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INTERPRETIVE SUMMARY 

 Methods for determining the varieties of bacterial species that normally reside on cow 

teats were reviewed.  Milk and skin swab samples were collected and processed following 

various techniques described in previous research studies, and the ability of these techniques to 

yield bacterial DNA was assessed.  The two methods for extracting bacterial DNA directly from 

cow’s milk did not achieve large yields, and none of the evaluated skin swabbing methods 

exhibited a statistically significant advantage over the other methods in recovering bacterial 

DNA.  The use of bacterial DNA to distinguish bacterial species in cow teat environments was 

discussed. 
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ABSTRACT 

 Udder health in dairy cattle is not solely influenced by bacteria present within the teat’s 

internal structures but also by bacteria growing at external epidermal surfaces on the mammary 

gland.  Culture-independent methods for surveying bacterial diversity of epidermal surfaces have 

created more accurate profiles of bovine teat microbiota that contribute to an enhanced 

understanding of mastitis etiology and prevention.  This study evaluated techniques for bacterial 

DNA extraction from milk and skin swab sampling to determine their applicability for use in 

future culture-independent investigations of this microbiome.  Two commercial column-based 

kits (the Norgen Milk Bacterial DNA Isolation Kit and the Qiagen QIAamp DNA Mini Kit) were 

used to extract DNA from gradients of milk dilutions spiked with S. aureus (0 cfu/mL to ~10
5
 

cfu/mL) so that a threshold of reliable PCR detection of extracted DNA could be established for 

each kit.  Additionally, three individual comparisons were made for skin swab transportation 

media (ddH2O, “Swab Buffer” and “Milk Buffer”), swab moisture status at the time of sampling 

(Wet vs. Dry) and swab agitation methods following sample collection (Vortexing vs. 

Stomaching) by analyzing both aerobically-cultured bacterial yields and extracted bacterial DNA 

concentrations from skin swabs of Holstein-Friesian and Jersey dairy cows.  The two commercial 

milk bacterial DNA extraction kits were generally ineffectual in recovering amplifiable bacterial 

DNA extracts from low concentrations of bacteria and as such should be avoided for culture-

independent analysis of bacterial communities in non-mastitic milk unless their protocols are 

amended with improved milk fraction treatment and more rigorous cellular lysis conditions.  

Moreover, no clearly superior skin swab sampling and processing methods were identified from 

any of the three comparisons, so future investigations covering larger herds or employing altered 

study designs are necessary to obtain more definitive results.   

Key Words: Mastitis, Mammary Gland, Normal Flora, DNA Extraction 

 

INTRODUCTION 

 The importance of mastitis control to the bovine dairy industry cannot be overstated.  In 

2007, intramammary infections (IMI’s) represented the single most prevalent disease amongst 

U.S. dairy cattle, afflicting a proportion of nearly 1 in every 5 animals (USDA, 2009).  

Moreover, approximately 90 percent of the mastitic cattle from this year were administered 

antibiotics (USDA, 2009), a fact that qualifies mastitis treatment as a major cost to American 

dairy farmers.  However, producers also incur financial detriments from reduced cow 

productivity and loss of sale premiums due to diminished milk quality (Seeger et al., 2003), as 

well as from preventative measures like sanitizing iodine teat dips (Foret et al., 2005).  For these 

reasons, mastitis therapies and prevention strategies have been and continue to be the subject of 

intensive scientific research so that superior products and practices may be developed. 

 Mastitis-causing pathogens generally access mammary gland tissue via passage through 

the teat (or streak) canal and lumen (Paulrud, 2005).  As is the case with superficial skin, the 

epidermal surfaces of these structures are composed of continuous sheets of keratinocytes that 

serves as a primary physical barrier against such pathogens (Paulrud, 2005).  It would therefore 

be tempting to hypothesize that the burden of protection against teat infection lies squarely upon 

these deeper tissues, but an existing body of literature suggests that external teat conditions also 

contribute to the mammary gland’s overall health.  For instance, Neijenhuis et al. (2001) 

demonstrated that teat end callosity accrued after prolonged machine milking exhibited a direct 

relationship with prevalence of clinical mastitis and additionally highlighted prior evidence that 

the presence of lesions (erosions or scabs) on teat end skin is positively associated with 
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subclinical mastitis.  Such modifications of the teat skin’s epidermal surface may create different 

microenvironments with more favorable conditions (e.g. altered pH, moisture, temperature, etc.) 

for pathogen persistence and proliferation (Weese, 2013). 

 Changes in epidermal microenvironments affect not only transient pathogens but also the 

resident or “normal” flora that generally occupy them (Grice & Segre, 2011).  Some normal flora 

species establish mutualistic relationships with their hosts by producing substances the host’s 

cells cannot manufacture or by inhibiting the growth of harmful organisms, so when a change in 

an epidermal microenvironment is significant enough to disturb the composition of local normal 

flora, disease states may result (Grice & Segre, 2011).  It is important to consider, however, that 

microflora communities are not homogenously distributed across the epidermis.  The bacterial 

components of normal flora communities have been confirmed to vary widely across the spatial 

terrain of the skin – in fact, a community at a given site on one individual is likely to be more 

similar to a community at the same site on a different individual than to a community at a 

different site on the same individual (Weese, 2013).  Separate skin environments should 

consequently be assessed individually when disease states do arise, for different pathogens may 

be responsible across various sites despite shared signs or symptoms of infection. 

Several studies have sought to characterize the bacterial normal flora of bovine teat skin 

(Woodward et al., 1987; De Vliegher et al. 2003; Braem et al., 2012; Braem et al., 2013).  

Consistent with findings of human skin (Weese, 2013), these studies unanimously identified 

coagulase-negative staphylococci (CNS) as highly prevalent bovine teat skin colonizers.  

Although many CNS species may opportunistically infect the mammary gland and instigate 

subclinical and clinical mastitis (Braem et al., 2013), cattle with CNS intramammary infections 

(IMIs) early in lactation have been able to out-produce uninfected herd-mates across the span of 

the lactation (Piepers et al., 2011).  Moreover, De Vliegher et al. (2003) concluded that teat end 

colonization by Staphylococcus chromogenes could be protective against IMI in early lactation, 

and in vitro assays by Woodward et al. (1987) demonstrated growth inhibition of major mastitis 

pathogens (namely, S. aureus, S. agalactiae, S. dysgalactiae, S. uberis and E. coli) by 25% of 

normal flora species (including CNS species).  Similar mutualistic relationships have been noted 

in the human skin microbiome, such as the recent observation that common skin resident 

Propionibacterium acnes can inhibit the growth of methicillin-resistant S. aureus (MRSA) by 

secreting fermentative byproducts into infected wounds (Shu et al., 2013).  These examples 

illustrate that an understanding of bovine teat normal flora is essential if knowledge of mastitis 

etiology and disease prevention is to progress. 

Traditional, culture-based methods of skin microbiology do not adequately characterize 

normal flora communities because they cannot cultivate the growth of anaerobic, microaerophilic 

or fastidious aerobic species otherwise present on or within the teat epithelium (Weese, 2013).  

Modern culture-independent methods employ molecular genetics to detect these “absent” species 

and thus give a more accurate portrayal of the skin microbiome (Braem et al., 2013).  In essence, 

the success of culture-independent studies does not hinge upon the isolation of the organism 

itself but rather the harvest of its DNA. The unique genetic markers (i.e. single-nucleotide 

polymorphisms, or SNPs) of the DNA are distinguished by genetic analysis so that the presence 

of a given organism can be confirmed or refuted.  In this way, an additional benefit of culture-

independent analysis is that collected cells do not have to be harvested alive to be detected.  

However, sample collection and processing are still extremely important for culture-independent 

methods to function properly, for some species may only be represented by a sparse distribution 
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of individuals across an epithelial surface.  Cells must be collected in sufficient quantities to 

yield workable concentrations of DNA for downstream processing.   

Methodological comparisons are therefore important in determining which techniques are 

most effective in recovering yields of bacterial DNA that are both high (or at least sufficient) in 

concentration and representative of the community sampled.  Therefore, the aim of the present 

investigation was to evaluate methods of sampling and DNA extraction as they pertain to the 

various regions of the bovine teat epidermis so that more accurate profiles of this microbiome 

may be realized.  In particular, milk collection (representing bacteria from the teat cistern 

epidermis suspended in mammary gland secretions) and skin swabbing (representing bacteria 

from the external teat and streak canal epidermis) were identified as the primary means of 

capturing the microflora of all possible teat environments.  In total, two commercial milk 

bacterial DNA extraction kits were examined individually, and three separate experiments testing 

skin swab collection and processing methods were investigated.  This second component of the 

study is of particular interest because, to the author’s knowledge, there have not yet been explicit 

methodological evaluations for bovine teat skin sampling in the existing literature.  End-point 

PCR was conducted when possible to demonstrate the ability of extraction and sampling 

methods to yield amplifiable bacterial DNA.   

