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between the two sites in the middle of the map than between the sites that either of these sites are 

connected to via land, as the two middle sites are the shortest distance away from one another. 

These additional sites were not incorporated into the study for the same reason that I was unable 

to fully analyze the specimens collected from the Appleton area. 

 As I was unable to create this original experiment, my hypothesis shifted. I now 

hypothesize that harsher methods of DNA extraction are necessary to extract DNA from bumble 

bee legs, due to the tough outer cuticle surrounding these cells. Though, once DNA is extracted, 

all PCR amplification should have no special methodological requirements.  

 

Figure 6. Map of Original Sampling Locations. The black circles on the map encapsulate the field sites in which “Bombus” 
specimens were to be collected. The site in the lower left hand corner is the Appleton area from which the samples used in this 
methodology were collected from. The site on the Door Peninsula is from Lawrence’s Northern Campus, Bjorklunden, where 
another lab group from the biology department was going to collect specimens. The site to the right of Escanaba is where my 
research advisor collected specimen when on a field excursion with a summer class from the University of Michigan. The site in 
the upper right corner is the University of Michigan’s Biological Field Station where my research advisor collected specimen with 
the same summer class. All the “Bombus” specimens were collected during the summer of 2018. 
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Materials and Methods: 

Field Collection and Species Identification: 

 During the summer of 2017, starting July 17th, I began collecting bumble bees. Bumble 

bees where collected while foraging on flowers using a net. The bumbles were transferred from 

the net into a glass jar, and sacrificed with aceton. The samples were transferred to falcon tubes 

containing a label listing the field site and the date. The specimens were preserved in 95% 

ethanol. 

 This method of sampling is useful because there is a large amount of DNA to work with, 

as well as a specimen that can be examined many times in order to ascertain as well as confirm 

species identification. Yet, there are some obvious drawbacks including emotional strain, and as 

an ethical conflict for a researcher whose goal it is to preserve bumble bees. This concern is 

pertinent especially when the loss of workers can become a strain on a colony (Holehouse et al., 

2003). This effect is more pronounced in small colonies due to a larger proportional loss of their 

workforce, and the fact that smaller colonies are more vulnerable than larger colonies 

(Holehouse et al., 2003). Therefore, I decided to investigate alternative methods. The paper that I 

based my experiment off of utilized a cooler to chill to the bumble bees until they were 

immobilized and then detached a leg from each specimen (Koch et al., 2017). The only drawback 

to this method is that identification must be done in the field and confirmation can only be done 

based on photos taken with whatever equipment can be transported out into the field. One study 

compared two non-lethal sampling methods: hemolymph extraction and tarsal sampling 

(Holehouse et al., 2003). Hemolymph extraction was shown to create a higher chance of worker 

mortality, though it did provide a higher quality DNA sample (Holehouse et al., 2003). Tarsal 

sampling included cutting off 2mm of the terminal tarsus, though not cutting the metatarsus, with 
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a clean scalpel (Holehouse et al., 2003). This cutting did not significantly affect the time of 

foraging trips, or pollen or nectar collection (Holehouse et al., 2003). Therefore, were I to repeat 

this experiment in the future, I would obtain my DNA samples through the non-lethal method of 

tarsal clippings.  

I sampled at all sites for half a person hour, except for the first day of sampling at 

Lawrence University. The other sites that were sampled at are: City Park, Buboltz Hive, 

Memorial Park, Riverview Hive, Peabody Park, Riverview Control, Pierce Park, Telulah Park, 

Bubotlz Field, Heckrodt Wetland Preserve, Purdy Hive, and Thousand Island Nature Preserve. 

At Buboltz Hive and Field, the sampling was done by myself and one of my lab mates 

simultaneously for 15 minutes. More information on these sites is given in Table 1.  

Table 1. Summary of Species Collection at Each Site. The dates are given as Julian dates as per the standard notation for insect 
collection. (*)-Indicates sites in which the one of the specimen collected was destroyed during an effort to take to bumble bees 
off a pin for an untested idea for a method of DNA extraction. (**)-Indicates a site at which there is one less species due to the 
destruction of specimens described before. The specimens from Thousand Island Nature Preserve and Heckrodt Wetland 
Preserve have not been typed to species yet.  

Site Number of 

Specimen 

Collected 

Number of 

Species 

Collected* 

Number of 

Person Hours 

Date of 

Collection 

City Park 10* 5 0.5 July 27th, 2017 

Gordon Buboltz 

Nature Preserve 

Hive Site 

6* 4** 0.5 July 25th, 2017 

Appleton 

Memorial Park 

5 3 0.5 July 18th, 2017 

Riverview 

Gardens Hive 

9 6 0.5 July 28th, 2017 

Peabody Park 4 3 0.5 July 27th, 2017 

Riverview 

Gardens Control 

4 3 0.5 July 28th, 2017 

Pierce Park 2 2 0.5 July 28th, 2017 

Lawrence 

University 

15 6 Unknown, but 

>0.5 

July 17th, 2017 

Telulah Park 4 2 0.5 July 28th, 2017 
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Gordon Buboltz 

Nature Preserve 

Field Site 

5* 5** 0.5 July 25th, 2017 

Thousand Island 

Nature Preserve 

8 TBD 0.5 August 10th, 

2017 

Heckrodt 

Wetland 

Preserve 

4 TBD 0.5 August 15th, 

2017 

Purdy Hive 7 TBD 0.5 August 10th, 

2017 

 

Table 2. Number of Each Species Collected and the Number of Collection Sites by Species. (*)-Species for which a specimen was 
lost destroyed during lab work. (**)-Species for which the sole specimen from a location was destroyed during lab work. 

