
ABSTRACT 

APPLER, ROBERT HOLDEN. The Effect of Urbanization on the Immunocompetence and 

Pathogen Pressure of Managed and Feral Honey Bees (Apis mellifera Linneaus).  (Under the 

direction of Dr. Steven Frank and Dr. David Tarpy). 

Urbanization is a powerful force of environmental change that is increasing 

throughout the world.  Organisms and the ecological services they provide can be 

differentially impacted by the changes associated with urbanization.  Though factors such as 

pollution, higher temperatures, and habitat fragmentation can be detrimental to some species, 

others are well-adapted to living within cities and obtain benefits from urban conditions.  

Honey bees are experiencing colony losses throughout America and Europe, thought to be 

linked to increased pathogen pressure, pesticide usage, and monofloral agriculture.  At the 

same time, urban beekeeping is increasing in popularity.  Urban settings have traits which 

could both positively and negatively affect honey bee immune systems.  Low levels of 

pollutants can actually increase immune the effectiveness of insect immune systems, while 

higher levels are detrimental.  Higher temperatures can cause stress in many species, but may 

also inhibit pathogen growth.  Impervious surfaces reduce the total amount of floral 

abundance, but habitat fragmentation is linked to higher floral diversity with different 

nutritional content.  Because of the importance of honey bees for pollination and honey 

production, the effect of urbanization on honey bee immunocompetence needs to be 

understood.  In this study, I examined whether urbanization has any effect on the immune 

system of feral or managed honey bees.  Urbanization was measured as the relative 

temperature and percent impervious surface coverage within a 3 km radius around the colony 

nest site.  The immunocompetence was measured by the extent of encapsulation of a nylon 

probe, phenoloxidase activity, and the expression of the antimicrobial peptides abaecin, 



hymenoptaecin, and defensin1, as well as the phenoloxidase zymogen, prophenoloxidase.  I 

compared the survival of managed and feral honey bees from different levels of urbanization 

after having injected the bees with paraquat, a solution that induces oxidative stress.  I also 

determined the prevalence and intensity of seven honey bee viruses, Nosema apis, Nosema 

ceranae, and the American foulbrood bacterium, Paenibacillus larvae.  In a few cases, 

urbanization or colony type (feral or managed) significantly impacted these measures of 

health, but there was no clear trend these effects.  Specifically, encapsulation was not 

affected by urbanization or colony type. Phenoloxidase activity decreased as relative 

temperature increased, but not as impervious surface increased.  Feral honey bees express a 

3% increase in antimicrobial peptide production over managed honey bees.  Survival from 

control injections was higher in managed bees than feral bees at high and low levels of 

urbanization, though feral bees have higher overall survival.  However, bees injected with 

paraquat often did not demonstrate variation between urbanization measurements or colony 

type. Pathogen prevalence of N. apis and N. ceranae did not change based on colony type, 

and P. larvae was only detected in a single colony.  Feral bees had lower acute bee paralysis 

virus and chronic bee paralysis virus intensity than managed bees, but their chronic bee 

paralysis virus levels increased with increasing temperature while managed bee intensities 

remain constant.  Black queen cell virus intensity increased with greater impervious surface 

coverage.  Nosema intensity did not change with urbanization or colony type, though feral 

bees had lower intensity of N. ceranae in regression analysis with relative temperature.  

Taken together my results suggest that the various factors associated with urbanization can 

have disparate effects on the immune system of honey bees.  Further investigation is needed 



to understand the mechanisms behind these effects, and whether these translate to actual loss 

productivity or colony survival (See Appendix A). 
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Effect of Urbanization on the Immunocompetency of Managed and Feral Honey Bee 

Colonies (Apis mellifera Linnaeus) 

 

Introduction 

Urbanization is the process of converting natural or agricultural land into suburbs and 

cities (Valiela and Martinetto, 2007).  Half of humans now live within cities, and this is 

expected to rise to 66% by 2050 (United Nations, 2014).  As cities continue to grow in size 

and population, they will have greater ecological influence through processes like urban 

sprawl (Valiela and Martinetto, 2007; Shochat et al., 2006; McKinney, 2002) and pollution 

(Ball and Truskewycz, 2013; Molina and Molina, 2004; Grimm et al., 2008).  Conversion of 

landscapes for human use creates a wide variety of ecological changes by increasing air 

temperature (Oke, 1982), particulate matter in the air (Molina and Molina, 2004), species 

homogenization (McKinney, 2002; 2006), rainwater runoff and temperature (Grimm et al., 

2008; Paul and Meyer, 2001), and by altering meteorological patterns and biogeochemical 

cycles (Grimm et al., 2008; Molina and Molina, 2004).  One of the most recognizable effects 

of urbanization is the “urban heat island effect,” where urban areas have temperatures higher 

than surrounding rural areas because of impervious surface cover from buildings, streets, and 

parking lots that absorb and reradiate solar radiation (Oke, 1982).  These changes can have 

dramatic effects on the organisms that inhabit the urbanized regions (Shochat et al., 2006).  

Some species are mal-adapted to living in anthroprogenic landscapes, while others (e.g., 

house sparrows) are synanthropic and thrive in urban environments (McKinney, 2002).  It is 

therefore particularly important to know how different species will cope with urbanized 

environments. 



 

2 

Western honey bees, Apis mellifera, are the most common pollinators in most 

ecosystems worldwide (Aizen et al., 2009; Rader et al., 2009).  Much of current and 

projected future commercial crop pollination results from rental honey bees (Kremen et al., 

2002) and non-commercial gardens and wild flowers also rely on managed and feral 

populations of honey bees for their pollination.  Feral honey bees are those found nesting in 

cavities of trees, buildings, or (rarely) the ground (Gambino et al, 1990; Oleksa et al., 2013).  

Feral bees live in a confined, static space of their choice, and are free from human 

interventions such as honey harvesting, pathogen treatments, artificial hive population 

enhancement, swarm control, and hive size augmentation.  Without human intervention, feral 

honey bees are less-buffered against environmental stressors like starvation, water scarcity, 

and limited colony space.  Honey bees have also been used as biomonitoring tools for 

atmospheric pollution due to their foraging activities and product storage (Perugini et al., 

2011; Lambert et al., 2012).  With the recent decline of managed honey bee populations 

(reviewed in Steinhauer et al., 2014), and major losses in feral honey bees since the 

introduction of the mite Varroa destructor (Kraus and Page, 1995), it is vital to understand 

what environmental influences can impact health of honey bees and thus the ecosystem 

services they provide. 

Immunocompetece is an organism’s ability to mount an immune response against 

invading pathogens.  Unlike vertebrates, insects do not have an adaptive immune system that 

uses specialized immunoglobins and leukocytes to recognize and “remember” specific types 

of pathogens (but see Watson et al., 2005). Instead, insects rely on several generalized 

immune responses designed to kill a wide range of pathogens. These include pathogen 
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encapsulation and the production of melanin. Encapsulation is a defense against large 

pathogens and parasitoids whereby hemocytes bind to the invader’s surface triggering the 

melanin pathway, blocking access to the insect’s internal environment while also producing 

cytotoxic intermediates (Laughton et al., 2010; Bailey and Zuk, 2008). Encapsulation can be 

measured by inserting foreign objects into the hemocoel of an insect, including Nylon threads 

and latex micro-beads (Bailey and Zuk, 2008; Moret and Schmid-Hempel, 2000). The 

aforementioned melanin pathway is mediated by phenoloxidase, a tyrosine kinase, the 

precursor of which (prophenoloxidase) is produced within specialized hemocytes (Iwama and 

Ashida, 1986; Kawabata et al., 1995; Gonzáles-Santoyo and Córdoba-Aguilar, 2012). 

Phenoloxidase converts tyrosine into L-DOPA, and L-DOPA into measureable dopachrome 

(Christensen et al., 2005).  Though individual immune systems contribute to the overall 

health of the colony (Wilson-Rich et al., 2012; Evans and Pettis, 2005), they are 

metabolically expensive to maintain and function appropriately without causing self-harm 

(Mallon et al., 2003; Sadd and Siva-Jothy, 2006). 

Previous studies have shown that different urbanization factors can influence immune 

responses in many and sometimes disparate ways.  On one hand, heavy metal toxicity and 

particulate air matter increase the oxidative stress burden on organisms (Molina and Molina, 

2004).  The melanin pathway of insects is very sensitive to metal ions, though the type of 

metal can cause either inhibitory (Dubovskiy et al., 2011) or augmentative responses (Nappi 

and Christensen, 2005; Christensen et al., 2005; Dubovskiy et al., 2011; Pölkki et al., 2012).  

Depending on where these ions or other environmental pollutants act in the pathway, 

phenoloxidase activity, encapsulation, and the level of oxidative stress could be disparately 
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affected.  On the other hand, the potentially increased availability of diverse floral resources 

in an urban environment (Hope et al., 2003; Kareiva et al., 2007; Chocholoušková and Pyšek, 

2003; Mimet et al., 2009) could provide a wider range of nutrition throughout the year than 

would be available in more natural environments, bolstering the metabolically expensive 

immune system.  Habitat fragmentation and reduced plant growth area due to impervious 

surfaces, however, could also force foraging bees to fly longer distances to locate floral 

resources, exerting energetic costs, generating higher levels of oxidative stress (Williams et 

al., 2008), and increasing exposure to aerial pollutants. Increased environmental heat from 

the urban heat island effect could decrease the overall condition of both bees and colony 

(Starks and Gilley, 1999; Kühnholz and Seeley, 1997) and direct resources away from more 

expensive individual processes (like immune function) towards colony cooling, including the 

collection of water for evaporative cooling.  Honey bees also expend energy to maintain 

internal hive temperatures at ~35°C, so that warmer environments could potentially cause 

bees to divert less resources towards maintaining hive temperature during the course of a 

year and permit greater foraging activity and individual bee health.  While urban 

environments have many attributes linked to impaired health and weakened 

immunocompetence, other features may prove highly beneficial to honey bees, negating or 

even surpassing the deleterious effects. 

Because of these potentially conflicting factors of urbanization, it is difficult to make 

general predictions of their effects. Therefore, I have opted for the common assumption that 

increasing urbanization is a generally unhealthy change in environment for resident fauna 

(Molina and Molina, 2004).  For any given immunological test, my null hypothesis is that 
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more urbanization of the environments will result in decreased immune function.  Likewise, 

for managed versus feral bees, I assume that feral honey bees, by selection, have stronger 

immune functions as would be necessary for their continued survival in the absence of 

human management.  Therefore, I additionally hypothesize that feral honey bees will be 

more resilient to the negative effects of urbanization than managed honey bees.  In contrast, 

managed colonies are established and maintained by intentional actions of beekeepers who 

have a vested interest in maintaining their colonies in the location of their choice, which may 

prevent the bees from making their instinctual collective decisions (e.g., autonomously 

absconding to a new nest site or swarming).  Thus, one could assume that managed bees may 

be less adapted to their environment compared to feral bees.  As such, an enhanced 

environment could be expected to benefit managed bees to a greater extent than feral bees. 

 

Methods 

Colony Location and Selection 

 Between May and October of 2013, I sampled honey bee colonies across an urban 

gradient in a 50-mile radius around Raleigh, NC. To make sure I had adequate representation 

of the urbanization gradient, each colony location was classified as rural, suburban, or urban 

based on the appearance of surrounding environment. To obtain quantifiable urbanization 

measurements I later analyzed each location using GIS technologies (ArcMap 10.1, Ersi Inc.) 

to generate values of impervious surface (Figure 1.1) and average relative heat (Figure 1.2) at 

a 3 km radius surrounding the colony, corresponding to the accepted maximum foraging 

radius (Eckert, 1933).  Because I cannot know where foraging bees will go and to what 
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conditions they will be exposed, I am considering the entire 3 km range as their exposure for 

urbanization measurements.  The impervious surface map divides percent impervious surface 

into groups of 10 percentile ranges (Xian et al., 2011). Percent impervious surface (UM-IS) 

values are the sum total percent impervious surface constructed from the percentage of the 

middle range for each impervious surface group. For example, a 3 km raster with 95% of 0-

10% impervious surface and 5% of 71-80% impervious surface would result in an UM-IS 

score of 8.5% (0.95*5 + 0.05*75=8.5). The heat map represents temperature readings from 

August 18, 2007 (Meineke et al., 2013).  The average relative heat area (UM-RH) is a 

general comparison between cooler and warmer sites, rather than specific temperatures that 

the colonies experienced.  For both of these urbanization measurements, larger numbers 

indicate a higher degree of urbanization. 

I compared three types of honey bee colonies: experimental, managed, and feral. I 

placed four experimental colonies in each of three settings chosen as idealized 

representations of the three main classifications of urbanization (rural, suburban, and urban). 