 

MATERIALS AND METHODS 

Experiment A: Norgen Milk Bacterial DNA Extraction 

 Milk Collection. Two Holstein-Friesian cows (3593 Mandrake and 3686 Beyonce) from 

the UVM CREAM herd (Miller Research Complex, Burlington, VT) were selected as likely 

candidates for sterile milk production due to their low somatic cell count (SCC) as measured by 

monthly Dairy Herd Improvement Association (DHIA) testing.  The cows were housed in a tie-

stall facility accommodating a total of 34 lactating cattle and were milked twice daily 

(approximately every 12 hours).  In April of 2012, between 500 mL and 1000 mL of milk were 

collected aseptically from each of the cows’ quarters by hand-milking following teat sterilization 

with FS-103X iodine pre-dip (IBA Incorporated, Millbury, MA) and 70% ethanol gauze pads.  

Aliquots of approximately 50 mL were taken from each quarter’s volume and measured using a 

DeLaval Cell Counter DCC (DeLaval International AB, Tumba, Sweden) to obtain precise SCC 

values.  Additionally, 100 µL from each aliquot were streaked for confluency in triplicate on 

blood agar plates (BAPs) of tryptic soy agar with 5% sheep’s blood (Northeast Laboratories, 

Waterville, ME), which were incubated aerobically overnight at 37°C in order to obtain rough 

estimates of bacterial concentration. 

 S. aureus Preparation and Inoculation.  5 mL of tryptic soy broth were inoculated with 

a single colony from a stock plate of S. aureus American Type Culture Collection (ATCC) strain 

25923 (ATCC, Manassas, VA) and incubated aerobically overnight at 37°C.  Suspended cells 

were then sedimented by centrifugation at 3,600 × g for 15 minutes at 4°C and washed twice 

with sterile double-distilled water (ddH2O) using the same centrifuge conditions.  The washed 

cells were re-suspended in 5 mL of sterile ddH2O and diluted serially in 1:10 increments until a 

concentration of 10
-7

 was attained.  The final three dilutions in the series (10
-5

, 10
-6

 and 10
-7

) 

were streaked for confluency in triplicate on BAPs, which were then incubated aerobically 

overnight at 37°C in order to obtain a known colony forming unit (cfu) count of the bacterial 

suspension.  This calculated cfu count was then employed to discern the volume of bacterial 

suspension representing a 10
6
 cfu inoculum. 
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 Creation of Spiked Milk Gradient. Based on the bacterial suspension cfu concentration 

calculations, 20 µL of bacterial suspension were inoculated into 980 µL of milk from 3686 

Beyonce’s right front quarter (selected based on its low SCC and lack of bacterial growth in 

culture) to give a 10
6
 cfu/mL concentration.  This spiked milk sample was then diluted serially in 

1:10 increments into sterile milk from the same aliquot until a concentration of 10
0
 cfu/mL was 

attained.  A range of seven sequential spiked milk dilutions (10
0
-10

5
 with an added sterile milk 

negative control) were sent to Lancaster (PA) DHIA for two purposes: 1) to correlate cfu counts 

obtained by streaking the dilutions for confluency in triplicate on BAPs and aerobically 

incubating them overnight at 37°C with Lancaster DHIA’s Pathoproof real-time PCR cycle 

threshold (Ct) values obtained for S. aureus; and 2) to confirm the extractability of the S. aureus 

DNA via Lancaster DHIA’s Pathoproof real-time PCR. 

 Bacterial DNA Milk Extraction.  Bacterial DNA from the seven spiked milk dilutions 

and an additional positive control aliquot of pure S. aureus ATCC strain 25923 bacterial 

suspension was extracted using a Norgen Milk Bacterial DNA Isolation Kit (Norgen Biotek 

Corp., Ontario, Canada) according to the manufacturer’s instructions.  Milk samples in 

microfuge tubes were centrifuged at 14,000 × g for 2 minutes to obtain pellets, which were then 

isolated by removing the supernatant and cream.  The pellets were subjected to incubation at 

37°C for 45 minutes in 100 µL of Digestion Buffer containing lysozyme and lysostaphin (1.0 × 

10
-4

 mg/mL).  300 µL of Lysis Solution and 10 µL of proteinase K (reconstituted in 

microbiology-grade H2O) were added to the mixture, which was subsequently incubated at 55°C 

for 45 minutes.  40 uL of Binding Solution and 180 µL of 100% ethanol were added after this 

incubation, and the mixture was centrifuged at 14,000 × g for 10 seconds.  The resultant clear 

aqueous phase of the mixture was transferred to a silica-based spin column and centrifuged at 

14,000 × g for 3 minutes.  Two wash buffers (Wash Solutions 1 and 2) were employed in 

successive column washing steps with centrifugation at 14,000 × g for 2 minutes, after which the 

column was dried by centrifugation at 14,000 × g for 3 minutes.  DNA was finally eluted into 

200 µL of Elution Buffer by two successive centrifugations at 2,600×g for 2 minutes and 14,000 

× g for 2 minutes.  DNA concentrations were measured using a Thermo Nanodrop 2000c 

Spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and remaining DNA was stored at 

-20°C until further processing. 

 S. aureus Multiplex PCR Amplification of Extracted DNA.  Primers to amplify the S. 

aureus-specific thermonuclease (nuc – Forward: 5’-GCGATTGATGGTGATACGGTT-3’; 

Reverse: 5’-AGCCAAGCCTTGACGAACTAAAGC-3’), β-lactamase (blaZ – Forward: 5’-

AAGAGATTTGCCTATGCTTC-3’; Reverse: 5’-GCTTGACCACTTTTATCAGC-3’) and 

methicillin resistance (mecA – Forward: 5’-AACAGGTGAATTATTAGCACTTGTAAG-3’; 

Reverse: 5’-ATTGCTGTTAATATTTTTTGAGTTGAA-3’) genes were employed to identify 

the presence of S. aureus DNA in the eluted samples from the Norgen extraction based upon 

their application in multiple investigations of S. aureus transmission dynamics (Vesterholm-

Nielsen et al., 1999; Martineau et al., 2000; Barlow et al., 2013).  Additional reagents in the PCR 

master mix included PCR-certified H2O (Teknova, Hollister, CA), 10X ThermoPol Reaction 

Buffer (New England BioLabs, Ipswich, MA), 50mM MgCl2 (Invitrogen), deoxynucleotide 

solution mix (New England BioLabs) and Taq DNA Polymerase (New England BioLabs).  The 

Bio-Rad C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) conditions for the 

reaction included an initial denature step at 95°C for 15 minutes, 35 cycles of denaturation, 

annealing and elongation at 94°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, 

respectively, and a final extension step at 72°C for 10 minutes.  The PCR amplicons were loaded 
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into a 1.5% agarose gel and electrophoresed at 100 V for one hour to visualize the presence of 

the S. aureus-specific genes in each sample. 

 The S. aureus preparation, milk spiking, DNA extraction and PCR phases of this 

experiment were replicated one time. 

Experiment B: Qiagen Milk Bacterial DNA Extraction 

 The same protocol for the Norgen kit detailed above was conducted for an assessment of 

the Qiagen QIAamp DNA Mini Kit (Qiagen GmBH, Hilden, Germany) in October of 2012.  The 

following subtleties distinguished this new experiment from the prior procedure: 

 Following a new round of milk collection and assessment, milk from 3593 Mandrake’s 

left hind quarter was selected for use in creating spiked dilutions. 

 S. aureus ATCC strain 33591 was employed instead of the former strain 25923 based on 

laboratory inventory at the time of the new experiment. 

 The relatively higher calculated concentration of the new S. aureus suspension required 

that only 2 µL be added to 1998 µL of sterile milk to achieve a 10
6
 cfu/mL spiked 

concentration. 

 The Qiagen kit directions’ initial digestion step was performed on whole, non-centrifuged 

milk, and the buffer employed (Buffer ATL) contained neither lysozyme nor lysostaphin.  

200 µL of whole milk, 180 µL of Buffer ATL and 20 µL of proteinase K were combined 

and incubated at 70°C for 30 minutes.  Addition of 200 µL of Buffer AL was followed by 

a subsequent incubation at 70°C for 10 minutes.  200 µL of 100% ethanol were added to 

the mixture, which was then transferred to a silica-based spin column and centrifuged at 

15,000 × g for one minute.  500 µL of two wash buffers (Buffers AW1 and AW2) were 

employed in successive column washing steps with centrifugation at 15,000 × g for 1 

minute, after which the column was dried by centrifugation at 15,000 × g for 3 minutes.  

DNA was finally eluted into 200 µL of Buffer AE by allowing one minute of incubation 

at room temperature in the column and subsequently centrifuging at 6,000 × g for one 

minute. 

Experiment C: Skin Swab Transport Media Comparison 

Preparation of Transport Media.  Three different transport media were prepared based 

upon notable examples from previous literature (Verdier-Metz et al., 2012; Braem et al., 2013).  

The first, denoted H2O, was simply composed of sterile ddH2O.  The second, denoted Swab 

Buffer, consisted of a sterile ddH2O base with 1 g/L of Tween 80 and 9 g/L of NaCl.  The third, 

denoted Milk Buffer, consisted of a sterile ddH2O base with 1 g/L of Tween 80, 9 g/L of NaCl 

and 0.5% milk powder.  Aliquots of 5 mL from each transport medium stock were pipetted into 5 

mL round bottom tubes prior to sample collection. 