Species Number Collected Number of Collection Sites 

B. vagans 8 3 

B. citrinus 4 2 

B. fervidus 12 6 

B. variabilis 3 3 

B. pensylvanicus 3* 3 

B. terricola 3 2 

B. auricomus 4* 3** 

B. grieseocollis 14 9 

B. rufocinctus 2 2 

B. impatiens 8 5 

B. perplexus 2 1 

B. borealis  1* 1** 

 I dried all specimen and then put them on an insect pin. I pinned a label with the date that 

the specimen was collected, and a specimen identification label. I gave each specimen an alpha-

numeric code for subsequent identification. I also put an additional species label on the pin after 

species identification was done. Species identification was based on examination of the pinned 

specimen was completed by Israel del Toro with my assistance. I took lateral, dorsal, and facial 

images of each specimen in order to allow for confirmation or reassignment of species. Images 

were taken using LAS V4.9™ software which allows images to be taken through the lens of a 

Leica™ M84 at 0.75 magnification. The lateral and dorsal images were too large to be captured 
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in one image and the software’s stitching function was shown not to be an effective method of 

creating a lateral image of each insect. Instead, I took images by focusing the microscope in the 

same manner, and using an iPhone camera to take an image through the eye piece. Specimens 

from Heckrodt Wetland Preserve and Thousand Islands Nature Preserve have not been typed to 

species yet, but this will be done based solely on the microscope images. 

 

Figure 7. Map of Field Sites in the Appleton Area.  

 

DNA Extraction:  

 The first five methods I used to extract DNA from specimen utilized a Quiagen DNeasy 

blood and tissue kit. For the most part, I followed the protocol included with the kit. The 

common steps used in all five methods are adding 180ul of ATL buffer with 20ul of proteinase K 

to a bumble bee leg in a 1.5mL Eppendorf tube. Then I transferred the Eppendorf tube between 
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“hot” (90-95C) heat blocks and “warm” heat block (30-55C). This was done to lyse the cells, and 

allow proteinase K to break down all of the proteins within the cells. Between each movement, 

the tube was vortexed. Then I added 200ul of AL buffer and the tube was vortexed. I added 

200ul of 100% ethanol, and I vortexed the solution. I pipetted the solution into a DNeasy™ spin 

column with a 2mL collection tube. I then spun the tube for 1 minute @ 10,000 rpm. I discarded 

the flow through and the collection tube. I then added 500uL of AW1 buffer to the spin column 

and spun the column for 1 minute @ 10,000 rpm. I disposed of the flow through and collection 

tube again. I added 500ul of AW2 and put the spin column in a centrifuge for 3 minutes @ 

14,000 rpm. Again, I discarded the flow through and the collection tube. I then added 200uL of 

AE elution buffer and let the tube incubate on the lab bench for 1 minute before I spun the tube 

for 1 minute at 10,000 rpm. I repeated the same step. Then I tested each sample for concentration 

and purity using the Nanodrop™. I followed this protocol, because I had had previous success in 

DNA extraction using this same kit. 

Table 3. Summary of Methods Varied  for DNA Extraction. 

Method of DNA 

Extraction 

Leg Preparation Volume of Elution 

Buffer (in uL) 

Heat Block 

Treatment 

1st Freeze/thaw 200 66C for one hour, at 

90C for 15 minutes, 

37C for 1 minute, and 

90C for 15 minutes 

2nd Liquid nitrogen and 

mortar and pestle 

200 55C for an hour, 95C 

for 15 minutes, 37 

heat block for 1 

minute, and 95C heat 

block for 15 minutes 

3rd Cracked with scalpel 

in petri dish 

200 55C for an hour 

4th Cracked with scalpel 

in petri dish 

25 55C for an hour 

5th  25  
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 My first method of DNA extraction started with me taking the specimen leg out of 

ethanol. I had stored various legs with specimen, site, and date labels in tubes with 100% 

ethanol. I put the leg into 180uL of ATL buffer in a 1.5mL tube. I put this tube in the deep freeze 

for over ten minutes. I added Proteinase K. Then I put the Eppendorf tube in a 66C heat block for 

one hour, at 90C for 15 minutes, 37C for 1 minute, and 90C for 15 minutes. The results from this 

extraction was a concentration of 6.4ng/uL with a 260/280 ratio of 2.29. These results showed 

that if any DNA was extracted, it was at a low concentration and was not pure. This led me to 

investigating a new method of leg preparation prior to starting the protocol from the Quiagen™ 

kit.  

 My second of method of DNA extraction utilized liquid nitrogen to flash freeze the 

mesothoracic leg in order to completely break open the cell. After I poured liquid nitrogen over 

the leg, I then ground it with a mortar and pestle. After I transferred the ground leg to 1.5mL tube 

with a scoopula, I added the ATL buffer and proteinase K and vortexed the solution. I put the 

samples were then put in a 55C heat block for an hour, 95C heat block for 15 minutes, 37 heat 

block for 1 minute, and finally a 95C heat block for 15 minutes. I followed the protocol from 

above, and had an extraction with a concentration of 2.1ng/uL and a 260/280 ratio of 2.34. 

Though concentrations are less representative of the actual concentration of DNA when the 

260/280 ratio is not within a close range of 1.8, seeing that this method resulted in an even lower 

concentration than the first led me right back to the drawing board. 

 Before starting my third attempt at DNA extraction, I compared my protocol to one used 

to extract DNA for museum bumble bee specimens (Strange, Knoblett, & Griswold, 2009). 

These specimens in this study were all on insect pins, and completely dried out. This made me 

postulate that the ethanol was have an impact of the lysis buffer, possibly affecting its ability to 
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break open the cells. Therefore, I pinned a specimen and let it dry for 24 hours before preparing 

it. After cutting off the mesothoracic leg off with a scalpel that was cleaned with ethanol prior, I 

used the scalpel to crack open the exoskeleton on a petri dish. This was done to expose the white 

muscle fibers within the leg. After adding the mixture of proteinase K and ATL buffer, I put the 

Eppendorf tube in a 55C head block for an hour, then vortexed the solution and proceeded with 

the protocol from the kit. The change in heat treatment was also influenced by the protocol 

written by the methodology used to extract DNA from museum specimens, as it was more 

specific to bumble bees. The resulting concentration of the extraction was 5.4 ng/uL with a 

260/280 ratio of 2.56.  