Each experimental colony was established from a commercially purchased ‘package’ (a 

mated queen with ~3 pounds of workers) from a Georgia supplier (Gardner’s Apiaries, 

Baxley, GA) in early spring. I initially installed 15 packages into 15 individual Langstroth 

brood boxes with drawn comb and kept them in our research apiary for two weeks to ensure 

acceptance and productivity of each queen. After two weeks, I divided the 12 surviving 

colonies into cohorts of four and transported them to the experimental sites. I visited each 

hive roughly every two weeks to count frames with food (honey and pollen), frames with 

brood (including the life stages and general condition), and queen presence. Colonies that 
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experienced queen failure were removed from the experiment. I provided food in mid-to-late 

summer if assessment indicated colony starvation due to robbing or lack of food resources. 

Additionally, I treated any hives with evidence of infectious disease with accepted practices 

as needed. In late May, one suburban colony required Tetra-Bee Mix 2X to treat European 

foulbrood (Dadant & Sons, Hamilton, IL). However, colonies were not treated for the 

parasitic mite Varroa destructor. 

 Managed colonies were those maintained by local hobbyist beekeepers contacted 

through local beekeeping organizations. I interviewed volunteers to assess colony history and 

management practices. Selected colonies had been established in a single geographic location 

for at least one month, though most colonies had been established for at least one year. 

 Feral colonies were those naturally established in the wild without any human 

management. I located some feral colonies through hobbyist beekeepers, but found most 

through the website Save the Hives© (2013; www.SaveTheHives.com), a user-submitted tool 

for tracking feral honey bee colonies. These colonies were located in nest cavities inside the 

branches or trunks of trees or within the walls of buildings. 

  

Sample Collection and Maintenance 

  Each colony was visited a minimum of once with additional samplings due to 

transportation-related sample loss. Because I could not access the interior of feral colonies 

without substantial disturbance or destruction, for all colony types I collected ca. 50-80 

foraging workers with a sweep net as they entered or exited the hive during each site visit. 

For feral colonies with inaccessible entrances, I lured the bees with Petri dishes spread with 

http://www.savethehives.com/
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honey placed in close proximity of colony entrance hive. I watched bees foraging between 

the colony and the dish to be sure the bees came from the colony of interest, then netted the 

foragers once adequate recruitment was achieved. I transferred groups of 10-30 captured bees 

into perforated 50 mL conical tubes and kept them in a cooler for transport. Upon return to 

the laboratory, I placed the bees into a -20°C freezer until they were sufficiently immobile to 

handle. I then subdivided the bees into experimental groups: (1) 10-20 live bees for induced 

immunological assays, (2) ca. 30 live bees for oxidative stress assay. I placed the live bee 

groups in Plexiglas cages that were maintained in an incubator (Percival I36VLC8) at 34° C, 

0:24 h L:D photoperiod. I kept the incubators dark to minimize variation due to time of day 

when assays would be conducted. I also provided the bees with 33% sucrose solution ad 

libitum. The bees acclimated to the incubator for at least one hour but no more than 24 hours 

prior to assays. 

 

Immunological Induction and Probe Encapsulation 

I removed the bees from the incubator and cold anesthetized them in a -20°C freezer 

and kept them on ice until processed. Individual bees were placed into a holding tube to ease 

probe insertion. Probes were nylon threads (RIO® Products, Powerflex® Tippet 4x, 0.176 

mm diameter), cut to 3 mm at an angle to ease insertion, uniformly roughened with 

sandpaper to enhance hemocyte binding (Bailey and Zuk, 2008), and ethanol sterilized 

(Wilson-Rich et al., 2008). To promote a complete immune response (Randolt et al., 2008), I 

dipped the probes into a solution of 0.5 mg/mL lipopolysaccharide (LPS; Sigma Life 

Sciences Escherichia coli 0128:B12, L2755) in honey bee saline (135 mM NaCl, 5mM KCl, 
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10 mM MgCl2, 1.6 mM CaCl2, 65 mM Tris-HCl, in dH20) just prior to insertion (Mallon et 

al., 2003; Moret and Schmid-Hempel, 2000). I inserted the probes approximately halfway 

between the 4th and 5th tergites above the lateral line. I also painted each bee within a colony 

with a unique color pattern on her abdomen to associate the probes with the specific bee after 

removal for future analyses. I returned the probed bees to the incubator cages for 3.5 hours. I 

then re-anaesthetized the bees and removed the probes with forceps, for a total insertion time 

of 4 hours (Wilson-Rich et al., 2008). I slide-mounted the now encapsulated probes along 

with a non-inserted “blank” probe using Eukitt® mounting medium (Fluka® Analytical, 

03989). I allowed the slide fixative agent to set at room temperature for 24 hours, after which 

I moved the slides to a -20° C freezer until further analysis. 

 

Encapsulation Analysis 

 A total of ten slides from each colony were used in analysis. I created monochrome 

256-bit images of probes and blanks using a stereoscope (Nikon SMZ800) with attached 

camera (Southern Microscope, DR-5 5MP) under 3x magnification and analyzed them with 

the software program ISCapture (Scienon Technology, v2.0). I produced images from three 

different orientations (to help control for shadows and light) on both obverse and reverse 

sides of each inserted probe and control blank to cover a three-dimensional object in a two-

dimensional plane as accurately as possible (Wilson-Rich et al., 2008). I then measured each 

composite image for its greyness value using ImageJ (U.S. National Institutes of Health, 

1.46r; Rasband, 2013; Wilson-Rich et al., 2008). I recorded grey values for three regions on 

each probe: the “ring” formed at the junction at the point of insertion, the hemocoel portion 
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alone, and the entire portion that was inserted into the hemocoel (Figure 1.3). I created the 

adjusted scores for each image by rescaling the greyness values (so that larger numbers 

represent more encapsulation) and subtracted the greyness of the associated blank’s images 

from the corresponding probe’s images. I produced a composite score from the mean of the 

six images for each probe and subsection (e.g., three obverse ring images and three reverse 

ring images) to be used for individual-level analyses.  I then averaged these scores to create a 

single colony score that would be used for colony-level correlation and regression analyses. 

 Of the total number of feral (n=15) and managed (n=24) colonies, 11 feral colonies 

and 12 managed colonies were selected for encapsulation analyses. These colonies are from 

unique locations (i.e., not from the same apiary). In addition, one experimental colony from 

urban, suburban, and rural experimental sites was included among the managed colonies for 

a total of n=15 managed colonies.   

 

Hemolymph Extraction 

 I prepared hemolymph extracts by grinding the thoraxes of individual bees in 1.5 mL 

microcentrifuge tubes with 300 µL of cold honey bee saline using a plastic pestle (Contreras-

Garduño et al., 2007).  I centrifuged the rough extracts at 1,300 g for 10 minutes at 4°C 

(Eppendorf Centrifuge 5804 R, 15 amp version), and transferred the liquid portion to a new 

tube.  I stored the tubes at -80°C to stop uncontrolled phenol oxidase activity and disrupt 

prohemocytes (Wilson-Rich et al., 2008).  After at least 24 hours, I thawed the extracts on ice 

and then vortexed them for 3 seconds.  I centrifuged the tubes at 16,260 g for 15 minutes at 
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4°C, and moved the supernatant to new tubes for short-term (less than 1 week, -20°C) or 

long-term storage (greater than 1 week, -80°C). 

 

Phenoloxidase Activity 

 Prior to ice-thawing hemolymph extracts, I prepared L-DOPA solutions from 6 

mg/mL crystalline L-DOPA (Cayman Chemical Company, 13248) in dH2O (Laughton and 

Siva-Jothy, 2011).  I vortexed the solution for 15 minutes and then stored the solution in a 

refrigerator to reduce degradation.  I transferred 20 µL of hemolymph extracts (honey bee 

saline for blanks) into wells of a 96-well spectrophotometer-capable plate that contained 135 

µL dH2O and 20 µL PBS (pH 7.4 Gibco®, 10010-023), performed in triplicate.  I added 5 µL 

of α-chymotrypsin solution (1 mM Tris-HCl, 2 mM CaCl2, 0.5 mg/mL crystallized α-

chymotrypsin in dH2O; MP Biomedicals LLC, 152272) to each well, and incubated the plate 

at room temperature for 5 minutes.  I then added 20 µL of L-DOPA solution to each well.  As 

phenoloxidase converted L-DOPA to dopachrome, I measured the absorbance dopachrome 

490 nm every 10 seconds over the next 50 minutes (PowerWave X U-PRWIE, Bio-Tek).  I 

measured raw phenoloxidase activity as Vmax, determined from the slope during the linear 

phase of the reaction (KCJunior v1.22, Bio-Tek).  I also performed a standard Pierce® BCA 

protein assay (Thermo Scientific, #23225) to produce a second measurement of 

phenoloxidase activity that would control for the hydration state of each individual, 

Vmax/[protein] (Contreras-Garduño et al., 2007, Wilson-Rich et al., 2008).  Phenoloxidase 

analyses used seven feral and 10+3 managed colonies. 
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Oxidative Stress 

 To induce oxidative stress, I injected the bees with Paraquat (N,N’-dimethyl-4,4’-

bipyridinium dichloride), an herbicide also known to create superoxides within animals 

(Seehuus et al., 2006). I cold-anesthetized bees at -20°C and divided them into groups, with 

one-third receiving a control injection (honey bee saline) and two-thirds receiving Paraquat 

(6mg/mL in honey bee saline; Pestanal®, Fluka Analytical 36541).  Using a sterilized 

microsyringe (Gastight® 1701, Hamilton), I injected each bee with 2 µL of its designated 

treatment, alternating two Paraquat-injected bees with one control bee.  I performed the 

injections under a stereoscope to ensure that all injections occurred between the 5th and 6th 

tergites, though rare cases necessitated injections between the 4th and 5th tergites.  I then 

painted the scutum orange for control injections or blue for Paraquat injections.  Once all test 

bees for a given colony were injected, I returned the bees to a communal cage in the 

incubator.  Every 12 hours for 96 hours post-injection, I recorded the combined morbidity 

and mortality of each injection treatment.  I considered a bee as “moribund” when she was 

unable to right herself after being flipped on her back, even when she was provided with 

support (a glass Pasture pipet tip) to right herself.  Early attempts to remove moribund bees 

resulted in unacceptable live bee escapes, so dead bees were allowed to accumulate until 

experiment termination.  I compared oxidative stress survival analyses for all feral colonies 

(n=15) and all managed colonies (n=24+3). 
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Statistical Analyses  

 

Instead of considering my experimental colonies as a separate treatment group, I 

chose one colony from each experimental site to be included with the managed bees. The 

experimental colonies chosen were based on sample dates closest to the mid-point of the 

study.  I analyzed the colony-level measurements of encapsulation and phenoloxidase 

activity for feral and managed bees with respect to urbanization measurements through 

ANCOVA regression (JMP Pro 11, SAS Institute, Cary NC). In ANCOVA models, the 

immune response was the dependent variable and colony type (feral vs. managed) was the 

discrete independent variable with a single urbanization covariate. Because I am 

investigating the effect of both urbanization and colony type, significant effects of the 

covariate and the interaction term are relevant (Kuehl, 2000; Anderson, 2012). Ring and 

hemocoel portions were not transformed while entire inserted portions were natural log 

transformed to normalize.  

For oxidative stress survival analyses, I created categorical variables to represent 

urbanization within colony type.  I subdivided the colonies of each colony type into the 

upper- and lower-halves of each urbanization measurement (i.e., those above the median 

UM-RH against those below the median UM-RH), and into the first and fourth quartiles of 

each urbanization measurement. For example, this allowed survival comparisons between 

highly urban managed bees and highly rural feral bees.  The resultant values for UM-RH for 

the median are <35.1°C and >35.1°C, while the quartiles are 29.7≤Q1≤32.7°C and 

37.1≥Q4≥35.8°C.  The resultant values for UM-IS for the median are <14.6 % >14.6 %, with 

quartiles of  I analyzed the oxidative stress survival curves through the Kaplan-Meier method 
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for the colonies with respect to urbanization level and colony type (feral or managed), for 

Paraquat and control injections (SAS® 9.4, SAS Institute, Cary NC).  I used a Bonferroni-

correction for the resulting chi-square analyses of the survival curves.  For all tests, I set 

statistical significance at the α=0.05 level. 

 

 

Results 

 

Encapsulation Response 

Regression analyses of ring encapsulation did not show any significant differences 

associated with colony type (feral vs. managed), urbanization measurements, or their 

interactions (Summarized in Table 1.1).  Colony type did not significantly influence ring 

encapsulation for either UM-IS (F1,25=2.48, p=0.13) or UM-RH (F1,25=2.33, p=0.14) 

covariates, though colony type did show a general trend with feral bees having higher 

encapsulation at the ring than managed bees (Figure 1.4a and b).  UM-IS also demonstrates a 

general trend, though not statistically significant, towards higher encapsulation at the ring 

with greater impervious surface (F1,25=3.02, p=0.10).  Managed bees have higher correlation 

values than feral bees for both UM-RH (Managed r2=0.17; Feral r2=0.06) and UM-IS models 

(Managed r2=0.19; Feral r2=0.07).  Conversely, while impervious surface and ambient 

temperature have a causal relationship via the urban heat island effect, the UM-RH covariate 

was not significantly associated with encapsulation at the ring (F1,25=0.11, p=0.74). There 

was no interaction between colony type and UM-RH (F1,25=2.47, p=0.13).   