Skin Swab Collection. Two cows (3593 Mandrake and 3540 Poppy) that exhibited an 

SCC score less than 2.0 (as measured by monthly DHIA testing) and were within 30 days in milk 

(DIM) of each other were selected from the UVM CREAM herd for teat skin sampling in 

February of 2013.  Without prior teat cleaning (i.e. without pre-dipping or removal of 

environmental debris), sterile FLOQSwabs (Copan, Brescia, Italy) were individually rubbed 

upon one of three regions of the right hind teat of each cow: teat barrel skin (TBS), teat orifice 

skin (TOS) and streak canal epithelium (SCE).  The same quarter was sampled from each cow to 

account for the possibility of intra-animal variation of skin flora on different quarters.  

FLOQSwab model 502CS01 was employed for the TBS and TOS regions due to its relatively 

larger swab tip and sturdier construction, while model 501CS01 was employed for the SCE 
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region due to its small, thin swab tip, which allowed for smoother insertion into the streak canal.  

A plastic stencil with an open aperture of 1.5 cm
2
 was ethanol-sterilized and used to standardize 

the size and location of the surface area sampled from the TBS region.  The TBS region was 

always sampled first, followed by the TOS region and finally the SCE region; before swabbing 

the SCE, 70% ethanol cause pads were used to sanitize the exterior teat skin in case the swab 

came in contact with this surface before insertion into the streak canal.  Three swabs were used at 

each sample site.  Swab tips were then snapped off into the transport media-containing 5 mL 

round bottom tubes; samples were arranged so that one swab from each sample site was 

transported in one of the three media, thus comprising a total sample population of 18 (3 sites × 3 

types of media × 2 cows). Positive controls for each transport media treatment were created by 

swabbing exceptionally dirty surfaces in the barn (e.g. manure-encrusted or hairy regions on 

cattle), and negative controls were created by placing swabs in transport media immediately 

following removal from sterile packaging.   

Swab Processing and Aerobic Culture.  All samples were processed immediately upon 

return to the laboratory.  Tubes containing swabs tips were vortexed at 2,500 rpm for 5 minutes 

using a Fisher Scientific Multi-Tube Vortexer (Thermo Fisher Scientific) to remove bacteria 

from the surface of the swabs.  The resulting bacterial suspensions were poured into clean 

conical tubes and were subsequently streaked for confluency in duplicate on BAPs, which were 

aerobically incubated at 37°C for 48 hours.  Tenfold and hundredfold dilutions of the TBS 

samples were also streaked for confluency in duplicate on the same media and incubated under 

the same conditions, as were tenfold dilutions of the TOS samples.  Incubated plates were 

examined visually to differentiate all colony morphologies present, and isolates of the most 

prevalent morphologies were streaked onto fresh BAPs and incubated at 37°C for 48 hours.  

Identification of the isolated colonies was conducted using Gram stains, catalase tests and, when 

applicable, coagulase tests.  

Experiment D: Swab Moisture Comparison 
 Skin Swab Collection. A mixed group of six Jersey and Holstein-Friesian cows (3748 

Lima, 3758 Mable, 3645 Gillian, 3734 Sangria, 3496 Siobhan and 3747 Faline) that exhibited an 

SCC score less than 2.0 (as measured by monthly DHIA testing) and formed pairs within 30 days 

in milk (DIM) of each other were selected from the UVM CREAM herd for teat skin sampling in 

March of 2013.  The sampling procedure from Experiment C was executed with the following 

exceptions: 

 The plastic stencil employed for TBS sampling was not used, as it was perceived to 

restrict swabbing area to a degree that negatively affected bacterial yield. 

 Milk Buffer was the only transport medium used based upon relatively favorable 

bacterial yields in Experiment C (see Results). 

 Only two swabs were used at each sample site on each cow.  One swab was applied 

directly to the teat after removal from sterile packaging as previously described (a “Dry” 

swab treatment), while another swab was first dipped in Milk Buffer before contact with 

the teat skin (a “Wet” swab treatment).  Therefore, the total sample population population 

was 36 (3 sites × 2 swab treatments × 6 cows). 

Swab Processing and Aerobic Culture.  All samples were processed immediately upon 

return to the laboratory.  Again, tubes containing swab tips were vortexed at 2,500 rpm for 10 

minutes using a Fisher Scientific Multi-Tube Vortexer.  Flame-sterilized forceps were then used 

to press swab tips against the side of the tubes in order to squeeze out as much bacterial 
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suspension as possible.  The swab tips were removed using the forceps, and the remaining 

bacterial suspensions were all streak for confluency at neat and 1:10 concentrations on BAPS, 

which were aerobically incubated at 37°C for 48 hours. 

DNA Extraction.  The remaining bacterial suspensions were transferred to 15 mL conical 

tubes and frozen at -20°C overnight.  The suspensions were then thawed and centrifuged at 5,251 

× g for 30 minutes at 4°C.  The supernatants were poured off to isolate the bacterial pellets, 

which were placed in storage at -20°C until they were ready for reception at the Vermont Cancer 

Center DNA Analysis Facility.  Here, DNA from three randomly-selected cows was extracted 

utilizing a DNeasy Blood & Tissue Kit (Qiagen GmBH) and a modified manufacturer’s protocol.  

The thawed pellets were re-suspended in 1.5 mL of PBS, and the new suspensions were 

transferred to 2 mL microfuge tubes and centrifuged at 5,000 × g for 10 minutes. After the 

supernatants had been discarded, the pellets were re-suspended in 80 µL of PBS and 5 µL of 

lysozyme (10mg/mL). Tubes were incubated at 37°C for 60 minutes.  100uL of Buffer ATL and 

20uL of proteinase K were added to the tubes and they were incubated at 56°C for 30 minutes. 

Next, 200 µL of Buffer AL was added and the tubes were incubated at 70°C for 10 minutes.  The 

cells were then homogenized by adding AlO3 abrasives to the suspensions and subjecting them to 

physical disruption in a FastPrep-24 (Zymo Research Corporation, Irvine, CA) set at a speed of 

6.5 for 15 seconds.  The homogenized suspensions were transferred to new microfuge tubes and 

centrifuged at 5,000 × g for 10 minutes.  200 µL of 100% ethanol was added to each tube, and 

the resulting mixtures were transferred to silica-based spin columns and centrifuged at ≥ 6,000 × 

g for 1 minute.  500 µL of two wash buffers (Buffers AW1 and AW2) were employed in 

successive column washing steps with centrifugation at ≥ 6,000 × g for 1 minute, after which the 

column was dried by centrifugation at 15,000×g for 3 minutes.  DNA was finally eluted into 200 

µL of Buffer AE by allowing one minute of incubation at room temperature in the column and 

subsequently centrifuging at 6,000 × g for one minute.  DNA concentrations were measured 

using a Qubit 2.0 Fluorometer and its associated reagents (Invitrogen Technologies Corporation) 

according to manufacturer guidelines. 

 Ubiquitous Bacterial Primer PCR Amplification of Extracted DNA.  Bacterial DNA 

extracts were amplified using ubiquitous bacterial primers 27F (5’-

AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’) (Lane, 

1991) for amplification of the bacterial 16S rRNA gene, a widely used amplicon in culture-

independent studies of bacterial diversity in many types of environments (Delbès et al., 2007; 

Gao, Z. et al., 2007; Fierer et al., 2008; Liles et al., 2010; Schatz et al., 2010; Braem et al., 2012; 

Braem et al., 2013).  Additional reagents in the PCR master mix included PCR-certified H2O, 

10X ThermoPol Reaction Buffer, deoxynucleotide solution mix and Taq DNA Polymerase.  The 

Bio-Rad C1000 Thermal Cycler conditions for the reaction included an initial denature step at 

95°C for 10 minutes, 35 cycles of denaturation, annealing and elongation at 95°C for 30 seconds, 

53°C for 30 seconds and 72°C for minutes, respectively, and a final extension step at 72°C for 10 

minutes.  The PCR amplicons were loaded into a 1.5% agarose gel and electrophoresed at 110 V 

for 45 minutes to visualize the presence of bacterial 16S rRNA genes in each sample. 

Experiment E: Swab Agitation Comparison 

 Skin Swab Collection. Three Jersey cows (3496 Siobhan, 3737 Almond and 3747 Faline) 

with SCC score less than 2.0 (as measured by monthly DHIA testing) were selected from the 

UVM CREAM herd for teat skin sampling in April of 2013.  The sampling procedure from 

Experiment D was executed with the following exceptions:  
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 15 mL conical tubes were employed for initial sample collection (rather than 5 mL round 

bottom tubes). 

 All swabs were dipped in Milk Buffer before contact with the teat skin (as in the “Wet” 

treatment group from Experiment D) based upon relatively favorable DNA yields (see 

Results).  

 An effort was made to rub swabs more vigorously against the teat skin in order to 

maximize bacterial yields. 

 An additional sampling site on the bacteria-laden perineal region of each cow was added 

in order to create a set of positive controls.  Negative controls were still created by 

placing swabs in transport media immediately following removal from sterile packaging. 

 Two swabs were used at each sampling site, resulting in a total sample population of 24 

(4 sites × 2 swabs × 3 cows). 