 Another poor result made me reanalyze the protocol provided by the kit. The previous 

spring I had taken a molecular biology course with Eric Lewlyn in which I did a DNA extraction 

during the lab portion of the class. I accessed my online lab notebook from this time, and found a 

large difference in the amount of AE elution buffer used. The lab protocol written and given to 

us by Eric Lewlyn said to use 25uL of elution buffer twice as opposed to 200uL twice. The 

protocol written by Eric Lewlyn resulted in a relatively high concentration of extracted DNA the 

previous spring. I suspected using 8 times more elution buffer was one of the reasons my 

concentration kept coming out so low. I took this into consideration and changed this in my 

protocol for the next two attempts at DNA extraction. Upon discovering this misstep, and 

discussing it with a professor (Kim Dickson), I decided to see whether or not I could spin down 

my previous DNA extractions to increase their concentration. Beth DeStasio taught me how to 

use to Speed Vac® Plus in order to do just that. I had the samples in the machine all day, and 

noted no significant decrease in liquid volume. I Nanodropped™ one sample, but I did not record 



 Greenslit 39 

the results due to the poor quality and that I knew it would be impossible to use these extractions 

in any later lab work. 

 I began the forth methodological attempt at DNA extraction by breaking off the second 

leg of the specimen with forceps and scalpel in a petri dish. I then put the broken sections of leg 

using the forceps into the 1.5 Eppendorf tube. I put the tube was in a 55C heat block for an hour, 

and then all protocol occurred as listened in the first paragraph of this section except for the 

switch from 200uL to 25uL of AE elution buffer. This resulted in a concentration of 24.3ng/uL. 

This was not a large leap in concentration, and therefore, I continued working on my DNA 

extraction methodology.  

 The fifth method attempted to extract DNA again used mechanical force to physically to 

expose cells and break through the tough cuticle. Unlike prior protocol, the scalpel crushed up 

the sample while the leg was in the 1.5mL Eppendorf tube where the initial reaction would take 

place. This was done to make sure even the small bits of leg that resulted from the pulverization 

of the leg ended up in the extraction, possibly increasing the resulting DNA concentration 

obtained. I held the samples at 56C for 1 hour and then I took the samples out and allowed them 

to cool to room temperature. After this, I followed the protocol listed in the kit, except for the 

change made to the volume of AE elution buffer that was referenced above. Four specimen were 

selected for DNA extraction during this trial run. The resulting reaction was first analyzed via 

Nanodrop™. After receiving the most positive results throughout this process as of yet, the four 

samples were loaded into a gel with a Hi-Lo™ ladder.  
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Figure 8. Gel Electrophoresis Confirmation of DNA Extraction. The first lane of this gel is a Hi-Lo™ marker. The other four lanes 
are the DNA extractions from my fifth method of DNA extraction. This along gel was run to confirm that presence of DNA along 
with Nanodropping™. The four bands around 200  bp show that DNA was successfully extracted via this method. 

Table 4. Summary of the Results from the Preliminary Methods of DNA Extraction. The 260/280 ratio of for the 4th method of 
DNA extraction was not saved on a flash drive, nor recorded in my lab notebook. This sample was never Nanodropped™ again to 
ascertain this value due to the poor quality of the sample. For the 5th method of DNA extraction the concentration and 260/280 
ratios are given as average +/- one standard deviation as four specimen had their DNA extracted via this method. 

Method of DNA 

Extraction 

Replicates Concentration (ng/uL) 260/280 ratio 

1st 1 6.4 2.29 

2nd 1 2.1 2.34 

3rd 1 5.4 2.56 

4th 1 24.3 n/a 

5th 4 27.1+/-21.0 2.105+/-0.13 

 The final method I settled on for DNA extraction did not use a Quiagen DNeasy™ blood 

and tissue kit. Instead, this was based off of methods used in Jonathon Koch’s laboratory. This 

method could either be done in individual PCR tubes, 8 strips, or a 96 well plate. I filled a well 

with 150uL of a 5% Chelex™ and 5uL of proteinase K (solution created by combining 10mg 

with 1000uL of water) (Koch, 2015). Then I put a leg from each specimen into an individual 

well and broken using a pair of iris scissors. I washed the scissors with 100% ethanol and wiped 

down them with a Kimwipe™. Then I moved the samples are then moved into the thermocycler. 
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I set the thermocycler to 50C for 60 minutes, 99C for 15 minutes, 37C for 1 minute, 99C for 15 

minutes, and then held at 15C. One of the major advantages of this method was the number of 

samples that could be processed at once. The DNA extraction kit required many steps and 

movements between heat blocks that would have make processing all 81 (originally 83 samples) 

very time consuming. This method had the most consistent 260/280 ratio, and resulted in the 

highest concentrations (Table 5). I only utilized an 8 strip to extract DNA from 8 samples during 

the first trial run of the protocol. Once this run showed very promising results, I extracted DNA 

from the remaining 73 samples in a 96 well plate. 13 of the specimen had their DNA extracted a 

second time due to some samples not being of sufficient volume to proceed with additional 

experiments. All Nanodrop™ results are stored on a personal flash drive and have all been sent 

to a unique project email as a backup.  

Table 5. Concentration and 260/280 ratios for the Final DNA Extraction Method. 

Final DNA Extraction 

Method 

Concentration (ng/uL) 260/280 ratio 

Average 90.3 1.78 

Standard Deviation 990 0.43 

 

 

Primer Development: 

 In order create a PCR product, (described in further detail “PCR”), it is first necessary to 

have the correct primers. Primers are short single-stranded strings of bases (~18-25bp) that flank 

the section of interest within the DNA sequence, one binds before the section on the coding 

strand, and the other binds after the section on the complementary strand. Primers can either be 

specific to a certain gene or loci, or can intentionally be made general, in order to bind to several 

loci within the genome. Within PCR, well-designed primers are necessary to amplify a desired 

sequence. 
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 Primer research began by identifying useful primers for genetic analysis from a Jonathon 

Koch paper on landscape genetics (Koch et al., 2017). From there, I began to use tools such as 

NCBI BLAST to try to identify the sequence for these microsatellites. This method was 

ineffective because these databases only contain genes, and not microsatellite data. 

 This led me to a literature search for studies that used microsatellites to investigate 

different aspects of bumble bee ecology. I was eventually able to find four loci that were 

consistently found within several species of Bombus, B10, B11, B124, and B126 (Estoup et al., 

1995). At first, I only ordered the forward primers for B10 and B11. I realized how it was 

impossible to achieve positive results in any of my reactions when I went to order primers for the 

two other loci. I will go into the development of methodology in “PCR”. The primers I ordered 

are Value Custom Oligos from Thermosfisher. The use of fluorescent primers later in the 

experimental processed is documented in the section “A Poor Man’s Approach to Genetyping…” 

(Schuelke, 2000). 