Likewise, there were no significant differences between colony type, urbanization 

measurements, or their interactions for encapsulation of the hemocoel portion alone.  Urban 
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measurements showed no difference in encapsulation extent for either UM-IS (F1,25=0.38, 

p=0.54; Figure 1.4c) or UM-RH (F1,25=0.13, p=0.72; Figure 1.4d) covariates.  There were no 

significant differences found for colony type in either UM-IS (F1,25=1.83, p=0.19) or UM-RH 

models (F1,25=1.84, p=0.19).  Additionally, there were no interactions between colony type 

and urbanization measurements (UM-IS: F1,25=0.07, p=0.80; UM-RH: F1,25=0.65, p=0.43).   

 

Phenoloxidase Activity 

 Phenoloxidase activity was analyzed in two different ways.  The established approach 

is to measure the Vmax of the enzymatic reaction that forms dopachrome and to divide this 

value by the protein concentration in an attempt to account for hydration state (Vmax 

/[protein]).  I also considered Vmax alone, which may be more representative of the true 

values than Vmax /[protein] due to the very high levels of soluble protein from entire thorax 

extractions. Vmax values did not require transformation to meet assumptions of normality, 

while Vmax /[protein] values were natural-log transformed. 

 Neither colony type nor the interaction between colony type and urbanization 

measurements were significantly different for phenoloxidase activity as measure by Vmax 

/[protein] (Figure 1.5a and b; Table 1.2).  The UM-IS covariate likewise did not significantly 

effect phenoloxidase activity by Vmax /[protein] (r2=0.07, F1,16=1.49, p=0.24; Figure 1.5a).  In 

contrast, phenoloxidase activity by Vmax /[protein] decreased as UM-RH increased (r2=0.16, 

F1,16=7.27, p<0.05; Figure 1.5b).  While not statistically significant, the data also suggests 

possible interaction between colony type and UM-RH, with the phenoloxidase activity of 
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feral bees living at higher temperatures lower than that of managed bees living at higher 

temperatures (F1,16=3.15, p=0.10). 

 Results when phenol oxidase activity is measured by Vmax alone are similar to those 

from Vmax /[protein] (Figure 1.5c and d; Table 1.2).  Only the UM-RH covariate has a 

significant effect on phenoloxidase activity by Vmax, with increasing temperature resulting in 

lower activity (r2=0.12, F1,16=5.54, p<0.05; Figure 1.5d).  Also like Vmax /[protein], the 

interaction between colony type and UM-RH trends to feral bees’ phenoloxidase activity 

measured by Vmax being more negatively impacted than managed bees’, though not 

statistically significant (F1,16=3.23, p=0.10).  The UM-IS covariate and its interactions with 

colony type do not have a significant effect on phenoloxidase activity when measured by 

Vmax (Figure 1.5c). 

 

Oxidative Stress Survival 

   Survival was significantly lower for paraquat-injected bees compared to control-

injected bees (p<0.0001).  On average, >70% of control injection bees survived for the full 

96 hours compared to <10% of paraquat injected bees.  There was neither a significant 

difference between upper- and lower-halves of urbanization measurements (Figure 1.6a and 

b) nor between the first and fourth quartiles of urbanization measurements (Figure 1.6c and 

d).  Survival curves of paraquat-injected feral and managed bees differed significantly 

between colony type (χ2=16.5, p<0.0005; Figure 1.6e).  However, the curves appear to cross 

at multiple time points. Feral bees had higher survival than managed bees across most time 

points following control injections (χ2=14.9, p<0.001) (Figure 1.6e). 
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 For the UM-RH, no differences were found between the cooler and warmer 

temperatures within the same injection type (e.g., feral first quartile and feral fourth quartile; 

Figure 1.6f and g).  Considering the upper and lower halves of the UM-RH profiles, only two 

comparisons showed significant differences.  Paraquat-injected feral bees in warmer areas 

initially had higher survival rates than their managed counterparts, by 48 hours-post injection 

survival curves converge (χ2=18.9, p<0.0005; Figure 1.6f).  Control-injected feral bees from 

warmer areas are different from control-injected managed bees from cooler areas (χ2=16.1, 

p<0.005), with feral bees having higher or similar survival close to the injection time or 

experiment termination, though lower survival in the middle time ranges.  UM-RH quartile 

comparisons had significant interactions with colony type.  For control injections, managed 

bees had higher survival than their feral counterparts at each quartile (Q1: χ2=31.7, p<0.0001; 

Q4: χ2=30.9, p<0.0001; Figure 1.6g).  Control-injected managed bees from cooler areas also 

clearly had higher survival rates than control-injected feral bees from warmer areas 

(χ2:40.0815, p<0.0001).  Control-injected feral bees from cooler areas initially have lower 

survival rates than control-injected managed bees from warmer areas, though at 48 hours-

post injection this switches with the feral bees having higher survival (χ2=23.8, p<0.0001).  

Paraquat-injected managed bees from warmer areas had higher survival than feral paraquat-

injected bee at either temperature (Q1: χ2=16.9, p<0.005; Q4: χ2=19.3, p<0.0005). 

 UM-IS had significant interactive effects with colony type.  Both control-injected 

feral bees and paraquat-injected managed bees had higher survival rates for lower UM-IS 

values (Feral: χ2=29.6, p<0.0001; Managed: χ2=13.5, p<0.01; Figure 1.6h), although this 

trend did not occur for paraquat-injected feral bees or control-injected managed bees.  
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Control-injected feral bees in higher UM-IS values also had lower survival rates than control-

injected managed bees in lower UM-IS values (χ2=27.4, p<0.0001).  However, there is a 

complex relationship control-injected managed bees and feral bees in higher UM-IS values 

(χ2=34.0, p<0.0001).  Paraquat-injected feral bees at both low and high UM-IS values 

initially have higher survival rates than paraquat-injected managed bees in high UM-IS 

values (Low UM-IS: χ2=12.3, p<0.05; High UM-IS: χ2=37.1419, p<.0001), though all curves 

tend to converge close to the termination point.  The first and fourth quartiles of UM-IS only 

showed differences between control-injections of different colony type and UM-IS 

combinations.  These differences are the same as seen for the UM-RH quartiles for control-

injections.  Managed bees had higher survival than their feral counterparts at each quartile 

(Q1: χ2=24.2, p<0.0001; Q4: χ2=30.5, p<0.0001; Figure 1.6i).  Managed bees in lower UM-

IS had higher survival rates than feral bees in higher UM-IS (χ2=42.1, p<0.0001).  Feral bees 

in lower UM-IS initially had lower survival rates than managed bees in higher UM-IS, but 

this switches after 36 hours-post injection with the feral bees having higher survival (χ2=15.8, 

p<0.005). 

 

Discussion 

 With honey bee populations in the United States and Europe on the decline, with 

pathogens linked as important factors (Cornman et al., 2012), highlighting the importance of 

better understanding the conditions that can alter the immune systems of honey bees.  In this 

study, I measured the immunocompetence and survival to oxidative stress of honey bees in 

areas with different levels of urbanization.  I characterized urbanization through 
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measurements of the average relative heat and impervious surface that bees may experience 

within their foraging range.  Individually, each urbanization measurement may represent 

specific biological realities that the bees must face (e.g., heat: water stress, increased 

metabolic rates; impervious surface: habitat fragmentation, vegetation loss), but significant 

effects for each measurement could also point towards general urbanization factors (e.g., 

aerial particulate matter, pollutants). I have found that phenoloxidase activity was negatively 

affected in areas with higher temperatures but not by increasing impervious surface coverage, 

while encapsulation was not related to either urbanization measurement. Effects on oxidative 

stress between urbanization and colony type are less straightforward, but do not appear to 

increase with urbanization.  

 

Encapsulation Response 

Based on the methods I used, no measurement of encapsulation showed significant 

differences associated with colony type, urbanization measurement, or their interactions.  

Therefore, the results do not support my hypotheses that more urbanized areas have weaker 

immune responses, that feral bees have stronger immunocompetence than managed bees, or 

that managed bees are more impacted by urbanization than feral bees.  It is possible that the 

difference between clotting and encapsulation would invalidate the ring portion as a measure 

of encapsulation (Piñera et al., 2013).  However, considering that most of the visible greyness 

comes from melanization, that the melanized tissue directly connected to the wound 

frequently was broken off during probe removal (personal observation), that honey bees have 

fewer genes devoted to innate immune responses (Evans et al., 2006), and that honey bees 
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use the same phenoloxidase for all melanization events (Evans et al., 2006), I believe that 

these measurements should be considered as viable analogues for encapsulation (Theopold et 

al., 2004; 2014). Even if this assertion is incorrect, the most important immune component 

remains the barriers (e.g., skin or cuticle) that separate vital organs and tissues from 

pathogens, so that coagulation and wound healing capability should be considered as 

important measures of immunocompetene (Parker et al., 2012).  A likely source of the 

variation between ring and hemocoel portion measurements comes from the large areas of 

little or no encapsulation (see Figure 1.3).  Some probes displayed little or no encapsulation 

on the hemocoel portion, with the only reaction at the ring portion.  Though this could be a 

genuine reflection of the encapsulation response, it is more likely that these blank sections 

were surrounded by tissues that blocked exposure hemolymph.  Taking cross-sections of 

probes in situ may be necessary to determine the cause for these blank regions.  Ring 

measurements suggest trends with higher encapsulation rates for feral bees compared to 

managed bees, though with higher correlation values for managed bees and both urbanization 

measurements.  Measurements of the hemocoel portion do not support this, however.  The 

larger correlation values with both urbanization measurements seen in managed bees may 

offer slight support to my hypothesis that managed bees would be impacted by urbanization 

to a greater degree than feral bees, but this was not statistically significant. To determine 

whether observed trends are circumstantial or reflect biological realities, smaller probes fully 

inserted in to the hemocoel would be required, as would the sacrifice of all tested bees and 

thus reduced ability for additional immunological assays performed on the same individuals. 
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Phenoloxidase Activity 

It remains unclear whether Vmax /[protein] or Vmax alone best represent phenoloxidase 

activity for my methodology, both measurements show that increasing relative temperature 

across a 3 km radius surrounding the bee hives, but not increasing impervious surface cover, 

causes a decrease in phenol oxidase activity.  While the relative temperature results support 

my hypothesis, the lack of support from imperious surface measurements suggests that 

increased temperature itself may be related to the decrease in phenoloxidase activity rather 

than the broad concept of urbanization.  Poikilotherms obtain much of their heat from the 

external environment, so that their metabolic processes are generally quickened in higher 

temperatures.  However, there are myriad processes and tradeoffs that can occur within 

individuals.  Other studies have found that increasing temperature can cause both increases 

(Adamo and Lovett, 2011; Franke and Fischer, 2013) and decreases (Karl et al., 2011) in 

phenoloxidase activity in insects.  Additionally, Suwanchaichinda and Paskewitz (1998) 

showed that Anopheles gambiae adults had lowered encapsulation rates with increasing 

temperatures.  Mosquitoes form melanotic capsules against large pathogens, meaning that the 

encapsulation occurs solely from melanin production rather than layered hemocytes that 

melanize (Christensen et al., 2005), and thus variation is likely linked to phenoloxidase 

pathway (Suwanchaichinda and Paskewitz, 1998). It is also worth noting that Karl et al. 

(2011) found decreased phenoloxidase activity in nutritionally deprived Bicyclus anynana 

larvae, while those well provisioned had increased phenoloxidase activity with temperature 

(Franke and Fischer, 2013). Considering this potential interaction between phenoloxidase 
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activity, temperature, and poor diet, the distinction between heat measurements as a 

reflection of urbanization and as simply an increase in heat becomes even more important.  