Swab Processing and Aerobic Culture.  All samples were stored at 4°C overnight and 

were processed within 30 hours of collection.  Of the pairs of swabs taken at each sample site, 

one swab was agitated by vortexing as described in Experiment D; the other was processed using 

stomacher agitation.  Swabs in this second treatment group were removed from their tubes using 

flame-sterilized forceps and dropped into sterile Whirl-Paks (Nasco, Fort Atkinson, WI) to orient 

the swab tip at the bottom; the transport media remaining in the tube was poured in afterwards 

with an additional 5 mL of Swab Buffer to ensure coverage of the swab tip.  The Whirl-Paks 

were tied off and inserted into a Stomacher 400 Circulator (Seward, West Sussex, UK), which 

was then run at 260 rpm for 5 minutes.  The resulting bacterial suspensions were pipetted from 

the Whirl-Paks to their original conical tubes, and all suspensions from both treatment groups 

were streaked for confluency at neat and 1:10 concentrations on BAPS, which were aerobically 

incubated at 37°C for 48 hours. 

DNA Extraction.  Due to time constraints, a selected assortment of samples were 

processed for DNA extraction according to the procedure described in Experiment D. 

Ubiquitous Bacterial Primer PCR Amplification of Extracted DNA.  The 16S rRNA 

from all extracted DNA was amplified following the protocol described in Experiment D. 

Data Analysis 

 All data were analyzed using Microsoft Excel (Microsoft Corporation, Redmond, WA).  

Data of culture-determined bacterial concentration and real-time PCR Ct values from 

Experiments A and B were fitted to exponential linear regressions.  Concentrations of extracted 

DNA across treatment groups from experiments D and E were also fitted to exponential linear 

regressions against extracted DNA concentrations but were additionally analyzed using two-

tailed t-Tests in order to determine the significance of differences observed between sampling 

and swab processing methods, respectively.  A paired t-Test was preferred for Experiment D 

because samples from the same cow and epidermal site could be paired between the two 

treatment groups of each experiment.  A t-Test assuming unequal variance was preferred for 

Experiment E because the samples from which DNA was extracted were not paired and 

furthermore exhibited unequal variances.  Two-tailed t-Tests were preferred in both situations 

because none of the treatments from either experiment were initially hypothesized to be more or 

less effective in improving swab bacterial DNA yield. 
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RESULTS 

Experiment A: Norgen Milk Bacterial DNA Extraction 

 The S. aureus growth gradient established by spiked milk dilutions did not correspond 

exactly with the intended 0-10
5
 range as calculated by the S. aureus suspension inoculum, but an 

acceptably continuous gradient was nevertheless created.  BAP plate counts indicated steadily 

rising stepwise concentrations in both renditions of the experiment (Table 1).  The gradient was 

intended to establish an estimated threshold of detection for milk bacterial concentration using 

the Norgen extraction kit (as confirmed by end-point S. aureus multiplex PCR).   

 
Intended 

Dilution 

Scheme 

0 cfu/mL 10
o
 cfu/mL 10

1
 cfu/mL 10

2
 cfu/mL 10

3
 cfu/mL 10

4
 cfu/mL 10

5
 cfu/mL 

Rendition 1 

True 

Gradient 

0 cfu/mL 17.5 cfu/mL 31 cfu/mL 278 cfu/mL 2,567 cfu/mL 26,667 

cfu/mL 

276,667 

cfu/mL 

Rendition 2 

True 

Gradient 

4 cfu/mL 39 cfu/mL 104 cfu/mL 303 cfu/mL 4,433 cfu/mL 53,333 

cfu/mL 

490,000 

cfu/mL 

Table 1: S. aureus-spiked milk dilution gradients achieved in each rendition of Experiment A 

Lancaster DHIA’s real-time PCR services were solicited in order to corroborate the 

bacterial concentrations of the spiked milk dilutions calculated from aerobic culture and to 

confirm the extractability of the S. aureus DNA from the milk.  Lancaster DHIA organizes the 

prevalence of bacterial species within milk in a semi-quantitative manner based upon Ct values.  

Species prevalence in a given sample is noted as Suspect (Ct is between approximately 36 and 

40), Low (Ct is between approximately 30 and 36 cycles), Moderate (Ct is between 

approximately 25 and 30 cycles) or High (Ct is lower than approximately 25 cycles).  These 

intervals were inferred by the author by comparing Lancaster DHIA categorization with precise 

Ct value (Figure 1).  Dilutions negative for S. aureus detection by real-time PCR naturally did 

not have corresponding Ct values reported by Lancaster DHIA, but for the purposes of graphical 

representation, they were given a Ct value of 40 (the largest number of cycles executed in this 

real-time PCR).  Moreover, because the logarithmic y-axis prevented the depiction of data points 

with y values of 0 (i.e. with S. aureus concentrations of 0 cfu/mL), one data point was altered to 

have an S. aureus concentration of 1cfu/mL so that it could be shown on the graph.  As would be 

expected, the bacterial concentrations calculated from plate counts in aerobic culture work 

exhibited an inverse relationship with real-time PCR Ct values; an R
2
 of 0.9523 was calculated 

from an exponential regression of these two variables when data both renditions of the 

experiment were pooled (Figure 1).   
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Figure 1: The BAP plate counts of S. aureus concentrations in the spiked milk dilutions showed a strong inverse relationship with 

Lancaster DHIA real-time PCR Ct values (R2 = 0.9523).  Prevalence categories were inferred by comparing Lancaster DHIA 

categorization with precise Ct values from the spiked milk dilutions.  Dilutions negative for S. aureus detection by real-time PCR 

naturally did not have corresponding Ct values reported by Lancaster DHIA and were consequently given a Ct value of 40 so that 

they could be included in the graphical representation.  Also, the logarithmic y-axis prevented the depiction of data points with y 

values of 0, so one data points representing S. aureus-negative dilutions was altered to have a bacterial concentration of 1 cfu/mL 

in order to be included on the graph.   

 The S. aureus concentrations of the spiked milk dilutions were compared to the 

corresponding amount of DNA extracted using the Norgen kit (Figure 2).  A poor relationship 

was exhibited between these two variables – the R
2
 value obtained from an exponential 

regression of the data was 0.0133.  Three dilutions containing 4 cfu/mL, 104 cfu/mL and 4,433 

cfu/mL of S. aureus produced visible bands of base-pair length characteristic of the nuc gene 

(~300 bp) encoding the S. aureus thermonuclease enzyme (the only one of the three multiplex 

genes possessed by S. aureus ATCC strain 25923), but bands at this position were not 

consistently noted for bacterial concentrations below 53,333 cfu/mL (Figure 3).  It was therefore 

assumed that the nuc gene was successfully amplified in these band-positive samples.  
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Figure 2: The correlation between spiked milk bacterial concentration and extracted DNA concentration was poor (R2 = 0.0133 – 

trendline not depicted).  Two PCR-positive results were noted at relatively low bacterial concentrations (4 cfu/mL and 104 

cfu/mL), and one PCR-positive sample was noted for a dilution of moderate S. aureus concentration.  However, consistent 

detection by multiplex PCR was not noted below a concentration of 53,333 cfu/mL.   

 
 

 

Figure 3: Results of the S. aureus multiplex PCR from Experiment A are depicted in gel images (a) through (c).  The stepwise 

dilution gradients from 0 cfu/mL to 105 cfu/mL were designated as “33” through “39” for Lancaster DHIA labeling purposes.  

“X” denotes the positive control (pure S. aureus suspension) from the Norgen extraction, and “W” represents the water-

substituted negative control lane demonstrating that the PCR had not been contaminated.  Ladders of 100 bp increments are 

depicted in the leftmost lane of each image. (a) PCR from the first rendition of the experiment only produced a visible band in 
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lane “39”, corresponding to a milk dilution with 276,667 cfu/mL of S. aureus. (b) PCR from the second rendition of the 

experiment produced visible bands in lanes “33”, “38” and “39”, corresponding to milk dilutions with 4 cfu/mL, 53,333 cfu/mL 

and 490,000 cfu/mL of S. aureus, respectively. (c) A repeat of the PCR in the second rendition of the experiment produced 

visible bands in lanes “35”, “37”, “38” and “39”, corresponding to milk dilutions of 104 cfu/mL, 4,433 cfu/mL, 53,333 cfu/mL 

and 490,000 cfu/mL of S. aureus, respectively. 

Experiment B: Qiagen Milk Bacterial DNA Extraction 

As was the case in Experiment A, the S. aureus growth gradient established by spiked 

milk dilutions did not correspond exactly with the intended 0-10
5
 range as calculated by the S. 

aureus suspension inoculum, but an acceptably continuous gradient was created nonetheless.  

BAP plate counts indicated steadily rising stepwise concentrations differing by factors of 

approximately 10 (Table 2).  Once again, the gradient was intended to establish an estimated 

threshold of detection for milk bacterial concentration, this time using the Qiagen DNA Mini Kit 

with subsequent end-point S. aureus multiplex PCR. 