Table 6.Summary of  Microsatellite Primers, Core Sequence and Annealing Temperatures.  

Microsatellite Primers Core Sequence Annealing 

Temperature 

(degrees C) 

B10 Forward:  

5’- GTGTAACTTTCTCTCGACAG-3’ 

Reverse: 

5’-GGGAGATGGATATAGATGAG-3’ 

(CT)4TT(CT)13 52 

B11 Forward: 

5’-GCAACGAAACTCGAAATCG-3’ 

Reverse: 

5’-GTTCATCCAAGTTTCATCCG-3’ 

(CT)5…(CT)n 

(ATCT)6…(CT)3 

(ATCT)3 

52 

B124 Forward: 

5’-GCAACAGGTCGGGTTAGAG-3’ 

Reverse: 

5’-CAGGATAGGGTAGGTAACGAG-3’ 

(CT)8TCCTCTT 

CCAC(CT)14CC 

TC(GC)… 

(CCCT)8 

57 

B126 Forward: (CT)12GT(CT)16 57 
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5’-GCTTGCTGGTGAATTGTGC-3’ 

Reverse: 

5’-CGATTCTCTCGTGTACTCC-3’ 

 

PCR 

 PCR stands for polymerase chain reaction. This is a method for making many copies (in 

the millions) of a section of DNA. This is done by designing primers as described in the section 

“Primer Development”. Template DNA is heated to a point where it becomes single-stranded, 

the temperature is then lowered allowing the primers to anneal, or attach itself to the DNA. From 

there, the temperature of the reaction is raised to allow for a DNA polymerase to extend or add 

on bases after the location of primer attachment. At first, the products of this process can be quite 

large, but eventually products that are only section of DNA between the forward and reverse 

primer predominate. This process is usually repeated around 30 times, creating many copies of 

the DNA that can either be sequenced or measured for base pair length.  

 As said above, the first attempts at PCR were futile since I was only adding a forward 

primer to each reaction. Despite this, during this time there were many valuable lesson learned 

along the way. The first thermocycler settings I designed, based off of previous cycler patterns I 

had seen used in studies were used (except for one exception) throughout until fluorescently 

tagged primers were added to my protocol (Estoup et al., 1995; Koch et al., 2017). The 

thermocycler settings started with 95C for 7 minutes and then 30 rounds of 95 C for 30 seconds, 

52C for thirty seconds for the B10 or B11 loci or 57C for thirty seconds for B124 or B126 loci, 

then 72C for thirty seconds. The cycle then ends with a final ten-minute elongation at 72 C and 

once this cycle ends, the samples are held at 4C.  

After my first run through of PCR, I inferred the 8 PCR tubes I had been using may not 

have been closed correctly or they may not have been placed firmly within the slots. When I 
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GoTaq™ 0.5 0.5 

GoTaq™ flexibuffer 0.85 0.85 

BSA 0.8 n/a 

 Due to the volume of reactions I was performing, I started to make a master mix of 

reagents for each loci. I would multiply the volume of each reagent, only excluding the template 

DNA, by the same number of possible reactions. I would record the volumes I included in the 

mixture, so I could be able to analyze the volumes later and check my math if the reaction did 

not go well. After all the reagents were combined in a 1.5 Eppendorf tube, I would vortex the 

tube, and then spin the tube for 30s @ 5,000rpm. I would pipette 9uL of this solution into each 

PCR tube, and then 1uL of extracted DNA. This allowed me to save time, and also keept me 

from getting tired and making mistakes. 

When I first tried to amplify one microsatellite for all 81 samples, I used a 96 well plate. I 

did not Nanodrop™ the samples because I could tell that the reagents were not concentrated at 

the bottom of the tube when I took the samples out the thermocycler. I realized that my method 

of tapping the plate down against the lab bench was not sufficient to pool all of the reagents at 

the bottom of the well. I then investigated the tools at my disposal to spin down a 96 well plate. I 

tried one centrifuge meant to hold 96 well plates, but I found that it did not spin fast enough to 

pool my reagents on the bottom of each well. I then realized that all my reactions would have to 

take place in 8 strip PCR wells. This was less convenient, but still feasible.   

I then labeled all 8 strips with a color that represented the microsatellite loci that was 

being amplified and a number at the front of each strip that was used as a reference for which 

specimen’s DNA was used as template DNA. The same template DNA was put in the same 

position within the 8 strip PCR wells for all microsatellite loci and recorded. During my first 

bulk PCR, I attempted to multiplex the loci that shared the same annealing temperatures by 

putting two sets of primers in each reaction (B10 with B11, and B124 and B126). I realized that 
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since there was no way to differentiate the two PCR products, and I had to redo my PCR 

reactions. 

I then redid all my PCR reactions for each microsatellite loci individually. I prepared this 

samples to be analyzed with each loci individually pipetted in their own 96-well plate. MilliQ 

water (9uL) was combined with 1uL of each PCR product. I sent these plates to the Yale DNA 

Analysis Facility on Science Hall. I recorded the position of each specimen within the 96 well 

plate in an excel document which I printed out and placed within my lab notebook. I received a 

call later that week from the manager of the facility. There were no results from my fragment 

analysis because none of my PCR products included any fluorescent tag. I did not understand 

that this fluorescent tag was necessary for the type of fragment analysis done at this facility. A 

capillary genetic analyzer detects how long it takes between the beginning of capillary 

electrophoresis, and the recognition of a fluorescent molecule (LifeTechnologiesCorp, 2015).  

Longer DNA fragments take longer to travel through a capillary than smaller fragments during 

electrophoresis, and this property can be used to ascertain the length of a fragment 

(LifeTechnologiesCorp, 2015). 