Increasing impervious surface decreases vegetation abundance (decreased nutrition), but 

could also increase diversity of floral resources (increased nutrition) since urban and 

suburban yards can have more plant species than some natural areas (Kareiva et al., 2007; 

Chocholoušková and Pyšek, 2003).  Increasing impervious surface also contributes to 

increased temperatures, though several other factors associated with urbanization also cause 

the higher temperature trend.  Had phenoloxidase activity significantly changed with 

impervious surface as well as relative temperature, it may have suggested that the 

interactions between nutrition and heat seen in previous studies also occurred in these honey 

bees.  Instead, the decrease in phenoloxidase activity has no association with increasing 

impervious surface.  This suggests that the impacts on phenoloxidase activity are specifically 

temperature related, regardless of available nutrition.  Though alterations of the biochemical 

pathways to cause this reduction are certainly possible, colony-level impacts of temperature 

could also provide the reason for decreased activity.  To maintain the colony at brood 

temperature, foraging bees can actively collect water from the environment for use in 

evaporative cooling within the colony or fan the colony with their wings (Kühnholz and 

Seeley, 1997).  Water within urban settings can contain environmental contaminants and 

pollutants (Paul and Meyer, 2001) that may negatively impact the immune system 

(Dubovskiy et al., 2011).  Though several of these contaminates can, at low levels, actually 

increase phenoloxidase activity, higher levels lead to reduction in activity (Nappi and 

Christensen, 2005; Christensen et al., 2005; Dubovskiy et al., 2011; Pölkki et al., 2012).  If 
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cooling the hive by fanning was often necessary, the energy expenditures could 

hypothetically leave workers nutritionally deficient, and generate the same heat-nutrition-

phenoloxidase complex in spite of impervious surface’s absence of effect. 

  

Oxidative Stress Survival 

It is important to realize how paraquat could result in increased death.  Paraquat 

induces oxidative stress by the production of superoxide (Bus et al., 1974). Superoxide 

dimutases protect against damage by superoxide, while many of the other antioxidant 

enzymes act on the hydogyn peroxide biproducts (Corona and Robinson, 2006).  If we 

assume that all bees of the same caste are equally susceptable to a certain level of oxidative 

stress, then faster death due to paraquat injections would suggest that those bees already had 

an oxidative stress burden, either in terms of depleated antioxidant factors, higher levels of 

reactive oxygen species, or general damage that had already been incurred.  However, it is 

also possible that those individuals who are more often exposed to oxidative stress have 

generated a higher tolerance, either by selection, by having a primed system that results in 

faster antioxidant enzyme production, or that higher levels of antioxidant enzymes are 

already present at the time of injection. Resistance confired by low levels of exposure to 

stress, refered to as hormesis, has been found to occur within several species in association 

with urbanization factors, predominately metal ion exposure (Perez and Noriega, 2014).  

There is some evidence within urban bird populations that pre-adaptaion to urban settings 

through higher antioxidant levels is responsible for their success over rural populations 

(Møller et al., 2010). Because feral bees actively select their nest site, while managed bees 
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are forced into their environment, this may indicate that urban areas as more favorable to 

feral bees compared to managed bees, even if the overall effect was negative.  My results, 

however, show that when differences are present, it is to towards higher survival of managed 

bees, and is based on control injections rather than oxidative stess-inducing paraquat 

injections. Practicality prevented me from having access to larger urban areas to conduct 

analyses.  I considered 3 km radii for my urbanization measurements, because I cannot know 

where any individual bee may have flown in her range or to what she may have been 

exposed.  If a colony was placed in the middle of downtown Raleigh, a 3 km radius from the 

colony would incorporate the entirety of the urban core, as well as several highly vegetative 

urban neighborhoods to result in UM-IS values of ~30%.  Other studies report that the urban 

core has more than 50% UM-IS, ranging up towards 80%, while 20% represents the edge of 

urbanization (McKinney, 2002).  Though my colonies have a range of 24.7% impervious 

surface, this remains quite small compared to conditions that could be found in other parts of 

the world.  However, there is also a trade-off between having access to large urbanized areas 

and access to areas suitably rural yet not agricultural.  Regardless, expansion of the research 

into larger urban environments would be beneficial for advancing this line of inquiry. 

Like other aspects of this study, oxidative stress tests are foundational work rather 

than truly descriptive.  In many cases, statistical tests indicated a significant difference 

between two survival curves, yet examination of the curves revealed an interweaving pattern 

without one treatment group having higher survivorship than the other.  In these cases, we 

cannot draw any consistently strong conclusions about the effect of oxidative stress and 

suggest that, while the results may be statistically different, there is no clear biological 
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meaning behind these differences. Even when these interweaving results are discarded, 

testing the oxidative stress susceptibility of honey bees proved to provide disperate and 

confusing results.  Chief among these was the effect of control injections on survival, and the 

lack of correspondence seen within the paraquat injections.  Although no test of urbanization 

without consideration of colony type revealed significant effects, a comparison of the upper 

and lower halves of UM-IS scores for control injections did produce a nearly significant 

effect with lower UM-IS having higher survival.  Within a given colony type, lower UM-IS 

feral bees have significantly higher survival than higher UM-IS feral bees, though managed 

bees did not have any difference for control injections.  Curiously, managed bees showed 

decreased survival with the higher UM-IS group injected with paraquat. 

When comparing the first and fourth quartiles for UM-IS and UM-RH, both 

measurements show control-injected managed bees have higher survival than control-

injected feral bees of the same quartile.  This result is rather surprising, considering that 

when only colony type is considered, control-injected feral bees appear to have higher 

survival.  A partial explaination may be tied into the survival curves comparing upper and 

lower halves of urbanization measurements.  When interweaving curves are considered to be 

the same, there are no significant differences between feral and managed bees.  It is therefore 

possible that while the extremes of urbanization show superior survival for managed bees, 

the middle ranges even out these differences and potentially are better for feral bees (or are 

particularly detrimental for managed bees). 

These results seems to suggest that there is something about the general condition of 

feral bees in more urbanized areas, partiuclarly those with higher impervious surface areas, 
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that cause them to die at a faster rate that is at least partially mitigated by management 

practices.  Though a saline injection alone can produce an immune response, which itself can 

produce toxic compounds that enhance the oxidative stress of insects (Nappi and 

Christensen, 2005), the effect should only be enhanced by paraquat injection, but it instead 

disappeared.  The lack of a difference for paraquat injections may be due to an inability to 

properly account for effects specifically because of the large effect seen in the control 

injections.  However, if higher impervious surface coverage causes faster death for control 

injections, but no difference in paraquat injections, the possibility emerges that high 

impervious surface may actually decrease death due to oxidative stress induction.  It is 

possible that the general lack of significant differences seen among paraquat groups, yet 

frequent significant differences within control injection groups, may indicate that the high 

level of oxidative stress and resultant morbidity caused by the paraquat concentration I used 

was too great to allow differences based on urbanization or management practice to be seen.  

If the effects of management practice or urbanization on oxidative stress survival are 

relatively small, then the comparably low levels of oxidative stress that would be associated 

with injury and immune response may actually be the better indicator of oxidative stress.  An 

examination of antioxidant production across the treatment groups would add further clarity 

as to the reason behind paraquat-associated losses, and potentially provide an explaination 

behind the control-injection losses as well. 

  

 Higher protein concentrations in the larval diet have been shown to have a positive 

effect on adult bee survival (Li et al., 2014).  This was likely due to the fact that bees feed a 
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higher protein diet had enhanced expression of antioxidant enzymes, suggesting that a 

protein rich diet can have direct impacts on a bee’s ability to cope with oxidative stress.  

While Li et al.’s study focused on an artificially created protein suppliment, the higher 

diveristy of plants (and thus presumably pollen) within an urban setting (Roulson and Cane, 

2000) may provide urban bees with higher levels of protein content and offer protection 

against pollutent-associated oxidative stress. However, increasing impervious surface may 

also result in a decrease in flower abundance, which may force honey bees to fly longer 

distances in order to locate floral resources.  Given that a large source of oxidative stress in 

foraging bees comes from flight muscles (Williams et al., 2008), it is therefore possible that 

increasing impervious surface forces higher levels of oxidative stress.  For the feral bees with 

lower survival in first quartile heat areas, a higher devotion of resources towards keeping the 

colony at the appropriate temperature could decrease resources available for antioxidant 

enzyme production, while the lower metabolic rate from a cooler area could reduced their 

ability to rapidly defend against paraquat challenge.  However, neither of these conditions 

would adequately explain the differences seen between colony type.  Lowe et al. (2011) have 

suggested that living within a hive, regardless of origin (commercial or feral), are less 

stressed than those living in natural caveties.  Though the positive assocation with the hive-

living and immune function is not supported by my work, if the more general stress concept 

is correct, this could offer some explaination for the difference in feral and managed bees 

from first quartile heat areas, though the physiological mechanism remains unexplained. 

Information on urban floral resources and other aspects or urban bee life histories 

would be beneficial in interpreting my results.  Pollen is a major nutrient source in honey bee 
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diets (Roulston and Cane, 2000), and thus would be expected to be vital in mounting an 

effective immune response.  The enhanced floral diversity that can be found in urbanized 

settings should allow for pollen consumption of many different nutrient profiles (Roulston 

and Cane, 2000).  Though one study suggests that polyfloral pollen does not benefit the 

immunocompetence over monofloral pollen, the lack of immunological induction beyond a 

needle prick still leaves room for immunological variation (Alaux et al., 2010).  Plants also 

take up pollutants from the soil and air and incorporate them into the pollen (Hladun et al. 

2013; Guedes et al., 2009; Majd et al., 2004), and have their own physiology negatively 

impacted by pollutants (Duro et al., 2013; Villarini et al., 2009; Guedes et al., 2009), which 

could result in increased toxins or decreased nutrition for honey bees.  Honey bees have been 

shown to persist in foraging on plants with potentially dangerous levels of selenium 

contamination in the pollen (Hladun et al., 2013), suggesting that polluted floral resources 

may be collected despite adverse effects that they could cause (Hladun et al., 2012).  Without 

knowledge of the complete physiological alterations urban pollen causes to immunological 

pathways, it is hypothetically possible that negative and positive aspects of urban pollen 

would cancel out each other’s impact on immunocompetence.  A proper examination of 

pollen for nutrition, contaminants, and diversity is a daunting but necessary task to better 

understand the mixed effects seen in my study. 

 The eusocial nature of honey bees has resulted in colony-level pathogen defenses as 

well as individual defenses.  Though the worker bees provision, defend, and care for the 

colony, their reproductive sterility means that there is less pressure on individual survival 

than colony survival.  Honey bees therefore employ antiseptic (propolis, GOX activity) and 
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hygienic (removal of infected brood) behaviors to maintain a sterile colony environment and 

reduce pathogen pressure and resource costs on all individuals (Simone-Finstrom and Spivak, 

2012).  Though I have shown that the individual immune system shows only mixed impacts 

from urbanization, the colony level responses remain unknown. It would also be of great 

interest to explore the relative effects of these same phenomenon across the social gradient of 

bees, since most species of bees are solitary and therefore are not buffered by mechanisms of 

social immunity. 

Urbanization is a major factor in global climate change, and honey bees are a model 

insect pollinator that can provide significant insights into the mechanisms by which those 

changes will be manifest. My results do not support the general hypothesis that changes 

associated with urbanization have a major impact on the immunocompetence of honey bees, 

though there were some effects of specific measurements (heat or impervious surface) on 

some of the immune and oxidative stress measurements.  These individual instances suggest 

that there may be cryptic effects of urbanization, where a complex interaction of positive and 

negative factors result in differences only apparent based on some urbanization 

measurements. In addition, there is no difference between managed and feral bees on 

immunocompetence, though managed bees may have higher resistance to stress at very high 

and very low levels of urbanization compared to their feral bee counterparts. The potential 

for cryptic effects, which may be more pronounced in a more heavily urbanized landscape, 

means that elucidating the effects that they have on pollinator health will be critical to 

identify and minimize any negative effects on their populations. 
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Measurement Type Colony Type UM-RH UM-IS 

Ring No Effect r2=0.1982; No Effect r2=0.2109; No Effect 

 Managed r2=0.1718; No Effect r2=0.1879; No Effect 

 Feral r2=0.0571; No Effect r2=0.068; No Effect 

    

Inserted Portion No Effect r2=0.1038; No Effect r2=0.0969; No Effect 

 Managed r2=0.0079; No Effect r2=0.0254; No Effect 

 Feral r2=0.1017; No Effect r2=0.011; No Effect 

Table 1.1    Encapsulation Regression Results.  “No Effect” indicates that there is not a 

statistical significance for that measurement.  Significant effects are bold, with either a “+” 

for a positive relationship or a “-” for a negative relationship.  “=” indicates that there may 

not be a relationship for a given Colony Type – Urbanization Measurement interaction.  
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Measurement Type Colony Type  UM-RH UM-IS 

Vmax No Effect  r2=0.3094; - Effect r2=0.1083; No Effect 

 Managed  r2=0.0233; No Effect r2=0.1512; No Effect 

 Feral  r2=0.7211; No Effect r2=0.0768; No Effect 

     

Vmax/[protein] No Effect  r2=0.3720; - Effect r2=0.1637; No Effect 

 Managed  r2=0.1475; No Effect r2=0.0048; No Effect 

 Feral  r2=0.4808; No Effect r2=0.2283; No Effect 

Table 1.2   Phenoloxidase Activity Regression Results.  “No Effect” indicates that there is 

not a statistical significance for that measurement.  Significant effects are bold, with either 

a “+” for a positive relationship or a “-” for a negative relationship.  “=” indicates that there 

may not be a relationship for a given Colony Type – Urbanization Measurement interaction.  
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Figure 1.1   Impervious surface coverage (UM-IS) over Raleigh, NC, and the surrounding area.  