 
Intended 

Dilution 

Scheme 

0 cfu/mL 10
0
 cfu/mL 10

1
 cfu/mL 10

2
 cfu/mL 10

3
 cfu/mL 10

4
 cfu/mL 10

5
 cfu/mL 

True 

Gradient 

0 cfu/mL 1 cfu/mL 20 cfu/mL 190 cfu/mL 2,003 

cfu/mL 

19,867 

cfu/mL 

218,333 

cfu/mL 
Table 2: S. aureus-spiked milk dilution gradients achieved in Experiment B 

Lancaster DHIA’s real-time PCR services were called upon once again to corroborate the 

bacterial concentrations of the spiked milk dilutions calculated from aerobic culture and to 

confirm the extractability of the S. aureus DNA from the milk.  On this occasion, the ranges of 

the semi-quantitative categories dictated by Lancaster DHIA differed slightly from those 

reported in Experiment A.  The range of the Suspect classification shrank to include Ct values 

between approximately 37 and 40, while the Low classification swelled to capture Ct values 

between approximately 30 and 37 cycles.  The Moderate classification also grew slightly to 

include Ct values between approximately 24 and 30 cycles, while the High classification’s range 

was reduced to Ct values less than approximately 24 cycles.  Again, these intervals were inferred 

by the author by comparing Lancaster DHIA categorizations with precise Ct values (Figure 4).  

Dilutions negative for S. aureus detection by real-time PCR naturally did not have corresponding 

Ct values reported by Lancaster DHIA, but for the purposes of graphical representation, they 

were given a Ct value of 40 (the largest number of cycles run in this real-time PCR).  

Additionally, because the logarithmic y-axis prevented the depiction of data points with y values 

of 0 (i.e. with S. aureus concentrations of 0 cfu/mL), one data point was altered to have an S. 

aureus concentration of 1 so that it could be shown on the graph (see Figure 4). The bacterial 

concentrations calculated from plate counts in aerobic culture work exhibited an even stronger 

inverse relationship with real-time PCR Ct values than in Experiment A; an R
2
 of 0.9964 was 

calculated from an exponential regression of these two variables. 
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Figure 4: The BAP plate counts of S. aureus concentrations in the spiked milk dilutions once again showed a strong inverse 

relationship with Lancaster DHIA real-time PCR Ct values (R2 = 0.9964).  New prevalence categories were inferred by 

comparing Lancaster DHIA categorization with precise Ct values from the spiked milk dilutions; these ranges differed slightly 

from those of Experiment A’s results. Dilutions negative for S. aureus detection by real-time PCR naturally did not have 

corresponding Ct values reported by Lancaster DHIA and were consequently given a Ct value of 40 so that they could be included 

in the graphical representation.  Also, the logarithmic y-axis prevented the depiction of data points with y values of 0, so one data 

point representing S. aureus-negative dilutions was altered to have a bacterial concentration of 1 cfu/mL in order to be included 

on the graph. 

The S. aureus concentrations of the spiked milk dilutions were compared to the 

corresponding amount of DNA extracted using the Qiagen kit (Figure 5).  A poor relationship 

was once again exhibited between these two variables – the R
2
 value obtained from an 

exponential regression of the data was 0.1515.  The data point amended from 0 cfu/mL to 1 

cfu/mL for depiction in Figure 4 was omitted during the construction of Figure 5 so as not to 

influence the regression’s accuracy in describing the data.  None of the DNA extracted from this 

range of S. aureus-spiked milk dilutions produced visible bands of the base-pair lengths 

characteristic of the nuc, blaZ or mecA genes (all of which are present in the S. aureus ATCC 

strain 33591), indicating that none of these genes had been amplified for any sample (Figure 6). 
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Figure 5: The correlation between spiked milk bacterial concentration and extracted DNA concentration was poor again (R2 = 

0.1515– trendline not depicted).  The data point amended from 0 cfu/mL to 1 cfu/mL for depiction in Figure 4 was omitted 

during the construction of Figure 5 so as not to influence the regression’s accuracy in describing the data.  None of the S. aureus 

multiplex genes were amplified from DNA extracted using the Qiagen kit. 

 

Figure 6: Results of the S. aureus multiplex PCR in Experiment B are depicted in the gel image above.  The stepwise dilution 

gradients from 0 cfu/mL to 105 cfu/mL were designated as “60” through “66” for Lancaster DHIA labeling purposes.  “X” 

denotes the positive control (pure S. aureus suspension) from the Qiagen extraction, and “W” represents the water-substituted 

negative control lane demonstrating that the PCR had not been contaminated.  Ladders of 100 bp increments are depicted in the 

leftmost lane of the image.  Visible bands corresponding with the nuc (middle band in “X”), blaZ (top band in “X”) and mecA 

(bottom band in “X”) genes were not observed in any of the lanes corresponding to the S. aureus-spiked milk dilutions. 

Experiment C: Skin Swab Transport Media Comparison 

 Measures of average bacterial yield and average species richness (i.e. the number of 

different colony morphologies observed) for each transport medium were calculated based upon 

aerobic culture of bacterial suspensions on BAPs (Table 3).  In general, Milk Buffer preserved 

the highest average number of bacteria, whereas Swab Buffer preserved the lowest average 

number of bacteria.  Regarding teat skin sites, the highest bacterial yields were obtained from 

TOS samples transported in Milk Buffer, followed by TBS samples transported in Milk Buffer 
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and TOS samples transported in ddH2O (Figure 7).  The least amount of bacteria was 

consistently recovered from the SCE.  It should be noted, however, that the standard deviations 

for the average bacterial yields for each transport medium were quite high, generally falling on 

the same order of magnitude as the averages themselves (if not surpassing them substantially). 

 
Transport 

Medium 

Average Bacterial 

Yield (cfu/mL) 

Standard Deviation of 

Average Bacterial Yield 

Average 

Species 

Richness) 

Standard Deviation of 

Average Species Richness 

ddH2O 148.3 141.5 6.42 5.60 

Milk 

Buffer 

460.0 576.7 9.17 6.48 

Swab 

Buffer 

45.8 119.1 1.83 2.85 

Table 3: Average bacterial yield and average species richness (with associated standard deviations) were calculated for each 

transport medium treatment group.  Standard deviations were generally very high when juxtaposed to their corresponding 

averages. 

 

Figure 7: Average bacterial yields calculated from aerobically-cultured plate counts are depicted.  Regarding transport media, 

Milk Buffer yields were generally highest amongst while Swab Buffer yields were generally lowest.  Regarding skin sites, TOS 

yields were typically highest, while SCE yields were typically lowest. 

Aerobic culture also revealed a diverse array of microorganisms growing on the teat skin.  

The highest average species richness was observed in TOS samples transported using Milk 

Buffer (reaching 15.5 unique colony morphologies), followed again by TBS samples transported 

in Milk Buffer and TOS samples transported in ddH2O (Figure 8).  Regarding teat skin sites, the 

most diverse communities were isolated from TOS, while the least diverse communities were 

isolated from the SCE.  Again, though, the standard deviations of the average species richness 

for each transport medium were often considerably high when compared to their corresponding 

averages.  Table 4 depicts the most prevalent types of bacteria present in the skin swab samples 

based upon the diagnostic testing measures described in Methods and Materials.  CNS species 
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were almost invariably the major bacterial family recovered from each sample, residing in all 

three teat skin regions.  Gram-positive rod species were present in their highest numbers on the 

TOS and SCE regions, and one cow’s TOS (3593 Mandrake) was populated relatively heavily by 

a streptococcal species. 

 

 

Figure 8: Average species richness values calculated from aerobically-cultured plate counts are depicted.  Regarding transport 

media, Milk Buffer yields were generally the most diverse, while Swab Buffer yields were generally the least diverse.  Regarding 

skin sites, TOS communities were typically the most diverse, while SCE communities were typically the least diverse. 

Cow 

Sample 

Site 

Transport 

Medium Most Prevalent Colony Type 

3593 TBS ddH2O CNS 

3593 TBS Swab Buffer N/A 

3593 TBS Milk Buffer CNS 

3593 TOS ddH2O CNS 

3593 TOS Swab Buffer CNS 

3593 TOS Milk Buffer CNS, Strep. Sp. 

3593 SCE ddH2O CNS, Gram-Positive Rod sp. 

3593 SCE Swab Buffer CNS, Gram-Positive Rod sp. 

3593 SCE Milk Buffer CNS 

3540 TBS ddH2O CNS 

3540 TBS Swab Buffer CNS 

3540 TBS Milk Buffer CNS 

3540 TOS ddH2O CNS 

3540 TOS Swab Buffer Gram-Positive Rod sp. 

3540 TOS Milk Buffer Gram-Positive Rod sp. 

3540 SCE ddH2O N/A 

3540 SCE Swab Buffer N/A 

3540 SCE Milk Buffer CNS 
Table 4: CNS species were far and away the most prevalent teat skin colonizers of the cows sampled. 
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Experiment D: Swab Moisture Comparison 

 The concentrations of the skin swab bacterial suspensions determined using aerobically-

cultured plate counts were compared to the corresponding DNA concentrations extracted from 

each sample (Figure 9).  Those samples that were too numerous to count (TNTC) on the BAPs 

(i.e. containing more than 350 cfus on the plate) at both of the given plating dilutions (neat and 

1:10) were designated as having 35,000 cfu/mL (the lowest concentration possible if at least 350 

colonies are present on a plate and a 1:10 sample dilution factor is combined with a 1:10 plating 

dilution factor).  Those samples that yielded too little DNA for measurement with the Qubit 2.0 

Fluorometer (<0.50 ng/mL of DNA in the Qubit reagent mixture) were designated as having 

extracted DNA concentrations of 33 ng/mL (a 200 µL Qubit reagent mixture with a DNA 

concentration of 0.50 ng/mL of DNA contains 0.1 ng of DNA; this mass of DNA was obtained 

from a 3 µL volume of extracted DNA solution added to the Qubit reagent mixture, so a 1 mL 

volume of extracted DNA solution with proportional DNA content has 33 ng of DNA).  After 

these data had been amended, an exponential linear regression of bacterial yields and extracted 

DNA concentrations was conducted to determine the degree of correlation between the two 

variables.  The calculated R
2
 value from this regression was only 0.4318, suggesting a very 

weakly direct relationship between bacterial yield and extracted DNA concentration.   

