Conversely, migratory 
management may have led to more exposure to these viruses in the 

Fig. 6. Management effects during adulthood on worker gene expression presented based on relative quantification according to ∆Ct. Multiple genes exhibited 
significantly increased expression as a result of the workers experiencing stationary compared to migratory conditions. A) PGRP showed low variability but 
significantly higher expression overall in adults that experienced stationary conditions. Workers that experienced a stationary adult environment also had higher 
expression of dicer-like (B), than workers from the migratory adult treatment but not HSP90 (C), or Cyp9Q3 (D). Within each panel, different letters indicate 
significant differences (P < 0.0055).

Fig. 7. Variation in vitellogenin expression. VG expression was highly dynamic and treatment effects differed between seasons. A) Early in the season, old 
foragers exhibited the highest VG levels, but only when experiencing a stationary environment as adults, while all other groups followed the predicted pattern 
of lower VG levels in foragers than in hive bees. Different letters indicate significant differences (P < 0.0055). B) Later in the season, all groups demonstrated 
the same, predicted decline in VG expression in foragers compared to hive bees, although the magnitude of this effect varied slightly. Significance (P < 0.0055) 
is noted at the top.
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environment, increasing virus loads in migratory colonies (Welch et al. 
2009) and consequently decreasing physiological functions. This ef-
fect is particularly conceivable for viral pathogens that can readily 
spread through the environment (Singh et al. 2010, McMenamin et al. 
2016). However, such transmission is also possible for gut parasites 
(Higes et al. 2008; Jara et al. 2021), making the higher levels of these 
organisms in stationary colonies difficult to explain. It is possible that 
potential robbing from nearby colonies resulted in exchange of these 
parasites among the stationary colonies (Fries and Camazine, 2001), 
as this experimental site did experience reduced forage availability late 
in the season (Simone-Finstrom et al. 2016).

Among the numerous effects that were detected in addition to man-
agement, the overall declines of IAPV and KBV viral loads and EFB in 
foragers compared to in-hive bees are noteworthy, although not unex-
pected when independently accounting for chronological age. In-hive 
bees are particularly exposed to brood pathogens (Roetschi et  al. 
2008), and their stronger contact with nestmates may have also led to 
increased levels of IAPV and KBV. It is also possible that the reduced 
IAPV in foragers was a sampling artifact, as higher viral titers can cause 
bees to forage precociously (Benaets et al. 2017) and impact homing 
ability (Li et al. 2013), both of which would result in the elimination of 
foraging bees with higher titers by the age of collection in the current 
study. Additionally, expression of some immune genes was upregulated 

in foragers compared to nurses (defensin1, hymenoptaecin). The age of 
sampled bees additionally affected Vg expression. Old foragers having 
similar Vg as young hive bees when in the stationary adult environ-
ment early season is contrary to expectation and may be an artifact 
of sample size. However, given the regulatory role of Vg in lifespan, 
oxidative stress resistance, and onset of foraging, it is possible that bees 
that forage later in life would have higher Vg titers as low Vg is as-
sociated with precocious foraging (Nelson et al. 2007). Furthermore, 
we detected several general seasonal effects in accordance with expect-
ations, such as the increase in DWV (Faurot-Daniels et al. 2020) and 
decrease in Nosema (Traver et al. 2012).

Overall, the results of this study support previous work indicating 
both negative and positive impacts of migratory beekeeping. These re-
sults support our hypothesis that immunity and pathogen levels are 
impacted by migratory beekeeping. Our data also is consistent with 
predictions that adult environment is most impactful on pathogen 
loads. Adult treatment was also more impactful than juvenile treat-
ment on the expression of health and stress response genes, contrary 
to our prediction. This result could be due to responses of these genes 
to pathogen levels, or could be a more general response to the stress of 
transport and/or environmental change. Our findings shed light on the 
complex interactions of migratory bee management, such as the reloca-
tion of colonies for commercial pollination services, on bee health, and 
the spread of pathogens. Previous work on these samples showed nega-
tive effects of migratory management on lifespan. But better access to 
nutrition during periods of dearth by relocating colonies to agricultural 
areas reduced the impacts of oxidative stress (Simone-Finstrom et al. 
2016). Here, the finding that in some cases bees involved in migratory 
management (either during larval and pupal development or as adults) 
show increase prevalence of some viral infections, while gut parasite 
loads are reduced provides continued evidence that migratory manage-
ment is a mix of costs and benefits (Alger et al. 2018). Additional work 
is needed to determine why the effects of migratory management are 
greater on adult bees; the identification of specific causal factors could 
elucidate ways to mitigate the negative effects of both migratory and 
nonmigratory beekeeping on bee health. Such work is vital not only 
for pollinator health but also for food security given the dependence of 
many major food crops on managed pollination.
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