Values determined from the 2006 US Geological Survey. 
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Figure 1.2   Relative temperature (UM-RH) over Raleigh, NC, and the surrounding area.  Values 

determined from readings on August 18th, 2007 (see Meineke et al., 2013 for methods). 
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Ring 

Hemocoel 
(Interior) 

Exterior 

Figure 1.3  The encapsulation around a pseudo parasite probe after four hours 

post-insertion.  Three primary regions are identified: exterior as the portion 

that remained outside of the hemocoel; ring as the junction point between the 

external and internal environments of the bee; interior as the portion fully 

within the hemocoel.  Encapsulation data was analyzed for the entire inserted 

portion (ring & interior), the interior alone, and the ring alone. 
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a. b. 

Figure 1.4   Regression plots for urbanization measurements and management practice encapsulation 

response. Solid lines indicate the presence of a significant effect, while dotted lines indicate that no effect 

was found between colony type, urbanization measurements, or their interaction. (a.) Encapsulation as 

measured by the ring alone and impervious surface score from 3 km radius around each colony, subdivided 

into feral (red) or managed (blue) colonies. (b.) Encapsulation as measured by the ring alone and relative 

average heat from a 3 km radius around each colony, subdivided into feral (red) or managed (blue) colonies. 

(c.) Encapsulation as measured by the hemocoel portion and impervious surface score from 3 km radius 

around each colony, subdivided into feral (red) or managed (blue) colonies. (d.) Encapsulation as measured 

by the hemocoel portion and relative average heat from a 3 km radius around each colony, subdivided into 

feral (red) or managed (blue) colonies.  
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d. 

Figure 1.5   Regression plots for urbanization measurements and colony type on phenoloxidase activity. 

Solid lines indicate the presence of a significant effect, while dotted lines indicate that no effect was found 

between colony type, urbanization measurements, or their interaction.  (a.) Phenol oxidase activity as 

measured by Vmax/[protein] and impervious surface score from 3 km radius around each colony, subdivided 

into feral (red) or managed (blue) colonies. (b.) Phenol oxidase activity as measure by Vmax/[protein] and 

relative average heat from a 3 km radius around each colony, subdivided into feral (red) or managed (blue) 

colonies. (c.) Phenol oxidase activity as measured by Vmax and impervious surface score from 3 km radius 

around each colony, subdivided into feral (red) or managed (blue) colonies. (d.) Phenol oxidase activity as 

measure by Vmax and relative average heat from a 3 km radius around each colony, subdivided into feral 

(red) or managed (blue) colonies.  Results indicate a significant decrease in phenoloxidase activity as 

relative average heat increases (p<0.05). 
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Figure 1.6   Survival curves (based on morbidity) for honey bees injected with saline (C.) or paraquat (P.) 

over a 96 hour period and the influence of urbanization measurements.   Colony type is indicated as either 

feral (F.) or managed (M.).  Urbanization measurements (UM) of relative temperature (RH) and impervious 

surface (IS) are grouped as quartiles and the upper and lower halves, based on the median measurement. 

Quartiles are indicated as either first (Q1) or fourth (Q4), while the halves are either lower (Lo) or upper 

(Up). For example, the survival of feral honey bees injected with paraquat from colonies within the first 

quartile of impervious surface coverage is “P.F.UM-ISQ1.”  (a.) Survival for all bees subdivided into the 

quartiles of the average relative heat in a 3 km radius surrounding the hive.  (b.) Survival for all bees 

subdivided into halves of the average relative heat in a 3 km radius surrounding the hive.  (c.)  Survival for 

all bees subdivided into the quartiles of the average impervious surface in a 3 km radius surrounding the 

hive.  (d.) Survival for all bees subdivided into halves of the average impervious surface in a 3 km radius 

surrounding the hive. (e.) Survival based on management practice.  (f.) Survival for bees subdivided into the 

quartiles of the average relative heat in a 3 km radius surrounding the hive based on management practice.  

(g.) Survival for all bees subdivided into halves of the average relative heat in a 3 km radius surrounding the 

hive based on management practice.  (h.)  Survival for all bees subdivided into the quartiles of the average 

impervious surface in a 3 km radius surrounding the hive based on management practice.  (i.) Survival for 

all bees subdivided into halves of the average impervious surface in a 3 km radius surrounding the hive 

based on management practice. 
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Pathogen Pressure and Antimicrobial Peptide Production of Managed and Feral 

Western Honey Bees (Apis mellifera Lineaus) Across an Urban Gradient  

 

Introduction 

Urbanization is a dramatic force of environmental change, converting natural 

landscapes into settings suited for human habitation and industry.  Among the more 

prominent changes found in more urbanized environments are increased impervious surface 

coverage (more buildings, roads, and pavement, but less soil) and increased ambient 

temperatures due to the Urban Heat Island effect (Oke, 1982; Morse et al., 2003; Mallick et 

al., 2013).  The prevalence of certain pathogens has been found to increase with urbanization 

in humans (Patel and Burke, 2009), birds (Giraudeau et al., 2014), dogs (Acosta-Jamett et al., 

2011), and bumble bees (Goulson et al., 2012).  Urbanization can impair the immune system 

and cause stress which may contribute to these increase (Borowsak and Pyza, 2011; 

Giraudeau et al., 2014). It is also suspected that high population densities of afflicted animals 

cause greater interaction between healthy and infected individuals, or more contact with 

contaminated materials (Giraudeau et al., 2014).  These higher densities result from less 

habitat due to urbanization and habitat fragmentation, concentrating members of any species 

into relatively fewer areas. 

High-density communal living occurs naturally in many insect species including the 

European honey bee, Apis mellifera.  Honey bees live within colonies of up to 80,000 sisters.  

Older bees leave the colony to forage for nutrients, water, and resin, while virgin queens and 

drones leave the hive only to mate.  In addition, during times of resource scarcity, honey bee 
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foragers may invade other hives to rob stored honey.  Aside from these activities, though, 

honey bees do not generally contact members of other colonies.  However, low flowering 

plant abundance because of increased impervious surfaces may force bees from different 

colonies to come in to contact more often than would occur otherwise, and thus urbanization 

may provide greater opportunity for pathogens to spread from one colony to another. 

Recent honey bee die-offs have created concern for honey bee health, with new and 

emerging pathogens as a possible, if partial, explanation (van Engelsdorp et al., 2009).  There 

are some 18 known viruses for the European honey bee, depending on how one classifies 

certain suspected variants (Chen and Siede, 2007).  The advent of newer molecular 

techniques has enabled a more thorough investigation into viruses and other pathogens over 

the last 20 years, though treatments and preventions against viruses are still largely absent.  

Viruses have become a greater concern recently as infections with many viruses are linked to 

Varroa destructor, a parasitic mite that host-shifted from Apis ceranae to A. mellifera and has 

had strong negative impacts on colony survival (Chen et al., 2004; Bowen-Walker, 1999).  

Other than prevention of infection through transmission control and vector management, 

there are currently no means to manage viruses in bees.  Instead, management-based virus 

control relies on transmission reduction, often through beekeeping techniques such as brood 

frame removal, queen replacement, and vector control.   

The microsporidian Nosema apis is a diarrheic gut parasite that, if fatal, causes 

colony loss mostly during spring (Bailey, 1955).  Bees infected with N. apis defecate within 

the hive during winter months, and hive cleaning in early spring can inoculate healthy bees.  
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As the season progresses, infected bees defecate and die away from the colony, reducing the 

prevalence of infected bees within the colony.  Over the last few decades, Nosema ceranae, a 

pathogen of A. ceranae, host-shifted to A. mellifera and appears to have largely supplanted N. 

apis (Klee et al., 2007; Chen and Huang, 2010).  The pathogenicity of N. ceranae compared 

to N. apis is currently unclear, and while some studies indicate that the disease is sustained 

throughout the year (Martín-Hernández et al., 2007), others suggest a pattern of seasonality 

similar N. apis (Gisder et al., 2010).  Interestingly, there is some evidence that N. apis  may 

be heat sensitive and raising hive temperature can reduce or eradicate infections (Manning et 

al., 2007), while N. ceranae are more heat-tolerant (Martín-Hernánez et al., 2009) yet may 

have impaired germination in sustained cold temperatures (Gisder et al., 2010).  The 

commonly used spore-counting method for Nosema quantification is largely incapable of 

distinguishing between these two species of Nosema, so that PCR techniques are required for 

species identification and quantification.   

Feral honey bees are those that survive in the environment without human 

intervention, but these populations were nearly obliterated with widespread infestation of the 

Varroa mite (Kraus and Page, 1995).  Surprisingly little work has been done on the diseases 

present within feral populations.  Feral colonies are difficult to locate and study, and 

sophisticated techniques used to distinguish between many otherwise cryptic pathogens were 

only developed after the Varroa mite severely decreased feral honey bee population.  

However, research that focused on N. apis suggests that feral bees have lower intensity 

infections than managed bees (Gilliam and Taber, 1991; Manning et al., 2007). Feral bees 
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cannot take manipulative steps to control virus transmission to the extent performed by 

beekeepers.  Differences in infection rates between feral and managed bees may instead be 

due to more active immune systems, greater hygienic behavior to remove diseased 

individuals and vectors, or greater resistance to virus pathogenicity (effectively decreasing 

virulence) in the former.  It is also possible that, although honey bees are able to persist in a 

feral state, their colonies are largely unhealthy and serve as reservoirs to the pathogens that 

infect managed bees.  A better understanding of the disease ecology of feral bees in the face 

of new and emerging diseases could prove important to beekeeping operations and the vital 

pollination services they provide. 

Antimicrobial peptides (AMPs) are products of the major immune pathways (the Toll 

pathway and the imd pathway) in response to infection.  The specific mode of antimicrobial 

action is dependent on the peptide, but they ultimately operate through disruption of the 

pathogen’s phospholipid bilayers (Ganz, 2003; Yeaman and Yount, 2003).  AMPs may be 

involved in removing microbes resistant to other immune responses (e.g., phagocytosis, 

encapsulation) (Haine et al., 2008).  Lower production of AMPs could then result in more 

persistent infections, as surviving resistant pathogens are able to reproduce more before 

being controlled.  As peptides, AMPs rely on a supply of the 10 essential amino acids in 

honey bees, which are obtained predominately through pollen sources (Winston, 1987).  

Diverse floral resources, as occur within urban environments (Roulston and Cane, 2000), can 

facilitate easier access to the essential amino acids, and therefore may allow for increased 

AMP production (Di Pasquale et al., 2013). 
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The objective of this study was to examine the effect of urbanization and colony type 

(feral or managed) on the intensity and prevalence of major honey bee pathogens, and on 

bees’ production of defensive antimicrobial peptides. In terms of urbanization, I 

hypothesized: 1) That viruses increase in prevalence with urbanization due to the fewer and 

thus presumably more densely populated foraging locations within cities, which would likely 

result in greater interaction between bees of different colonies to enable horizontal 

transmission through direct contact or Varroa parasitism, 2) That infection with N. apis and 

N. ceranae will decrease as a function of the Urban Heat Island, exposing the pathogens to 

higher temperatures that may decrease their pathogenicity but that N. ceranae may be less 

affected than N. apis because the increased temperatures will also reduce the cold-stress on 

N. ceranae, and 3) That increased nutrition from urban area’s greater plant diversity will 

increase the transcription of AMPs.  I predicted that feral colonies will show both greater 

viral prevalence and higher viral intensities for each virus tested compared to managed 

colonies.  However, I also predicted that immunologically challenged feral bees will produce 

more AMPs in response to infections, reflecting the selection of strong immune systems in 

absence of management-based control methods. 

 

Methods 

Honey Bee Collection and Preparation 

I collected foraging honey bees as they returned to their colonies from both feral and 

managed colonies from a 50 mile radius surrounding Raleigh, NC.  I obtained managed bees 
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from beekeepers that volunteered to have their hives sampled, as well as three hives that I 

purposefully maintained in specific habitats during the summer.  These habitats were meant 

to best represent rural, suburban, and urban landscapes, with one hive from each.  Feral 

colony locations were provided by local beekeepers and the citizen scientist website Save the 

Hives© (2013; www.SaveTheHives.com).   

I tested 10-20 bees from each colony by inserting into their abdomens a 3 mm nylon 

probe that had been dipped in a lipopolysaccharide (LPS) solution to induce an immune 

response.  I removed the probe after 4.0 hours, but kept the bees in incubation for an 

additional ~20 hours to allow antimicrobial protein (AMP) production.  After 24 hours had 

passed from probe insertion, I stored the bees at -80°C. 