 

 

Figure 9: Bacterial concentrations from aerobic culture of the skin swab bacterial suspensions and extracted DNA concentrations 

from these samples exhibited a direct (albeit very weak) relationship (R2 = 0.4318).  Those samples that were TNTC on the BAPs 

at both of the given plating dilutions were designated as having 35,000 cfu/mL.  Those samples that yielded too little DNA for 

measurement with the Qubit 2.0 Fluorometer (<0.50 ng/mL of DNA in the Qubit reagent mixture) were designated as having 

extracted DNA concentrations of 33 ng/mL. 

 The amount of extracted DNA was furthermore compared across sampling techniques 

(Figure 10).  Once again, DNA concentrations too low for Qubit measurement were adjusted to 

33 ng/mL as described above.  The distribution of DNA concentrations obtained from dry 

swabbing was more condensed than that of the DNA concentrations derived from wet swabbing, 

but the overall mean concentration of extracted DNA from samples obtained from dry swabbing 

was quite lower than that of samples obtained by wet swabbing (180 ng/mL versus 1046 ng/mL).  

Though these means seem significantly disparate, it is important to note that the larger wet swab 

mean was likely skewed by a single value of 7,000 ng/mL obtained from bacteria colonizing the 
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R² = 0.4318 
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TOS of 3748 Lima.  For this reason, the paired, two-tailed Student’s t-Test described in 

Materials and Methods was employed to determine the significance of this difference in mean 

DNA concentration.  The t-Test produced a p value of 0.265, indicating that the difference in 

average extracted DNA concentration between the two swabbing methods was not statistically 

significant (p>0.05).  However, there were four 16S rRNA PCR-positive samples in the Wet 

treatment group compared to only one in the Dry treatment group (Figure 11).  Both dry controls 

(positive and negative) did not produce visible bands at base-pair fragment lengths characteristic 

of the 16S rRNA gene, indicating that is was not amplified by the ubiquitous bacterial primer 

PCR described in Materials and Methods.  Conversely, both wet controls (positive and negative) 

did produce visible bands, thereby demonstrating that the 16S rRNA gene had been amplified 

from the bacteria on those swabs.   

 

Figure 10: The distribution of the Dry treatment group’s extracted DNA concentrations was more condensed than that of the Wet 

treatment group’s values, but the Wet group’s mean concentration (1046 ng/mL) was considerably higher than that of the Dry 

group (180 ng/mL).  The difference between these two means was not statistically significant (p = 0.265).  Those samples that 

yielded too little DNA for measurement with the Qubit 2.0 Fluorometer (<0.50 ng/mL of DNA in the Qubit reagent mixture) 

were designated as having extracted DNA concentrations of 33 ng/mL. 
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Figure 11: Results of the ubiquitous bacterial primer PCR in Experiment D are depicted in gel images (a) and (b).  Ladders of 1 

kbp increments are depicted in the leftmost lane of each image. (a) “W” represents the water-substituted negative control lane 

demonstrating that the PCR had not been contaminated.  Banding characteristic of the 16S rRNA gene was observed in five 

experimental samples (3748 Lima TOS Wet, 3748 Lima TBS Dry, 3748 Lima TBS Wet, 3734 TOS Wet and 3747 TOS Wet).  Of 

these five, four represented the Wet treatment group, while only one represented the Dry treatment group. (b) Neither of the Dry 

controls (positive and negative) exhibited banding characteristic of the 16S rRNA gene, whereas both of the Wet controls 

(positive and negative) exhibited such banding.   

Experiment E: Swab Agitation Comparison 

The concentrations of the skin swab bacterial suspensions determined using aerobically-

cultured plate counts were compared to the corresponding DNA concentrations extracted from 

each sample (Figure 12).  Those samples that were TNTC on the BAPs at both of the given 

plating dilutions (neat and 1:10) were designated as having 35,000 cfu/mL for the reasons 

previously described.  After these data had been amended, an exponential linear regression of 

bacterial yields and extracted DNA concentrations was conducted to determine the degree of 

correlation between the two variables.  The calculated R
2
 value from this regression was a 

diminutive 0.0936, indicating the virtual absence of a correlation between bacterial yield and 

extracted DNA concentration from both the stomacher and vortexer treatment groups. 

(a) 

(b) 
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Figure 12: Bacterial concentrations from aerobic culture of the skin swab bacterial suspensions and extracted DNA 

concentrations from these samples exhibited very little correlation (R2 = 0.0936 – trendline not depicted).  Those samples that 

were TNTC on the BAPs at both of the given plating dilutions were designated as having 35,000 cfu/mL. 

The amount of extracted DNA was compared between swab agitation techniques (Figure 

13).  The distribution of DNA concentrations obtained after vortexer agitation was far more 

condensed than that of the DNA concentrations obtained after stomacher agitation, but the 

overall mean concentration of extracted DNA from samples obtained from vortexer agitation was 

quite lower than that of samples obtained by stomacher agitation (751.5 ng/mL versus 2784 

ng/mL).  Similar to the corresponding data from Experiment D, this disparity can likely be 

attributed to the skewing influence by a single data point in the stomacher treatment group: an 

extracted DNA concentration of 6,090 ng/mL obtained from bacteria colonizing the perineal 

region of 3747 Faline.  For this reason, the two-tailed t-Test assuming unequal variance 

described in Materials and Methods was employed to determine the significance of this 

difference.  The t-Test produced a p value of 0.076, indicating that the difference in average 

extracted DNA concentration between the two swab agitation methods was not statistically 

significant (p>0.05).  However, there were two 16S rRNA PCR-positive samples in the 

Stomacher treatment group, whereas there were no 16S rRNA PCR-positive samples in the 

Vortexer treatment group (Figure 14).  Time constraints prevented extractions from being 

performed on all samples, but the Stomacher treatment’s negative control was processed and 

fittingly exhibited both the lowest concentration of extracted DNA in the experiment (72.7 

ng/mL) and a negative 16S rRNA PCR result. 
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Figure 13: The distribution of the Vortexer treatment group’s extracted DNA concentrations was more condensed than that of the 

Stomacher treatment group’s values, but the Stomacher group’s mean concentration (2784 ng/mL) was considerably higher than 

that of the Vortexer group (751.5 ng/mL).  The difference between these two means was not statistically significant (p = 0.076). 

 

 

Figure 14: Results of the ubiquitous bacterial primer PCR in Experiment E are depicted in the gel image above. A ladders of 1 

kbp increments is depicted in the leftmost lane of the image. “W” represents the water-substituted negative control lane 

demonstrating that the PCR had not been contaminated.  Banding characteristic of the 16S rRNA gene was observed faintly 

(circled red) in two experimental samples (3496 Siobhan TBS-Stomacher and 3496 Perineal-Stomacher).  All of these 16S 

rRNA-positive samples represented the Stomacher treatment group. The lone control lane (negative Stomacher in the far right 

lane) did not exhibit banding. 

DISCUSSION 

Experiments A and B: DNA Extraction from Milk 
 Experiments A and B were designed to evaluate the efficacy of two commercial kits (the 

Norgen Milk Bacterial DNA Extraction Kit and the Qiagen QIAamp DNA Mini Kit) in 

extracting bacterial DNA from milk.  Non-mastitic (SCC ≤ 2) cows were chosen for sample 

collection so that milk was not contaminated by transient pathogenic species of bacteria.  
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Extracted DNA from non-spiked samples would have been considered representative of normal 

flora residing on the teat cistern epidermis.  Both kits employ silica-based column extractions, 

which are widely used for the recovery of nucleic acids (i.e. both DNA and RNA) from a vast 

array of sampling environments (Tan & Yiap, 2009).  The electrical attraction between 

negatively charged DNA and positively-charged silica particles in the filter of a spin column 

cause rapid binding, thus precipitating DNA molecules out of solution from extraction buffers 

whose high salt concentrations enhance this binding interaction by interfering with hydrogen 

bonding between H2O molecules and the silica bed (Tan & Yiap, 2009).  It is critical, then, that 

the column filters be washed (often by rapid centrifugation, as in the Norgen and Qiagen kits) to 

remove all contaminants that may hinder their binding to DNA (Tan & Yiap, 2009).   

Milk contains a number of substances (fats, enzymes, proteins, polysaccharides, Ca
2+

 

ions, etc.) that have been known to interfere with DNA polymerase binding in PCR reactions 

(Marianelli et al., 2008), so it is probable that these substances also impede DNA-silica ionic 

interactions and reduce DNA yields from spin column extractions when present in sufficient 

concentrations.  Centrifugation of milk separates the colloid into distinct fractions that include a 

sedimented pellet of heavy cellular and proteinacious debris, a liquid solution of whey and a 

lipid-dense cream layer; in many studies, the cream and whey fractions were discarded (Gao, A. 

et al., 2007), purportedly to eliminate the numerous interfering substances present within them.  