The manager at the facility (Carol Mariani) who is also a university professor whose lab 

is involved with many experiments that include microsatellite analysis, advised me on a method 

of adding fluorescence to samples in an inexpensive manner. The method of adding fluorescent 

primers to a sample is described in the section titled “A Poor Man’s Approach to Genotyping” 

(Schuelke, 2000). This protocol as described in ‘“A Poor Man’s Approach to Genetyping…” 

(Schuelke, 2000)’ was followed through for each microsatellite loci separately and loci were 

combined as described earlier in this section on a 96 well plate. I sent these samples to the 

facility, and received an email that my results came in. I was unsure of how to interpret results, 
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so I called the professor who I had spoken with before. The professor opened up my results in 

the proper software and found that fluorescence was recorded at the same point within every 

sample. This meant that the 3730xl-Capillary Genetic Analysis machine recognized that there 

was fluorescence within the sample, but that all of the fragments were the same length. The most 

probable cause of this uniform hump was lack of PCR product created with a fluorescent tag. My 

Nanodrop™ results made me quite sure that PCR had occurred. Therefore, my next step was to 

try to identify the issue with fluorescent primer binding. I went into the lab and examined my 

primer order form. I found that my M13 tagged forward primer and M13 tagged fluorescent 

primer with the exact same version of the M13 sequence instead of two complementary M13 

sequences. I traced this error back to an email I received, in which I was given an example of the 

primers I should order. I put in this primer sequence into the order form exactly without 

considering how these primers sequences needed to be in order to build the product I wanted. 

Therefore, it was impossible for the fluorescently tagged primers to bind. 

Table 8. Concentration and 260/280 ratios for my Final PCR Products 

 Concentration (ng/uL) 260/280 ratio 

Average 531 1.75 

Standard Deviation 182 0.05 

 

Gel Electrophoresis 

 Gel Electrophoresis uses the movement of DNA through a polyacrylamide gel to 

demonstrate the presence of DNA and measure length of a DNA fragment, as well as the shape 

of DNA (ex. linear or coiled). I only used this method to measure of fragment length. It utilizes 

the DNA’s negative charge. By pipetting DNA combined with a fluorescent dye into well in a 

gel, and then running an electrical charge through the gel, the DNA migrates toward the positive 

electrode. Smaller fragments are better able to travel better through the matrix of the gel, and 
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therefore migrate faster. When combined with a marker that produces bands of known base pair 

sizes, the fluorescent band of a DNA segment can easily be assigned a length in base pairs.  

 I used gel electrophoresis to confirm the presence of DNA after DNA extraction. When I 

began this project, I had thought that I would also be able to analyze the length of my PCR 

products using gel electrophoresis. When I discussed the best way to accomplish this with a 

professor (Kim Dickson), I was advised to mix my own gels as opposed to using the premixed 

gels the Biology stockroom has on hand. This would have allowed me to use a higher percent 

agarose mix in order to get a crisper result. I mixed the gel by combining 4uL gel red, 0.8g of 

agarose, and 40mL of 1xTAE in a 50mL Falcon™ tube. I then screwed on cap gently, in order to 

allow for some release of gas. Then I filled a beaker around ¾ full and the tube was placed in the 

water. I first microwaved this solution for 30 second pulses until the agarose began to boil. When 

the solution boiled, I took the tube out of the water and swirled and inverted in order to better get 

the agarose into solution, and prevent a gritty gel. I microwaved the gel for 10 second pulses. 

Once I boiled the gel 3 or more times, the gel was allowed to cool for a short period. I then 

poured the gel is into the casting tray with the well combs in position. As described above, I 

found that gel electrophoresis was not a useful method of separating the different alleles. This is 

because it is not possible to distinguish the difference between alleles that vary by under 20 bases 

pairs. This is why I sent my samples to the Yale DNA Analysis Facility on Science Hill as 

described in the section on PCR. 

 

“A Poor Man’s Approach to Genetyping…” (Schuelke, 2000): 

 After sending in the samples that could not be read due to their lack of fluorescence, I 

was advised on to use a comparatively inexpensive method to fluorescently tag my 
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microsatellites. Fluorescently tagged primers cost around 16 times more than unlabeled primers 

used in this project. Instead of buying a set of fluorescent primers for each of the 4 loci I was 

using in my study, I added an M13 tag to the beginning of each forward primer. The M13 tag is a 

known sequence used in molecular biology (Schuelke, 2000). The complementary sequence to 

M13 is ordered with a fluorescent pigment on the end (Schuelke, 2000). Two of these primers 

were ordered, and they were identical except one had a 5’ HEX tag and the other a 5’ 6-FAM 

tag. In the reaction, the volume of the primer with the fluorescent tag is twice as much as the 

volume of the M13 tagged forward primer for each locus. In theory, during the first rounds of 

PCR, the M13 tagged forward primer was used create product (Schuelke, 2000). Product that 

includes the microsatellite and with the additional M13 sequence at the beginning of the 

fragment builds up within the reaction (Schuelke, 2000). This allows the fluorescently tagged 

primer to anneal and start creating product, especially because it exists at a double the 

concentration than the other forward primer within the reaction (Schuelke, 2000). Table 7 shows 

that 1uL of the forward and reverse primer were previously added to each reaction. With this 

addition to the protocol, the volume of primers added to the reaction are: 0.4uL reverse primer, 

0.4uL complementary M13 fluorescently tagged primer, and 0.2uL of forward primer with 

additional M13 sequence. This is depicted visually in Figure 9.  
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Figure 10. Incorporation of Fluorescent Tags to PCR Products via Nested PCR. Part  A, B, and C are primer components necessary 
for the nested reaction that adds a fluorescent tag to PCR products. Part D shows how the forward primer with the M13 tag at 
the 5’ end initially anneals creating PCR product. Part E shows when the Universal FAM labeled M13 primer, which is in higher 
concentration, begins to anneal and starts to create fluorescently labeled PCR products that contain the loci for which the 
forward and reverse primer are designed for as shown in Part F. Taken from (Schuelke, 2000).  

 Nested PCR reactions, such as the one described above, allow researchers use creative 

methods to build the molecular products, such as fluorescently tagged microsatellites or genes 

with particular mutations, in an inexpensive manner. This has many benefits. It allows molecular 

research to be done at a variety of institutions as opposed to only those with a large enough 

budget to afford these products. This increases the combined body of work and allows the field 

to advance at a faster pace. It also gives individuals who are new to the field the ability to 

investigate questions that have specific molecular requirements without having to invest, and 

therefore risk, large amounts of lab budgets. 