 

RNA Extraction 

I used a modified version of the TRIzol® manufacturer’s protocol to extract RNA 

from the pooled worker abdomens for each colony.  Colony groups were comprised of 9 or 

10 individual honey bee that had survived 24 hours post-probe insertion (see Chapter 1).  I 

chose this range to ensure a maximum number of sampled colonies could be represented, as 

survivorship beyond 10 treated bees was less common.  I removed the bee abdomens from -

80°C storage, placed them into clean sandwich bags, and kept them on ice.  To each bag, I 

added 1 mL of TRIzol® reagent (Life Technologies, Grand Island, NY) and ground the 

abdomens with a rolling pin.  I extracted 250 µL of the resultant mixture and added it to 750 

http://www.savethehives.com/


 

56 

µL of pure TRIzol® reagent in a 1.5 mL microcentrifuge tube.  After a five minute room 

temperature incubation period, I added 200 µL of chloroform to each tube, mixed, and 

incubated for an additional five minutes.  I centrifuged the samples at 16,260 g for 15 

minutes at 4°C (Eppendorf Centrifuge 5804 R, 15 amp version).  I transferred the supernatant 

(~250 µL) to a new microcentrifuge tube containing 500 µL of isopropanol and incubated 

samples at room temperature for 10 minutes.  I then centrifuged the samples at 16,260 g for 

10 minutes at 4°C, then discarded the supernatant.  I added 500 µL of 75% ethanol to the 

pellet, vortexed the tube for 15 seconds, and centrifuged again at 6352 g for five minutes at 

4°C.  Following centrifugation, I poured off the supernatant and repeated with a second 

ethanol wash to improve sample purity.  I poured out the second ethanol wash and air dried 

the pellets for 15 minutes.  I then added 60 µL of RNAse/DNAse-free water (Sigma W4502) 

to each tube and incubated samples in a 55°C water bath for 10 minutes.  After incubation, 

samples were moved to -80°C storage until RNA quantification and cDNA preparation. 

 

RNA Quantification and cDNA Preparation 

I removed extracted RNA from -80°C storage and thawed samples on ice. I quantified 

the nucleic acid content of each sample with a NanoDrop spectrophotometer and software 

(ND-1000 v3.8.1, Thermo Scientific).  I tested readings of 1 µL samples for 260/280 ratios 

above 1.5, 260/230 ratios above 1.5 and nucleic acid readings >200 ng/µL. I prepared 

dilutions of each viable sample to 200 ng/µL of 50µL RNAse/DNAse-free water. 
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For cDNA synthesis, I prepared a master mix of 0.85 µL DNAseI (2 U/µL, New 

England Biolabs, #M0303S), 0.34µL RNAseOUTTM (Invitrogen, 10777-019), 0.34µL dNTP 

mixture (100mM), 0.94µL DNAse I buffer (10X New England Biolabs, #B0303S), and 

0.43µL random primer set (7-mer 10mM, ), allocated to 200µL tubes in 2.9µL aliquots.  I 

then added 8µL of a colony’s diluted RNA to a tube, vortexed to mix, and incubated the 

samples in a thermal cycler (MultiGene, Labnet International, #TC9600-G).  Incubation 

settings were 37°C for 1 hour, 75°C for 10 minutes, cooled to 4°C (a potential holding point), 

then finally at 70°C for 10 minutes.  During the final incubation, I prepared a second master 

mix of 0.5µL Superscript® II Reverse Transcriptase (200 U/µL, Invitrogen), 1.5 µL 

Superscript® 1st strand buffer (5X, Invitrogen), and 2 µL of DTT (0.1 M, Invitrogen ).  

Following the final incubation step, I placed the samples on ice until cooled.  I then returned 

the samples to the thermal cycler for a new run of 42°C for 2 minutes, 42°C for 50 minutes, 

70°C for 15 minutes, and held at 4°C.  After 1 minute into the first 42°C step, I added 4 µL of 

the second master mix to each well as the program ran.  Once the program was complete, I 

added 60 µL of RNAse/DNAse-free water to each synthesized cDNA sample and stored them 

at -20°C. 

 

qRT-PCR Analyses 

For each well of a 96-well PCR plate, I used 5 µL the commercial Power SYBR 

Green Master Mix (Applied Biosystems®) along with 1 µL of 10 µM forward and reverse 

primers (See Appendix B), 2 µL of RNAse/DNAse-free water and 1 µL of cDNA.  I ran each 
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sample in duplicate on the same plate, and included water blanks for control against primer-

dimer and contamination.  I initially heated the plates within a StepOne Plus (software v2.3, 

Applied Biosystems®) to 95°C for 10 minutes, cycled at 94°C for 20 seconds, 60°C for 30 

seconds, 72°C for 1 minute, and 78°C for 20 seconds (40x), then ended with 95°C for 15 

seconds, 60°C for 1 minute, and 95°C for 15 seconds.   I ran all virus assays together as a set 

with the reference gene, β-actin, while all immune proteins, Nosema species and P. larvae 

were ran in a second assay set also containing the same endogenous control. 

I manually selected thresholds to be within the geometric phase of the logarithmic 

amplification curve, while only changing baselines if I believed that the automatic setting 

was inappropriate, often due to amplification prior to the 15th cycle.  Positive expression is 

defined as qRT-PCR results that show amplification above the threshold for any given gene 

of interest (GOI), while also having a melting point temperature within 1.5°C of the mean 

melting point for the GOI.  For analyses, I calculated the ΔCt values by subtracting the 

average Ct value (point among the cycles where amplification first occurs) of the GOI 

between the replicates from the average Ct value of actin between the replicates.  The earlier 

amplification for the GOI begins (the lower the Ct and ΔCt value), the more copies of mRNA 

from the GOI are present.  Negative values indicate transcript numbers above the reference 

gene.  If one replicate showed successful amplification for a given GOI while the other 

replicate did not, I assumed that the sample was positive and based the ΔCt off the only 

positive reading.   
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Statistical Analyses 

To assess the disease ecology of the colonies, I considered two different types of tests: 

prevalence and pathogen intensity (or immune protein expression).  Prevalence is defined as 

the percent of colonies (via pooled workers) that demonstrate any positive expression of the 

GOI.  Pathogen intensity refers to the ΔCt values for colonies with positive expression.  The 

specific relationship between ΔCt values and number of infectious units (virions, Nosema 

spores, bacteria) cannot be known with the methods I used, so comparisons of ΔCt values are 

relative only.  As a hypothetical scenario, it is possible that comparison tests will show 

“Group A” to have higher pathogen intensities (lower ΔCt values) than “Group B,” but 

Group B to have higher prevalence than Group A.  This would mean that the pathogen is 

more widespread within Group B colonies, but Group A colonies have more individual 

disease agents, and are presumably sicker.  I used one-way chi-square tests to determine 

whether colony type (feral vs. managed bees) influenced the prevalence for any GOIs, with 

significance at the α=0.05 level (JMP Pro 11, SAS Institute, Cary, NC). 

I performed an ANCOVA to compare pathogen intensity and immune protein 

expression between colony type (feral and managed honey bees), with each urbanization 

measurement, impervious surface (UM-IS) and relative heat (UM-RH), as covariates in 

separate tests (JMP Pro 11, SAS Institute, Cary, NC).  Because I am interested in the effect of 

the covariate, and also the interaction between colony type and urbanization measurements, I 

report the F-statistics and P-values of the ANCOVA effects tests as direct indicators of 

significant effects, rather than as determinates for adjusting colony type tests.  Date was also 
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considered for inclusion in post hoc forward stepwise analyses. I calculated each 

urbanization measurement from GIS maps of impervious surface (U.S. Geological Survey, 

2011) and relative temperature (Meineke et al., 2013) in a 3 km radius surrounding each 

colony (see Chapter 1). 

 

Results 

Viruses 

Almost all colonies were found to have at least one of the seven viruses; only one 

managed colony did not show positive expression of any virus tested. No single virus was 

ubiquitous across all colonies tested, although DWV was the most prevalent with 92% of 

colonies having the virus (93% of Feral, 91% of Managed; Figure 2.1a).  IAPV and KBV 

were too uncommon for statistical comparisons (5 and 9 colonies, respectively).  Colony type 

did not have any significant effect on prevalence for any virus (Table 2.1). 

There were no overall trends for colony type or urbanization measurements 

associated with viral intensities, though some individual tests did have significant effects 

(Table 2.2).  Only viral intensities for ABPV varied significantly by colony type (F1, 22=4.52, 

P<0.05; Figure 2.1b), with feral colonies having a 6% lower ABPV intensity than managed 

colonies.  Colony type trended towards significance for ABPV intensities during regression 

analyses for both urbanization measurements (UM-IS: F1, 22=3.94, P=0.06; UM-RH: F1, 

20=3.90, P=0.06).  Intensity of any of the measured viruses was unaffected by UM-RH 

(p>0.11; Figure 2.2a-e).  Colony type (F1, 20=4.91, P<0.05) and the interaction between 
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colony type and UM-RH (F1, 20=5.79, P<0.05) were significant for CBPV intensity.  For 

CBPV, feral viral intensities have a lower overall virus intensity which increased with 

increasing heat, while managed viral intensities are higher than feral bees and decreased 

slightly with increasing heat (Figure 2.2c).   

There was no effect of UM-IS on virus intensity for any virus except BQCV (p>0.15; 

Figure 2.3a-e).  BQCV intensity increased with higher UM-IS (F1, 32=12.30, P<0.005; Figure 

2.3b), but was not affected by colony type (F1, 32=1.82, P=0.19) nor the interaction between 

UM-IS and colony type (F1, 32=2.95, P=0.10).  For those colonies infected with BQCV, virus 

intensity decreased in managed colonies during the course of the summer, though increased 

in feral colonies (F1, 32=6.74, P<0.05; Figure 2.4).  The stepwise analysis generated a refined 

model with UM-IS (F1, 32=10.88, P<0.005), date (F1, 32=0.53, P=0.47), colony type (F1, 

32=2.25, P=0.15), and an interaction between colony type and date (F1, 32=7.99, P<0.01).  

Intensity of no other pathogens was related to sampling date. 

 

Fungi and Bacteria 

All colonies were infected with Nosema ceranae, while only 36% of feral colonies 

(n=5) and 65% of managed colonies (n=16) were infected with Nosema apis (Figure 2.5a).  

The difference in prevalence of N. apis between colony type was not statistically significant 

(χ2=3.05 p=0.081). There were no significant differences in intensity between colony type for 

either N. ceranae (F1, 27=3.69 p=0.063) or N. apis (F1, 19=0.67 p=0.42; Figure 2.5b; Table 

2.3).  Urbanization measurements did not affect Nosema intensities (p>0.19; Figure 2.6), 
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although feral bees had significantly lower N. ceranae intensities than managed bees when 

considering UM-RH (F3, 37=5.19 p<0.05; Figure 2.6b).  

Only one feral colony and one measurement for an experimental colony suggested 

any infection with American Foulbrood, P. larvae. The experimental colony measurement 

was from the urban site at the end of August and was not the representative urban 

experimental colony for these analyses.  The feral colony was from a predominately rural 

location sampled in mid-August. 

 

Antimicrobial Peptides 

All colonies tested expressed production of all three antimicrobial peptides and 

prophenoloxidase (proPO).  Feral honey bees expressed higher levels of all three AMPs than 

managed bees, roughly a 2% increase, but levels of proPO expression were similar (Figure 

2.7).  No other antimicrobial peptides or proPO were influenced by urbanization 

measurements (Figure 2.8b-d; Figure 2.9b-d), though defensin-1 and hymenoptaecin retained 

their colony type effects.   

 

 

Discussion 

As natural landscapes are converted into urban settings, changes in the environment 

condition can alter vital ecosystem services by impacting the species responsible for 

providing those services.  Feral honey bees can pollinate gardens and wild flowers, and 

honey is collected from managed honey bees, making honey bee sustainability within urban 
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areas important both environmentally and economically.  Honey bees are threatened by 

agricultural practices and emerging pathogens (van Englesdorp et al., 2009), so an 

understanding of how urbanization affects the immune systems and pathogens of honey bees 

is vital. My results suggest that feral honey bees have higher levels of antimicrobial peptide 

production and lower intensity of certain pathogens than managed honey bees.  While there 

was not a general pattern for urbanization as having an effect on pathogen prevalence or 

intensity, BQCV increased with greater impervious surface (UM-IS).  Furthermore, an 

increase in the temperature throughout a colony’s foraging range resulted in an increase in 

CPBV intensity for feral bees, but no apparent change for managed bees.  