This practice was reflected in the manufacturer’s instructions for the Norgen kit.  However, when 

this kit failed to produce reliably amplifiable DNA for low milk bacteria concentrations (the 

threshold of consistent detection was 53,333 cfu/mL – see Figures 2 and 3 in Results), the 

Qiagen kit was selected for evaluation due to its inclusion of all milk fractions in the lysis step.  

Indeed, multiple studies (Gao et al., 2005; Angen et al., 2007; Gao, A. et al., 2007; Graber et al., 

2007) recommended pooling the cream and pellet fractions of centrifuged milk due to 

preferential sequestration of some organisms (e.g. S. aureus, M. avium subsp. paratuberculosis) 

in the cream fraction.  Moreover, the extraction protocol utilized by Lancaster DHIA for 

recovery of real-time PCR templates employs the QIAamp DNA Mini Kit (albeit with additional 

proprietary buffers not disclosed to the public).  Nevertheless, DNA yields from this second kit 

were similarly low and failed to produce amplicons from S. aureus-specific multiplex PCR (see 

Figures 5 and 6 in Results).  The presence of the whey fraction, which has been documented to 

interfere with certain extraction reagents (Gao et al, 2005), in the lysis mixture may be 

responsible for this inefficacy.  Additionally, differential heat treatment across milk fractions 

before lysis may have benefited this procedure, for Gao et al. (2005) indicated that heating the 

cream fraction after centrifugation of raw milk and subsequently pooling cream and pellet 

fractions produced higher yields of M. avium subsp. paratuberculosis DNA and resulted in more 

sensitive PCR detection.   

Another crucial step in spin column extraction procedures that likely factored into the 

poor DNA yields from Experiments A and B is cell lysis (Tan & Yiap, 2009).  Both kits made 

use of buffer solutions, which increase DNA-silica binding affinity a previously described (Tan 

& Yiap, 2009), and proteinase K, a protease stimulated by the denaturing agents commonly 

found in lysis solutions (Hilz et al., 1975); additionally, the Norgen kit’s lysis buffer included 

lysozyme, an enzyme that degrades peptidoglycan in bacterial cell walls (Murphy, 2012), and 

lysostaphin, an enzyme that specifically cleaves the cross-linking pentaglycine cross-bridges in 

the cell walls of staphylococci (Wu et al., 2003).  In short, chemical and enzymatic cellular 

disrupters were well represented in these solutions.  What was not included in either case, 

however, was a physical disruption step.  For example, Gao et al. (2011) enhanced isolation of 
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protozoal DNA from Prototheca zopfii in milk by adding glass beads to extraction mixtures and 

vortexing them for 20 minutes to mechanically shear cells and release their inner contents.  This 

line of reasoning prompted the Vermont Cancer Center DNA Analysis facility to incorporate a 

FastPrep abrasion step in their extractions on skin swab-derived bacterial pellets in Experiments 

D and E.  Direct comparison between the DNA yields of the milk kit extractions and the skin 

swab extractions was not performed due to the different measurement devices employed between 

the two classes of experiments.  The Nanodrop 2000c Spectrophotometer was originally used to 

measure extracted DNA concentrations from milk samples, but it was determined that, given the 

extremely low DNA yields obtained with the kits, salt components of the elution buffers known 

to absorb UV light and hinder measurement of true DNA absorption (Sukumaran, 2011) were 

rendering the NanoDrop readings quite inaccurate.  This was apparent when comparing DNA 

measurements of skin swabs samples from the Nanodrop with those obtained from the Qubit 

(data not shown), which functions by detecting fluorescence of a double-stranded DNA binding 

reagent (Foley et al., 2011) and thus selectively omits interfering fluorescence from superfluous 

substances in the elution buffer.  Future studies should take care to use consistent DNA 

measurement techniques to describe such differences between extraction protocols. 

Alternative strategies for DNA extraction beyond kit-based protocols were considered 

following the failure of the Norgen kit to recover sufficient concentrations of bacterial DNA.  

Several studies conducted phenol-chloroform-isoamyl extractions (Romero & Lopez-Goñi, 

1999; Lafarge et al., 2004; Delbès et al., 2007; Marianelli et al., 2008) in which DNA suspended 

in a phenol:chloroform:isoamyl mixture (25:24:1) was separated into an aqueous phase from 

which it could be precipitated with the addition of ethanol or isopropanol (Tan & Yiap, 2009).  

However, the highly toxic reagents used in this procedure and its rigorous learning curve 

detracted substantially from its appeal despite reports of high sensitivity.  The Qiagen kit was 

chosen instead to restrict the scope of the investigation to column-based systems. 

Experiments C, D and E: Skin Swab Collection and Processing 

 In regards to bovine skin swabbing, there is a marked paucity of explicit methodological 

comparisons of swabbing and sample processing techniques in the existing literature.  

Experiments C, D and E were consequently designed to judge different methods of sample 

collection and to identify which of these methods are most useful for application in culture-

independent studies of skin microbiota (i.e. which methods yield DNA that is both high in 

concentration and representative of a skin microbiome’s true composition). 

Descriptions of teat apex swabbing by De Vliegher et al. (2003) and Braem et al. (2012) 

are rather vague in their explanation of swab “transportation” from the field site to the laboratory 

and as such were the subject of this study’s first inquiry, Experiment C.  The first medium 

selected was plain ddH2O, representing a simple liquid in which bacterial cells from swab tips 

could be suspended following sampling.  The second and third media (Swab Buffer and Milk 

Buffer) were adapted from those described by Verdier-Metz et al. (2012).   

Amongst transport media, Milk Buffer exhibited both the highest average aerobically-

cultured bacterial yield and the highest average species richness (see Table 3 in Results).  This 

observation may possibly be attributed to the fact that some bacterial species preferentially bind 

to milk fats (Gao et al., 2007; Graber et al., 2007) and may consequently be more effectively 

pulled into suspension from the surface of the swab tip when immersed in a liquid containing a 

sufficient concentration of these organic compounds.  Based upon this line of reasoning, Milk 

Buffer was employed for the remaining skin swab investigations (Experiments D and E).  

However, one should approach the Milk Buffer’s high averages with extreme caution, for this 
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treatment group also exhibited the highest standard deviation of any transport medium for both 

average bacterial yield and average species richness.  It is therefore difficult to have confidence 

in the significance of these data despite the temptation to infer Milk Buffer’s superiority.  What 

is more, a prospective bacterial DNA extraction procedure still had not been chosen when this 

experiment was conducted, so data of extracted DNA concentrations could not be included in 

this study.  As a result, it was necessary to rely upon the results of culture-based methods to infer 

the efficacy of the swab media in supporting high bacterial DNA yields and maintaining 

microbial diversity.  The inclusion of actual extracted DNA data would have been more helpful 

in describing the transport media’s true utility in culture-independent analysis; for example, 

though Swab Buffer consistently yielded the least number of aerobically-cultured organisms, it is 

possible that osmotic imbalances created by the medium’s ionic components caused cells to lyse, 

thus releasing large amounts of readily-accessible DNA.  These dead cells would not grow up in 

culture, but their DNA could still be harvested.  Future renditions of this experiment should 

include a DNA extraction component to account for such possibilities. Nevertheless, the 

prevalence of CNS species at multiple teat environments across several cows is consistent with 

previous culture -independent investigations of this microbiome’s species profile (Braem et al., 

2012; Verdier-Metz et al., 2012; Braem et al., 2013). 

Fortunately, a revised DNA extraction protocol was available for Experiments D and E.  

The data generated from this protocol in Experiment D demonstrated a weak relationship 

between aerobically-cultured bacterial counts and extracted DNA concentrations (exponential 

regression R
2
 = 0.4318 – see Figure 9 in Results) in the comparison of swab moisture treatments.  

Although wet swabbing was tentatively established as having relatively higher bacterial DNA 

extract yields, the data from this treatment group also suffered from high degrees of variability 

(see Figure 10 in Results).  The paired, two-tailed t-Test executed from these data confirmed the 

lack of a statistically significant difference between extracted DNA yields from the two 

treatment groups (p = 0.265).  Moreover, the presence of 16S rRNA amplicons from the wet 

swab negative control raised concerns of increased aerosol contamination of wet swabs in the 

barn environment.  Dairy barns have been reported to exhibit high levels of bacterial aerosol 

contamination from hay and straw (Duchaine et al., 1999), so it is plausible that the generally 

higher bacterial DNA yields and four PCR-positive results obtained from wet swab samples 

could have resulted from the accidental amplification of the 16S rRNA genes of aerosol 

contaminant species.  This problem of aerosol is more likely in investigations of livestock skin 

microbiota, for studies of human skin microbiota have the convenient option of moving subjects 

to sterile sampling environments (Paulino et al., 2006). Ultimately, all of these factors prevented 

the naming of a definitively superior swabbing method, but the slight advantage in average 

extracted DNA yield exhibited by the Wet treatment was still used as justification for performing 

wet swabbing during sample collection for Experiment E. 