 Greenslit 54 

 

Figure 11. Concept Map of My Experimental Plan. Steps in blue are those been completed in the experimental process, and steps 
in pink are those that have not been completed. The steps in pink will be expanded upon in the discussion and conclusion. 
“Species Identification” is connected to “Run Statistical Analysis” because while this step can be done sooner, it is only necessary 
to do this before analysis on microsatellite data.  

 

Results 

Species Diversity and Distribution 

 I worked 63 specimens typed to species. While there were no species was collected at all 

Appleton area locations and most species were collected at multiple sampling locations. The one 

exception was B. borealis, which was only found at the Gordon Buboltz Nature Preserve Field 

location. B. greiseocollis was collected at 7 out of the 10 different field sites, making it the most 



 Greenslit 55 

widespread according to my limited sample size. 9 out of the 12 species were only found at 3 or 

less locations (Figure 11). 

 

Figure 12. Stacked Bar Chart of Locations were Species were Collected. Count refers to the number of specimen collected for 
each species. This data is also shown in Table 2. All species have the same genus (“Bombus”), so are only listed by their species 
name. Lawrence University was shortened to LawrenceU.  

 No sampling location had only one species that was collected. Lawrence University and 

Riverview Hive had the highest number of species collected at each site, with six species found 

at both sites (Figure 12). Though, it is important to note that the most land area cover and time 

was spent collecting specimens occurred on Lawrence University’s campus. Therefore, this 

species diversity shown at this site may solely be indicative of that increased sampling effort. In 

general, as the number of specimens collected increased at a location, the number of species 

collected also increased.  
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Figure 13. Stacked Bar Chart of Which Species were Found at Each Location. Count refers to number of specimen collected at 
each location.  All species have the same genus (“Bombus”), so are only listed by their species name. Lawrence University was 
shortened to LawrenceU. 

 

DNA Extraction 

 The protocol used in my first attempts at DNA extraction were influenced by procedures 

I had done before in classroom lab settings. Specifically, I was extracting DNA from model 

organisms such as C. elegans and E. coli. There is a large body of knowledge and developed 

procedures for studying these species. Both of organisms also have cell walls that are easily 

broken into. Therefore kits, such as the Quiagen DNeasy Blood and Tissue Kit™, and the 

included standardized protocols can easily extract DNA in high concentrations with good purity. 

In contrast, insects have tough exoskeletons that can be difficult to break into. Even when an 

insect’s leg is macerated to reveal muscle tissue, these kits to not utilize harsh enough methods to 

break chitin. There are procedures that can be performed on a DNA sample before putting it 
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through a kit’s extraction protocol, but these are time intensive, such as putting a sample through 

several freeze thaw cycles in order to break open cell walls. Even if using the Quiagen™ DNA 

extraction kit was effective, this method would have been quite time consuming as it requires the 

repetition of several step process for every individual specimen. 

 The protocol for DNA extraction that was included in the final methodology is more 

useful for many reasons. As mentioned before, it took less time. It also produced more consistent 

results. I believe that this occured because the Chelex™ solution was harsh enough to break 

through insect cuticle. The standard deviation of the average concentration (Table 5) is quite 

high (standard deviation 990, average of 90.2), but that is due to a few low concentrations within 

the average. What impressed me most about this method of DNA extraction was 260/280 ratio 

(average 1.78, standard deviation 0.43). If DNA is available in a relatively pure state, even small 

concentrations can be effectively PCR amplified. In my final run of PCR, the average 

concentration was 531ng/uL (standard deviation of 182) with a 260/280 ratio of 1.75 (standard 

deviation of 0.05). These results assured me that even though the fragment analysis did not turn 

up any results, there was PCR product. 

 

Establishing Final Protocol 

 When I first began this project, I knew that this project would require a high level of 

independence. As there is not professor at Lawrence University whose research focuses on the 

subject of molecular ecology, there were no established protocol, or previous student’s lab 

notebook that I could use to inform my experimental and methodological design. I was lucky 

enough to receive a paper written by Jonathon Koch, “Patterns of population genetic structure 

and diversity across bumble bee communities in the Pacific Northwest”, from one of my 
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mentor’s (Relena Ribbons). The study featured in this paper utilized methodology that was easily 

scaled down to my project. As I said before, I even received extra material on methods from 

Koch (Koch, 2015). From this, I was able to create a base experimental plan in order to answer 

the question I described in “My Hypothesis”. 

 Troubleshooting both PCR and DNA extraction taught me a large amount about both 

processes. In the case of DNA extraction, I found out more about the chemical and mechanical 

methods necessary to break open cells and nuclei. This experience also taught me how protocol 

can be modified based on the specific challenges of a situation, such as breaking open stubborn 

cuticle. Troubleshooting PCR required a different set of experimental skills. Details are quite 

important, especially in molecular laboratory work. Perfecting the reagents and their volumes 

within my PCR reaction was at times a slow and frustrating process. Even when other 

individuals looked over my reagent list, some of my errors were missed due to assumptions 

based on wording, as was the case during the period in which I was only using forward primers 

when performing PCR. My next struggle was figuring out how to properly multiplex samples in 

order to save money on fragment analysis. I put two sets of untagged primers that shared the 

same annealing temperature in a reaction, but then realized that it would be impossible to 

differentiate these fragments from one another. Yet, my next step in my process I made a similar 

mistake. Though I amplified all loci independently of one another, I combined unmarked PCR 

products with one another. I did not realize that even if these samples had not been combined, a 

capillary genetic analyzer needs fluorescence in other to read fragment length. I had not been 

thinking about the requirements of the technology used to analyze fragment length. The next 

error that I committed was in primer design. Instead of ordering complementary M13 sequences, 

I maintained the same sequence on my forward primers and my fluorescently tagged primers, 
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making it impossible for them to bind. This taught me to always think about what I’m trying to 

create when ordering supplies, especially primers.  

Both troubleshooting processes taught me how to be more deliberate as a scientist, and as 

well as push past my frustrations in order to achieve the goals I set forth. I can say with certainty 

that with the protocol I have now developed, that I would be able to complete my experiment. 

This would require following “The Final Protocol”. The next steps would be to convert the files 

into a readable format and then use a software to score the alleles as described in “Microsatellite 

Length Analysis”. From there, data analysis can be performed (statistics described “Statistics for 

Microsatellite Analysis”). These results would then be overlaid on a geographic map and 

interpreted (as described in “Overlaying Results on a Geographic Map”). 