 

Viruses 

The relationship between CBPV, colony type, and UM-RH is interesting, but 

problematic. It is important to point out that the apparent greatest differences between the 

two regression lines are at the lower temperature ranges, where data for feral bees are 

estimated (Figure 2.2c).  Although colony type does have a statistically significant effect, the 

reliance on extrapolation should give pause to the validity of this outcome, and therefore the 

positive association between virus intensity and relative heat as well. The difference in 

colony type is only seen within the UM-RH model but not the UM-IS model, which may 

indicate that the difference is attributed directly to temperature rather than urbanization in 

general.  On the other hand, if these extrapolated results are correct, then increasing 

temperatures due to climate change could prove disastrous for the feral bees’ ability to 
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withstand CPBV infections.  Further investigation with intensive sampling of feral honey 

bees from cooler areas should be considered. 

ABPV intensity was significantly lower (6%) in feral honey bees than managed 

honey bees (Figure 2.2).  The trend towards significance for colony type found in the 

regression analyses for both urbanization measurements adds confidence that the lower 

intensity of ABPV found in feral honey bees is based on a fundamental condition of being 

feral bees rather than managed bees.  Though localized evolution of feral populations 

towards ABPV resistance is one possibility, many of the feral colonies that I sampled were 

within the flight range of managed colonies, so that genetic isolation of feral colonies cannot 

be assumed.  The parasitic mite Varroa destructor is known to vector ABPV and possibly 

increase the incidence and lethality of some viruses (Chen and Siede, 2007), knowledge of 

Varroa mite ecology within the study area among feral and managed populations could prove 

vital to understanding the results. Unfortunately, it was prohibitively impractical to monitor 

Varroa mites during this study.  On the other hand, ABPV can persist as an asymptomatic 

infection (Bailey et al., 1963), so that managed colonies may be able to tolerate a higher 

intensity before becoming symptomatic.  It does bear mentioning that the amplification 

graphs of the virus were atypically formed, with the negative control often showing some 

slight amplification towards the final cycles.  Because corrections to the problem were not 

readily available, I decided to include the results with the caveat that small effects or 

variations may be a result of inaccuracies of the PCR process.  Interestingly, Antúnez et al. 

(2012) had a similar problem with the ABPV despite having used different primer sequences.  

Whether there is a genuine difference between feral and managed bees therefore, cannot be 
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ascertained, but the statistical significance in the chi-square analysis and near significance in 

both regression analyses leads me to believe that feral bees do have lower intensity of ABPV 

than managed bees.  While higher levels of viral intensity should indicate sicker managed 

bees, this assumption has not been tested, but may provide a key to understanding the 

differences between feral and managed populations (e.g., feral bees resist infections or 

managed bees have higher tolerance to ABPV infections).     

BQCV regression analyses show a statistically significant increase in viral intensity 

with increasing impervious surface.  Interestingly, there was a divergence of intensity over 

time between colony type, with managed bees having a lower intensity over time while feral 

bees have a higher intensity over time.  The association with impervious surface, which 

should be the better predictor of decreased flower abundance, may indicate that the increase 

is attributed to contamination of floral resources.  The method of transfer for BQCV aside 

from vertical transmission is not clear, though the presence of virions within the gut and 

feces of queens suggests that food sources may contain contaminants (Chen et al., 2006).  If 

food contamination is indeed a significant method of transfer, then reductions in foraging 

locations would be expected to associate with rises in BQCV intensity.  The temporal 

component distinguishing between feral and managed populations is less clear, however, and 

warrants further investigation perhaps using more controlled inoculation techniques (e.g., 

Boncristiani et al., 2013). 
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Fungi 

The 100% prevalence of N. ceranae is an unusually high result.  A recent survey of 

managed colonies in Virginia, a geographically contiguous state, showed a prevalence of 

69.3% for N. ceranae, and only 2.7% for N. apis (Traver and Fell, 2011) while feral colonies 

have not recently been surveyed in the region to distinguish between Nosema species.  N. 

apis prevalence is likewise unexpectedly high, and the 100% prevalence of N. ceranae means 

that N. apis always occurred as a co-infection with N. ceranae.  N. apis did not show a 

difference in prevalence between colony type.  For intensity, there was no difference 

associated with colony type in either Nosema species.  Analyses for UM-RH, however, did 

indicate that feral honey bees have lower N. ceranae intensity than managed bees, which was 

not seen in the UM-IS analysis.  Though increasing UM-RH did not cause a decrease in 

Nosema intensity, the fact that the regression analyses highlighted a distinction between feral 

and managed bees is interesting.  A possible explanation for this disparity could be that, 

while managed bees in my study were always directly associated with human habitation, and 

thus very likely to have floral resources in close proximity to the colony, the feral bees did 

not have such clear associations and may have been forced to fly longer at high temperatures 

to collect adequate floral resources. Another possible factor between feral and managed 

colonies is that, by definition, the managed beehives are placed non-randomly in the 

landscape by beekeepers. Standard recommendations for apiary location is to place hives so 

they receive morning sun (to prompt earlier morning foraging) but afternoon shade (to 

promote evaporative cooling later in the day). Feral colonies are much more severely 

restricted in their hive locations, which is dictated almost entirely by the available natural 
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cavities in the environment and are likely not as buffered from the ranging temperatures 

throughout the day.  It is important to point out that there was no interaction between 

temperature and colony type, so while temperature seems to play a role in differences 

between feral and managed honey bee colonies, the nature of this role is unclear.   

 

Antimicrobial Peptides 

My results show that feral honey bees expressed higher levels of transcription than 

managed honey bees for all three antimicrobial peptides.  The increase for all three was ca. 

2%, as measured from the mean ΔCt values, although the biological relevance of this 

elevation in transcription is not known.  I have previously shown that colony type does not 

impact encapsulation or phenoloxidase activity (see Chapter 1), which suggests that initial 

microbe clearance is the same between colony types (though hemocyte phagocytic activity 

comparisons are not currently known).  I therefore conclude that the increased AMP 

expression is likely a true increase in response to microbe infections, and that feral honey bee 

colonies have a heightened immune response compared to those managed by beekeepers. 

It also bears mentioning that higher levels of transcription do not necessarily indicate a 

superior immune response.  Barring a negative feedback mechanism, greater production of 

AMPs may even suggest a decrease in AMP activity, whereby the continued pathogen 

presence would cause larger amounts of AMP synthesis.  An important remaining question 

then is how antimicrobial activity, the ability to kill microbes, is impacted by colony type. 

There are several potential reasons why feral honey bees may express higher levels of AMP 

production than managed bees.  1)  Selection Bias: by definition, these feral colonies are the 
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ones that have survived, and thus may have self-selected those with a genetic coding for a 

“hardier” immune system.  Because I only focused on colonies that had been established for 

a sufficient period of time, I may be selecting only the “survivors” that have increased 

immune responses because those with diminished immunity died and were therefore not 

sampled.  2) The managed colonies may have been spared the selective pressure for a more 

aggressive immune system, since their beekeepers’ interventions allow colonies with 

genetically weaker immune systems (i.e., lower AMP transcription) to survive.  It may be 

that the managed colonies have reduced AMP transcription than feral colonies, rather than 

feral colonies having increased levels.  3)  It is also possible that the higher viral intensities 

found in managed colonies could interfere with the production of AMPs (Thoetkiattikul et 

al., 2005), as could differential infection with Nosema (Antúnez et al., 2009). 

 

Both feral and managed bee colonies in and around Raleigh, NC carry a significant 

pathogen load. Urbanization does not generally affect pathogen prevalence or intensity, 

though BQCV did increase with impervious surface cover. There is no evidence to suggest 

that one population serves as the primary reservoir for pathogens.  However, feral honey bees 

produce higher levels of antimicrobial peptides than managed bees.  Immunocompetence 

does not appear to be uniformly degraded by urbanization.   
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Pathogen Group Pathogen Species ChiSquare P-Value 

Fungi    

 N. apis 3.05 0.08 

 N. ceranae N/A N/A 

    

Bacteria    

 P. larvae 1.67 0.19 

    

Virus    

 ABPV 0.04 0.84 

 BQCV 0.01 0.91 

 CBPV 0.52 0.47 

 DWV 0.03 0.87 

 IAPV 0.01 0.91 

 KBV 0.22 0.64 

 SBV 1.51 0.22 

Table 2.1   Pathogen Prevelance Comparisons Between Colony Type.  

ChiSquare values obtained through Pearson’s chi-square test.  Nosema ceranae 

showed 100% prevalence in both groups.  * indicates statistically different 

values at the α=0.05 level. 
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Measurement Type Colony Type UM-RH UM-IS 

ABPV No Effect r2=0.2874; No Effect r2=0.2702; No Effect 

 Managed r2=0.1079; No Effect r2=0.1222; No Effect 

 Feral r2=0.182; No Effect r2=0.0004; No Effect 

    

BQCV No Effect r2=0.1341; No Effect r2=0.3517; + Effect 

 Managed r2=0.1417; No Effect r2=0.1405; No Effect 

 Feral r2=0.0197; No Effect r2=0.4308; No Effect 

    

CBPV Managed Higher (UM-RH) r2=0.4273; No Effect r2=0.2853; No Effect 

 

Managed r2=0.1564; 

 - or = Effect r2=0.0673; No Effect 

 Feral r2=0.647; + Effect r2=0.3559; No Effect 

    

DWV No Effect r2=0.0291; No Effect r2=0.0337; No Effect 

 Managed r2=0.0041; No Effect r2=0.012; No Effect 

 Feral r2=0.0073; No Effect r2=0.033; No Effect 

    

SBV No Effect r2=0.2638; No Effect r2=0.2486; No Effect 

 Managed r2=0.2621; No Effect r2=0.3029; No Effect 

 Feral r2=0.2565; No Effect r2=0.0757; No Effect 

Table 2.2   Virus Intensity Regression Results.  “No Effect” indicates that there is not a statistical 

significance for that measurement.  Significant effects are bold, with either a “+” for a positive relationship 

or a “-” for a negative relationship.  “=” indicates that there may not be a relationship for a given Colony 

Type – Urbanization Measurement interaction.  
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Measurement Type Colony Type UM-RH UM-IS 

Nosema apis No Effect r2=0.0927; No Effect r2=0.0746; No Effect 

 Managed r2=0.0104; No Effect r2=0.0868; No Effect 

 Feral r2=0.1003; No Effect r2=0.0726; No Effect 

    

Nosema ceranae Managed Higher (UM-RH) r2=0.1771; No Effect r2=0.1392; No Effect 

 Managed r2=0.0796; No Effect r2=0.0719; No Effect 

 Feral r2=0.0445; No Effect r2=0.0039; No Effect 

Table 2.3   Fungal Intensity Regression Results.  “No Effect” indicates that there is not a statistical 

significance for that measurement.  Significant effects are bold, with either a “+” for a positive 

relationship or a “-” for a negative relationship.  “=” indicates that there may not be a relationship 

for a given Colony Type – Urbanization Measurement interaction.  
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Figure 2.1   Comparisons of prevalence and intensity of viruses between managed and 

feral honey bees. (a.) Prevalence measurements for each of seven tested viruses determined 

though QRT-PCR in both feral (n=14) and managed colonies (n=23).  (b.) Viral intensity 

comparisons between feral and managed colonies that have tested positive for the 

respective virus.  Measurements of viral intensity based on ΔCt values with respect to the 

reference gene, β-actin. ΔCt values have been converted so that higher values indicate 

greater viral intensities.  * indicates statistically different values at the α=0.05 level. 
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Figure 2.2   Regression analyses for relative heat’s (UM-RH) effect on viral load for feral (red) and 

managed bees (blue).  Viral load is measured as ΔCt values against the reference gene β-actin.  Smaller ΔCt 

values indicate larger viral loads.  IAPV and KBV were not included due to too few infected colonies.  Solid 

regression lines indicate a significant effect. 
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a. b. 

c. d. 

e. 

Figure 2.3   Regression analysis for impervious surface’s (UM-IS) effect on viral load for feral (red) and 

managed bees (blue).  Viral load is measured as ΔCt values against the reference gene β-actin.  Smaller ΔCt 

values indicate larger viral loads. IAPV and KBV were not included due to too few infected colonies.  Solid 

regression lines indicate a significant effect. 

  

10

20

30

40

50

0 10 20 30 40

A
d

ju
st

ed
 Δ

C
t 

V
a

lu
es

 

(M
a

x
 c

y
cl

es
 –

Δ
C

t)

UM-IS %

Acute Bee Paralysis Virus

Managed

Feral

0 10 20 30 40

UM-IS %

Black Queen Cell Virus

Managed
Feral

10

20

30

40

50

0 10 20 30 40

A
d

ju
st

ed
 Δ

C
t 

V
a

lu
es

 

(M
a

x
 c

y
cl

es
 –

Δ
C

t)

UM-IS %

Chronic Bee Paralysis Virus

Managed
Feral

0 10 20 30 40

UM-IS %

Deformed Wing Virus

Managed

Feral

10

20

30

40

50

0 10 20 30 40

A
d

ju
st

ed
 Δ

C
t 

V
a

lu
es

 

(M
a

x
 c

y
cl

es
 –

Δ
C

t)

UM-IS %

Sacbrood Virus

Managed
Feral



 

75 

 

  

Figure 2.4   Regression analyses for the change in expression of BQCV over 

time in feral (red) and managed bees (blue).  Expression is measured as ΔCt 

values against the reference gene β-actin.  Smaller ΔCt values indicate larger 

expression.  Solid regression lines indicate a significant effect.   
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Figure 2.5   Comparisons of prevalence and intensity of Nosema between managed 

and feral honey bees. (a.) Prevalence measurements for Nosema apis and Nosema 

ceranae determined though QRT-PCR in both feral (n=14) and managed colonies 

(n=23). (b.) Expression measurements for Nosema apis and Nosema ceranae 

determined though QRT-PCR in both feral (n=14) and managed colonies (n=37). 

Measurements of gene expression based on ΔCt values with respect to the reference 

gene, β-actin. ΔCt values have been converted so that higher values indicate greater 

pathogen intensities.  Neither species was significantly different between feral and 

managed colonies. 
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a. 

b. 

c. 

d. 

Figure 2.6   Regression analyses for relative heat’s (UM-RH) and impervious surface’s 

(UM-IS) effect on Nosema apis and Nosema ceranae intensities for feral (red) and managed 

bees (blue).  Expression is measured as ΔCt values against the reference gene β-actin.  

Smaller ΔCt values indicate larger expression.  Solid regression lines indicate a significant 

effect. 
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Figure 2.7   Expression measurements for each of three tested antimicrobial 

peptides and prophenoloxidase determined though QRT-PCR in both feral 

(n=14) and managed colonies (n=37). Measurements of gene expression 

based on ΔCt values with respect to the reference gene, β-actin. ΔCt values 

have been converted so that higher values indicate greater viral loads.           

* indicates significance at the α=0.05 level. 
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c. 

Figure 2.8   Regression analyses for relative heat’s (UM-RH) effect on 

antimicrobial peptide and prophenoloxidase expression for feral (red) and 

managed bees (blue).  Expression is measured as ΔCt values against the 

reference gene β-actin.  Smaller ΔCt values indicate larger expression.  Solid 

regression lines indicate a significant effect. 
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a. 

b. 

c. 

Figure 2.9   Regression analyses for impervious surface’s (UM-IS) effect 

on antimicrobial peptide and prophenoloxidase expression for feral (red) 

and managed bees (blue).  Expression is measured as ΔCt values against the 

reference gene β-actin.  Smaller ΔCt values indicate larger expression.  

Solid regression lines indicate a significant effect. 
  

34

36

38

40

42

44

0 5 10 15 20 25 30 35

A
d

ju
st

ed
 Δ

C
t 

V
a

lu
es

 

(M
a

x
 c

y
cl

es
 –

Δ
C

t)

UM-IS %

Abaecin

Managed

Feral

34

36

38

40

42

44

0 5 10 15 20 25 30 35

A
d

ju
st

ed
 Δ

C
t 

V
a

lu
es

 

(M
a

x
 c

y
cl

es
 –

Δ
C

t)

UM-IS %

Defensin-1

Managed

Feral

34

36

38

40

42

44

0 5 10 15 20 25 30 35

A
d

ju
st

ed
 Δ

C
t 

V
a

lu
es

 

(M
a

x
 c

y
cl

es
 –

Δ
C

t)

UM-IS %

Hymenoptaecin

Managed

Feral



 

81 

REFERENCES 
 

Acosta-Jamett, G., W.S.K. Chalmers, A.A. Cunningham, S. Cleaveland, I.G. Handel, and 

D.B.deC. Bronsvoort (2011). Urban domestic dog populations as a source of canine 

distemper virus for wild carnivores in the Coquimbo region of Chile. Veterinary 

Microbiology, 152(3-4): 247-257. 

Antúnez, K., R. Martín-Hernández, L. Prieto, A. Meana, P. Zunino, M. Higes (2009). 

Immune suppression in the honey bee (Apis mellifera) following infection by Nosema 

ceranae (Microsporidia). Environmental Microbiology, 11(9): 2284-2290. 

Antúnez, K., M. Anido, E. Garrido-Bailón, C. Botías, P. Zunino, A. Martínez-Salvador, R. 

Martín-Hernández, M. Higes (2012). Low prevalence of honeybee viruses in Spain during 

2006 and 2007. Research in Veterinary Science, 93(3): 1441-1445. 

Bailey, L. (1955). The epidemiology and control of Nosema disease of the honey-bee. Annals 

of Applied Biology, 43(3): 379-389. 

Bailey, L., A.J. Gibbs, and R.D. Woods (1963). Two viruses from adult honey bees (Apis 

mellifera Linnaeus). Virology, 21: 390-395. 

Boncristiani, H. F., J.D. Evans, Y. Chen, J. Pettis, C. Murphy, D.L. Lopez, M. Simone-

Finstrom, M. Strand, D.R. Tarpy, and O. Rueppell. (2013). In Vitro Infection of Pupae with 

Israeli Acute Paralysis Virus Suggests Disturbance of Transcriptional Homeostasis in Honey 

Bees (Apis mellifera). PLoS ONE, 8(9): e73429. 

Borowska, J., and E. Pyza (2011). Effects of heavy metals on insect immunocompetent cells.  

Journal of Insect Physiology, 57: 760-770 

Bowen-Walker, P.L., S.J. Martin, and A. Gunn (1999). The transmission of deformed wing 

virus between honey bees (Apis mellifera L.) by the ectoparasitic mite Varroa jacobsoni 

Oud. Journal of Invertebrate Pathology, 73: 101-106 

Chen, Y.P., J.S. Pettis, J.D. Evans, M. Kramer, and M.F. Feldlaufer (2004). Molecular 

evidence for transmission of Kashmir bee virus in honey bee colonies by ectoparasitic mite, 

Varroa destructor. Apidologie, 35: 441-448 

Chen, Y.P., J.S. Pettis, A. Collins, and M.F. Feldlaufer (2006).  Prevalence and transmission 

of honeybee viruses.  Applied and Environmental Microbiology, 72(1): 606-611 

Chen, Y.P., and R. Siede. (2007). Honey bee viruses. Advances in Virus Research, 70: 33-80. 



 

82 

Chen, Y.P., and Z.Y. Huang (2010). Nosema ceranae, a newly identified pathogen of Apis 

mellifera in the USA and Asia. Apidologie, 41(3): 364-374. 

Di Pasquale, G., M. Salignon, Y. Le Conte, L.P. Belzunces, A. Decourtye, et al. (2013). 

Influence of Pollen Nutrition on Honey Bee Health: Do Pollen Quality and Diversity Matter? 

PLoS ONE, 8(8): e72016. 

Ganz, T. (2003). Defensins: antimicrobial peptides of innate immunity. Nature Reviews 

Immunology, 3: 710-720. 

Gilliam, M, and S. Taber III (1991). Diseases, pests, and normal microflora of honeybees, 

Apis mellifera, from feral colonies.  Journal of Invertebrate Pathology, 58: 286-289. 

Giraudeau, M., M. Mousel, S. Earl, K. McGraw (2014). Parasites in the city: degree of 

urbanization predicts poxvirus and coccidian infections in house finches (Haemorphous 

mexicanus).  PLoS ONE, 9(2): e86747. 

Gisder, S., K. Hedtke, N. Möckel, M. Frielitz, A. Linde, and E. Genersch (2010).  Five-year 

cohort study of Nosema spp. in Germany: does climate shape virulence and assertiveness of 

Nosema ceranae?  Applied and Environmental Microbiology, 76(9): 3032-3038. 

Goulson, D., P. Whitehorn, and M. Fowley (2012). Influence of urbanization on the 

prevalence of protozoan parasites of bumblebees. Ecological Entomology, 37(1): 83-89. 

Haine, E.R., Y. Moret, M.T. Siva-Jothy, and J. Rolff (2008).  Antimicrobial defense and 

persistent infection in insects. Science, 322(5905): 1257-1259. 

Klee, J., A.M. Besana, E. Genersch, S. Gisder, A. Nanetti, D.Q. Tam, T.X. Chinh, F. Puerta, 

J.M. Ruz, P. Kryger, D. Message, F. Hatjina, S. Korpela, I. Fries, R.J. Paxton (2007). 

Widespread dispersal of the microsporidian Nosema ceranae, an emergent pathogen of the 

western honey bee, Apis mellifera. Journal of Invertebrate Pathology, 96(1): 1-10. 

Kraus, B., and R. E. Page Jr (1995). Effect of Varroa jacobsoni (Mesostigmata: Varroidae) 

on feral Apis mellifera (Hymenoptera: Apidae) in California. Environmental Entomology, 

24: 1473–1480. 

Mallick, J., A. Rahman, and C.K. Singh (2013). Modeling urban heat islands in 

heterogeneous land surface and its correlation with impervious surface area by using night-

time ASTER satellite data in highly urbanizing city, Delhi-India. Advances in Space 

Research, 52(4): 639-655. 



 

83 

Manning, R., K. Lancaster, A. Rutkay, and L. Eaton (2007).  Survey of feral honey bee (Apis 

mellifera) colonies for Nosema apis in Western Australia. Australian Journal of 

Experimental Agriculture, 47: 883-886. 

Martín-Hernández, R., A. Meana, L. Prieto, A. Martínez-Salvador, E. Garrido-Bailón, and 

M. Higes (2007). Outcome of colonization of Apis mellifera by Nosema ceranae. Applied 

and Environmental Microbiology, 73(20): 6331-6338. 

Martín-Hernández, R., A. Meana, P. García-Palencia, P. Marín, C. Botías, E. Garrido-Bailón, 

L. Barrios, and M. Higes (2009). Effect of temperature on the biotic potential of honeybee 

microsporidia. Applied and Environmental Microbiology, 75(8): 2554-2557. 

Meineke, E.K., R.R. Dunn, J.O. Sexton, and S.D. Frank (2013). Urban warming drives insect 

pest abundance on street tress. PLoS ONE, 8(3): e59687. 

Moret, Y. and M.T. Siva-Jothy (2003). Adaptive innate immunity: responsive-mode 

prophylaxis in the mealworm beetle, Tenebrio molitor.  Proceedings of the Royal Society of 

London B, 270: 2475-2480.  

Morse, C.C., A.D. Huryn, and C. Cronan (2003). Impervious surface area as a predictor of 

the effects of urbanization on stream insect communities in Maine, U.S.A. Environmental 

Monitoring and Assessment, 89: 95-127. 

Oke, T.R. (1982). The energetic basis of the urban heat island. Quart. J. R. Met. Soc. 108: 1-

24. 

Patel, R.B., and T.H. Burke (2009). Urbanization-an emerging humanitarian disaster. New 

England Journal of Medicine, 361: 741-743. 

Pham, L.N., M.S. Dionne, M. Shirasu-Hiza, D.S. Schneider (2007). A specific primed 

immune response in Drosophila is dependent on phagocytes.  PLoS Pathology, 3(3): e26. 

Roulston, T.H., and J.H. Cane (2000). Pollen nutritional content and digestibility for animals. 

Plant Systematics and Evolution, 222(1-4): 187-209. 

Royce, L.A., B.A. Stringer, C. Kitprasert, D.M. Burgett, and P.A. Rossignol (1993). 

Infestation of tracheal mites (Acari: Tarsonemidae) in feral and managed colonies of honey 

bees (Hymenoptera: Apidae). Journal of Economic Entomology, 86(3): 712-714. 

Thoetkiattikul, H., M.H. Beck, and M.R. Strand (2005). Inhibitor kappa B-like proteins from 

a polydnavirus inhibit NF-kappa B activation and suppress the insect immune response. 

PNAS, 102(32): 11426-11431. 



 

84 

Traver, B.E. and R.D. Fell (2011).  Prevalence and infection intensity of Nosema in honey 

bee (Apis mellifera L.) colonies in Virginia. Journal of Invertebrate Pathology, 107(1): 43-

49. 

Yeaman, M.R., and N.Y. Yount (2003).  Mechanisms of antimicrobial peptide action and 

resistance.  Pharmacological Reviews, 55(1): 27-55. 

Winston, M.L. (1987). The Biology of the Honey Bee. Cambridge: Harvard University Press. 

Van Engelsdorp, D., J.D. Evans, C. Saegerman, C. Mullin, E. Haubruge, B. Kim Nguyen, M. 

Frazier, J. Frazier, D. Cox-Foster, Y. Chen, R. Underwood, D.R. Tarpy, and J.S. Pettis 

(2009). Colony collapse disorder: a descriptive study. PLoS ONE, 4(8): e6481. 

 

  



 

85 

APPENDICES 



 

86 

Appendix A.  Results Summary 

 



 

87 

Appendix B. Primer Sequences 