 

The Final Protocol 

Specimen Collection: 

• Collect bumble bees using a net.  

• Chill the specimen until it becomes immobile.  

• Take images of specimen and either type to species immediately or do so later based on 

these images. 

• Cut off 2mm of the metatarsus from the mesothoracic leg with a clean scalpel and store 

this in 100% ethanol with a specimen tag including collection data, collection sites, 

species identification, and specimen number. 

DNA Extraction: 

• Note: This can take place either in a single PCR tube, 8 strip, or 96-well plate. 
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• Pipette 150uL of %5 Chelex™ directly after vortexing, in order to make sure the 

Chelex™ is in solution, into a PCR well. 

• Pipette 5uL of proteinase K into the well. (Proteinase K solution is made by combining 

10mg with 1000ulL of milliQ water) 

• Add the 2mm metatarsus clipping  to the PCR well and broken along the side of the well 

using forceps that are cleaned before and after using 100% ethanol. 

• Flick or shake PCR well, in order to mix the reagents, and then tap it against the table to 

pool the reagents at the bottom of the well. 

• Place the PCR well into a thermocycler with the following settings: 50C for 60 minutes, 

99C for 15 minutes, 37C for 1 minute, 99C for 15 minutes, and held at 15C. 

• Nanodrop™ this solution to measure the concentration and purity. 

PCR 

• Create a master mix for the number of PCR reactions you plan to set up. Creating a mix 

for more than the number of reactions you plan on setting up is advisable in order make 

sure you do not run out of master mix. The reagents and the volumes that should be 

multiplied to create the master mix for one locus are: 

o 0.85uL of GoTaq Flexibuffer™ 

o 0.5uL of GoTaq™ 

o 0.6uL of dNTPs (10mM) 

o 4.8uL of milliQ water 

o 0.5uL of MgCl2 (25mM) 

o 0.4uL reverse primer 

o 0.4uL M13 primer with 5’ fluorescent tag 
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o 0.2uL forward primer with an M13 tag on the 5’ end 

• Note: When ordering the M13 primer with the 5’ fluorescent tag and the forward primer 

with an M13 tag on the 5’ end, make sure the two M13 sequences used are 

complementary to one another. 

• Vortex this solution and then spin for 30 seconds at 5000 rpm. 

• Pipette 9uL of this mix to each PCR well. 

• Add 1uL of template DNA to each well, documenting beforehand which template DNA 

is going into which well. 

• Spin the wells down before placing them into the thermocycler. 

• Thermocycler setting: 

1. 95C for 7 minutes 

2. 95C for 30 seconds 

3. 52C (for B10 and B11) or 57C (for B124 and B126) for 45 seconds 

4. 72C for 45 seconds 

5. Repeat steps (2-4) 30 times 

6. 94C for 30 seconds 

7. 53C for 45 seconds 

8. 72C for 45 seconds 

9. Repeat steps (6-8) 8 times 

10. 72C for 10 minutes 

11. Hold at 4C 

• Nanodrop™ each reaction to measure purity and concentration. 

Preparing Samples for Fragment Analysis 
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• Pipette 9uL of milliQ water into a well of a 96-well plate. 

• Pipette 1uL of the PCR product into the well, denoting the location of each product 

within the 96-well plate. 

• Firmly secure strip caps on the plate. 

• Wrap the plate in parafilm to assure the caps stay on during transport. 

• Put wrapped plates in an envelope with padding and the fragment analysis order form 

received after submitting the order on GeneSifter® 

(https://yale.genesifter.net/gsle/mainPage) 

• Address the envelope to: 
 

DNA Analysis Facility on Science Hill 

Attn: Carol Mariani 

170 Whitney Ave 

ESC Room 150 

New Haven, CT 06511 

Phone: 203-432-7394 
 

Discussion/Conclusion 

Microsatellite Length Analysis 

 Alleles are can be scored using various software programs designed to do so, such as 

GeneMapper™ (Yale, n.d.). The files received from the Yale DNA Analysis Facility on the Hill 

need to be converted before they can be read by allele scoring programs. Gm Convert™ is one 

program that can be used for file conversion (Yale, n.d.). Many more options for fragment 

analysis can be found in the fragment analysis tab on the website for Yale’s DNA facility’s 

website. Allele scoring must be done before any statistical analysis can occur. 

 

 

 

https://yale.genesifter.net/gsle/mainPage)
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Statistics for Microsatellite Analysis 

Neither SMM or IAM are perfect representations of microsatellite mutation dynamics. 

Both have their strengths and weakness, and each have a specific statistic based on the 

assumptions of these models (Balloux & Lugon-Loulin, 2002). F statistics are based on IAM. 

FST  is a measurement of inbreeding that examines the correlation between the subpopulation an 

organism lives in and their genotype (Balloux & Lugon-Loulin, 2002). One advantage of F 

statistics is its sensitivity to mutation (Balloux & Lugon-Loulin, 2002). There is also established 

interpretations of scores within certain ranges (Balloux & Lugon-Loulin, 2002). The 

disadvantage of this statistic is that it does not account for size homoplasy (Balloux & Lugon-

Loulin, 2002).  

R statistics are based on SMM. RST  is a comparable to FST  operating under SMM 

(Balloux & Lugon-Loulin, 2002). R statistics better represent microsatellite dynamics, especially 

in a structured populations and when analyzing loci which mutate in a stepwise fashion as 

described by SMM (Balloux & Lugon-Loulin, 2002). This statistic is limited by its assumption 

that there is an infinite possible number of alleles (Balloux & Lugon-Loulin, 2002). This is an 

inaccurate assumption, as microsatellites have shown to have to not mutate to have more than a 

certain number of repeats that is unique to each microsatellite loci (Balloux & Lugon-Loulin, 

2002). Therefore, there is a maximum number of repeats an allele can reach, limiting the number 

of possible alleles. Studies will report both R and F statistics because each provides valuable 

information and it allows the reader and researcher to be critical of their limitations (Balloux & 

Lugon-Loulin, 2002).   
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Table 9. Comparison of the Different Statistical Equations based on Different Microsatellite Mutation Models. ‘VP’ represents 
variance in allele frequency among subpopulations. ‘p’ represents mean allele frequency among subpopulations. ‘S’ represents 
the average squared allele size within populations. ‘Sw’ represents the average sum of squares of the difference in allele size 
within each subpopulation. ‘S,’ represent the difference in allele size between populations. Equations taken from (Balloux & 

Lugon-Loulin, 2002). 

Model IAM SMM 

Equation for Measuring 

Inbreeding Correlation 
𝐹𝑆𝑇 =

𝑉𝑝
𝑝(1 − 𝑝)

 𝑅𝑆𝑇 =
(𝑆 − 𝑆𝑤)

𝑆′
 

 

Overlaying Results on a Geographic Map 

 After statistical analysis has been done on the data, it is helpful to overlay it on a 

geographic map. An example of this Figure 14, which represents each population as a circle, 

whose area corresponds to the size of the circle (Koch et al., 2017). Each color within the circle 

represents a different genotype (Koch et al., 2017). For B. sylvicola it can be seen that while 

populations that are located close to one another have relatively similar genetic makeup, those 

far away from each other are quite different. For B. mixtus, none of the populations have similar 

genetic makeups. This stands in contrast to B. melanopygus and B. flavifrons, which have quite 

populations with similar genetic makeups across the entire map. These realizations could have 

also been made after looking at graphs such as Figure 3, but overlaying this on a geographic map 

slows the researcher to better hypothesize the mechanisms for genetic isolation. Specifically, in 

this case, the study site was quite mountainous, and therefore the researcher thought that 

elevation had a strong effect(Koch et al., 2017), and placed this data on a topographic map. In 

general, overlaying data figures on a map gives whoever is looking at this figure an opportunity 

to point of the features in the landscape that may be effecting how individuals move and 
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reproduce within a landscape, and therefore how genes flow across that landscape. This is how I 

formed the hypothesis for my experiment as described in “My Original Hypothesis”. By thinking 

about how geography affects how organisms reproduce across a landscape, it allows for a more 

dynamic understanding of genetic flow and that is why the field of landscape genetics is so 

valuable. 

 

Figure 14. Genetic composition of four different bumble bee species in the Pacific Northwest. The different colors represent 
different haplotypes. Species A and B have more limited niches, and are only able to exist at specific altitudes. Species C and D 
have broader niches and can exists in a larger range of altitudes. A and C show greater differentiation between populations, 
indicating lesser gene flow, compared to C and D which have relatively stable gene composition across populations. Taken from 
(Koch et al., 2017). This data is also represented in Figure 3 of this paper.  
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Future Directions 

 Though it is useful to identify species and populations at risk of extinction, this is only 

the first step. It is important to communicate this information to those not only in the research 

field, but to the individuals who are primarily involved in conservation. The individuals who are 

out in the field implementing conservation methods need to know species or locations to apply 

conservation techniques. It is also necessary to translate this information into relevant statements 

to share with those policy makers who decide how much and where funding is allocated and how 

land can be used. A simple land use change, such as a decrease in the frequency of mowing grass 

and pesticide use in the land underneath powerline easements, has shown to increase native bee 

diversity (Russell, Ikerd, & Droege, 2005). Actions such as this create a refuge out of an area 

that is not even usable for most other purposes. This management practice also has the added 

benefit of costing less than its less environmentally predecessor, making policy mandating this 

action easily defended. By demonstrating the importance of implementing practices in order to 

help save struggling pollinator population, policy could be passed easier or enacted faster.  

 Another study demonstrated that bumble bee diversity within a city was shown to 

increase specifically with floral diversity. This study also showed that it didn’t matter how 

“landlocked” (surrounded by concrete) areas with flowers were, bumble bees were able to find 

them (Marietta et al., 2016). Urban areas can easily create refugia and corridors for bumble bees. 

By establishing urban gardens throughout a city that include native flowering plants, efforts can 

be made to conserve bumble bees while creating an aesthetically pleasing landscape. As it has 

been demonstrated that urban areas have high native bee diversity, conservation efforts can be 
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low effort, high reward situations (Hall et al., 2017). It has been confirmed that bumble bees 

colonies respond positively to the beneficial aspects of a habitat, with little negative response to 

negative aspects of a habitat (Herrmann et al., 2007). The combined ease of creating urban 

refugia (Marietta et al., 2016) due to the low level of ecological needs that bees have, but are not 

served by the urban environment combined with the conservation resources available within 

cities(Hall et al., 2017) make urban areas valuable locations for managers to concentration their 

conservation efforts. 

Population and landscape geneticists need to communicate their results with the public, 

policy makers, and restoration ecologists. By contributing to a greater understanding of how bee 

function in urban areas, the creation of bee friendly spaces will be easier (Hall et al., 2017). This 

is especially important as our world becomes more urbanized. If this is done, large strides can be 

made to save bumble bees and other native bee species. When conservation integrates ecological 

data with genetic analysis, it allows researchers and other shareholders to better direct their 

efforts and resources in order to be the most efficient (Geist, 2014).  

 

Broader Implications 

 Gene flow has been shown to be important for bumble bee species, as colony size and 

parasite resistance increases with genetic diversity (Baer & Schmid-Hempel, 1999; Herrmann et 

al., 2007). By documenting gene flow within a species, it is easier to identify genetically isolated 

populations, which should be managed independently for conservation purposes (Geist, 2014; 

Pearse et al., 2006). Yet, defining conservation units and measuring colony health are not the 

only reasons to use population genetics to understand bumble bee and pollinator ecology.  
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 Genetic analysis has given researchers new methods for investigating ecological 

questions concerning bumble bees or native insect pollinators in general. When studying a small 

flying organism, observing behavior is not always feasible (Knight et al., 2005). Additionally, 

bumble bees nest in the ground and these nests can be difficult to identify (Knight et al., 2005). 

Therefore, the use of microsatellites to identify the number of males that queens of different 

species mate typically mate with(Estoup et al., 1995), or to calculate nesting densities(Knight et 

al., 2005) shows how genetics can be used answer ecological questions in an efficient and 

effective manner. Molecular ecology opens doors for researchers, by allowing them to use some 

as small as a molecules to understand species ecology. 
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