This final investigation sought to compare stomacher agitation of skin swabs with 

vortexer agitation.  Both procedures were intended to physically shake swab tips to release more 

bacteria into the transport media.   Vortexing achieved this by rapidly spinning swabs within the 

transport media in a circular direction, whereas stomaching beat swabs repeatedly with the 

apparatus’ internal paddles.  Vortexing conditions were adapted from Braem et al. (2012), while 

stomaching conditions were adapted from Verdier-Metz et al. (2012).  Aerobic culture of the 

bacterial suspensions exhibited an even weaker relationship with extracted DNA concentrations 

than in Experiment D (exponential linear regression R
2
 = 0.0936 – see Figure 12 in Results), 

further emphasizing the potential disparities between aerobically-cultured and molecular 
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measures of sample yield.  It is possible that the somewhat violent manner of agitation in the 

stomacher apparatus actually killed considerable numbers of cells in this treatment group, thus 

leading to the relatively low number of cultured organisms observed within this treatment group.  

The physical contact of the stomacher paddles with the Whirl-Paks may have been sufficient to 

break open cells, which would translate to the reduced populations of viable organisms observed 

in culture.  If this were true, the damaged cells would theoretically release more readily-extracted 

DNA into the transport media.  This rationale may explain the overall larger average DNA 

extract concentrations from stomached samples, although a high degree of variability about the 

mean in this treatment group once again detracts from the significance of this difference.  The 

two-tailed t-Test assuming unequal variance asserted a lack of significance as well (p = 0.076).  

For this reason, a superior swab agitation method cannot be named definitively.  Nevertheless, it 

should be noted that the only two 16S rRNA PCR-positive samples from this experiment 

belonged to the Stomacher treatment group (see Figure 14 in Results).   

General Concerns 

 Sample size was invariably a concern across all skin swab experiments.  Only two cows 

were included in Experiment C, resulting in a total sample population of just 18 swabs.  

Experiment D’s sample population was slightly more robust at 36 swabs, but only six cows were 

represented.  Finally, Experiment E’s sample population was restricted to just nine swabs 

distributed unevenly between two cows.  Future experiments performed in the field should 

therefore seek to capture a larger population of cows to mitigate the high degree of variation 

about mean bacterial DNA yields.  However, more expansive on-farm sampling may not even 

represent the most effective study design for accomplishing this purpose.  A major flaw 

encountered in this study was that the use of multiple swabs at the same teat skin site introduced 

bias based upon which swab treatment was sampled first.  In Experiments C and D, the order in 

which swab treatments were sampled was not recorded; in Experiment E, Stomacher samples 

were consistently collected before Vortexer samples.  This quandary was not particularly 

important for TBS sites, which afforded a more expansive surface area to swab, but the relatively 

smaller TOS and SCE sites were likely depleted of microbes by the second or third swabbing.  

Other on-farm study designs might increase cow numbers and sample different treatments across 

different cows, but inter-animal variation would be introduced as a result. Similarly, sampling 

different treatments across different quarters on the same cow trades the prospect of inter-animal 

variation for that of intra-animal variation.  An attractive alternative model would be an excised 

teat study design, which is most frequently associated with evaluations of sanitizing teat dips 

(Boddie et al., 2002).  Excised teats from slaughtered dairy cattle could be housed in a 

contaminant-free laboratory setting and coated with bacterial suspensions of known 

concentration; samples could then be swabbed with cleaning and re-coating between treatment 

groups to prevent the gradual decline of bacterial yields experienced in this study.   

Of additional concern were the multiple bands observed for a number of samples (3748 

Lima TBS Dry, 3748 Lima TBS Wet, 3734 TOS Wet and 3747 TOS Wet, Wet Positive Control, 

Wet Negative Control – see Figure 11 in Results) following amplification of the 16S rRNA gene 

with primers 27F and 1492R.  These observations were troubling because the 27F/1492R 16S 

rRNA primer set generally only amplifies one gene sequence corresponding to the nearly 

complete 16S rRNA gene in the majority of bacterial species (Lane, 1991).  However, an 

instance was documented in which an amplification artifact of approximately 1,500 bp in length 

was observed in conjunction with normal amplicons from this primer set (Osbourne et al., 2005).  

The additional band observed in the Experiment D reactions were larger in size than this artifact, 
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but the potential for variable artifact length has been described (Osbourne et al., 2005).  Other 

reverse primers isolating 16S rRNA gene with 27F (e.g. 519r, 1525R) were consequently 

recommended for use in downstream applications of PCR products (Osbourne et al., 2005). 

Therefore, future culture-independent investigations might want to consider other 16S rRNA 

primer combinations.  It should be noted that no double-banded patterns were observed for the 

PCR-positive samples from Experiment E (see Figure 14 in Results). 

   

CONCLUSIONS 

 The two commercial milk bacterial DNA extraction kits (the Norgen Milk Bacterial DNA 

Isolation Kit and the Qiagen QIAamp DNA Mini Kit) were generally ineffectual in recovering 

amplifiable bacterial DNA extracts from low concentrations of bacteria.  As a result, they should 

be avoided for culture-independent analysis of bacterial communities in non-mastitic milk unless 

their protocols are amended with improved milk fraction treatment and more rigorous cellular 

lysis conditions.  The comparison of skin swab transport media demonstrated Milk Buffer to 

foster, on average, the growth of the largest and most diverse bacterial communities in aerobic 

culture, but the large standard deviations exhibited by aerobically-cultured plate counts detracted 

from the significance of this finding.  A sound DNA extraction method was not available to 

confirm the superiority of Milk Buffer as an effective transport medium, so its value to culture-

independent analysis can only be loosely inferred.  Similarly, neither of the swabbing methods 

(wet and dry) exhibited a statistically significant advantage in associated bacterial DNA extract 

concentration; a slight edge by wet swabbing was weakened by possible aerosol contamination 

from the barn environment.  Finally, the slightly higher bacterial DNA extract concentrations 

associated with stomaching (as opposed to vortexing) skin swabs was not statistically significant.  

Repeated analyses of skin swab sample collection and processing methods should incorporate a 

larger number of samples or make use of the proposed excised teat model. 

 

ACKNOWLEDGEMENTS 

 The author would like to thank the following for their contributions to this project: all 

members of the Vermont Cancer Center DNA Analysis Facility (for their assistance in bacterial 

DNA extraction and instruction in Qubit operation procedures); UVM CREAM groups 2012 and 

2013 (for loaning their cattle); Dr. Benoit St. Pierre (for his guidance in the selection of universal 

bacterial primers); Rachel Smith, Melissa Bainbridge and Drs. André-Denis Wright, Jana Kraft 

and David Kerr (for loaning their laboratory facilities and equipment); and, especially, Amanda 

Ochoa (for her steadfast encouragement and supervision). 

   

REFERENCES 

Angen, Ø., Ståhl, M., Agerholm, J.S., Christoffersen, A.-B., & Agger, J.F. (2007). Dynamics of 

relationship between the presence of Coxiella burnetii DNA, antibodies, and intrinsic 

variables in cow milk and bulk tank milk from Danish dairy cattle. J. Dairy Sci., 94, 

5750-5759. 

Barlow, J.W., Zadocks, R.N., & Schukken, Y.H. (2013). Effects of lactation therapy on S. aureus 

transmission dynamics in two commercial dairy herds. BMC Vet. Res., 9. 

Boddie, R.C., Owens, W.E., Ray, C.H., Nickerson, S.C., & Boddie, N.T. (2002). Germicidal 

Activities of Representatives of Five Different Teat Dip Classes Against Three Bovine 

Mycoplasma Species Using a Modified Excised Teat Model. J. Dairy Sci., 85, 1909-

1912.  



Alling 28 

Braem, G., De Vliegher, S., Verbist, B., Heyndrickx, M., Leroy, F., & De Vuyst, L. (2012). 

Culture-independent exploration of the teat apex microbiota reveals a wide bacterial 

species diversity. Vet. Microbiol., 157, 383-390. 

Braem, G., De Vliegher, S., Verbist, Piessens, V., Van Coillie, E., De Vuyst, L., & Leroy, F. 

(2013). Unraveling the microbiota of teat apices of clinically healthy lactating dairy 

cows, with special emphasis on coagulase-negative staphylococci. J. Dairy Sci., 96, 1-12. 

De Vliegher, S., Laevens, H., Devriese, L.A., Opsomer, G., Leroy, J.L.M., Barkema, H.W., & de 

Krui, A. (2003). Prepartum teat apex colonization with Staphylococcus chromogenes in 

dairy heifers is associated with low somatic cell count during earl lactation.  Vet. 

Microbiol., 92, 245-252. 

Delbès, C., Ali-Mandjee, L., & Montel, M.C. (2007). Monitoring Bacterial Communities in Raw 

Milk and Cheese by Culture-Dependent and –Independent 16S rRNA Gene-Based 

Analysis. Appl. Environ. Microbiol., 73, 1882-1891. 

Duchaine, C., Mériaux, A., Brochu, G., & Cormier, Y. (1999). Airborne Microflora in Quebec 

Dairy Farms: Lack of Effect of Bacterial Hay Preservatives. Am. Ind. Hyg. J., 60, 89-95. 

Fierer, N., Hamady, M., Lauber, C.L., & Knight, R. (2008). The influence of sex, handedness, 

and washing on the diversity of hand surface bacteria. Proc. Natl. Acad. Sci. U.S.A., 105, 

17994-17999. 

Foley, C., O’Farrelly, C., & Meade, K.G. (2011). Technical note: Comparative analysis of the 

quality and yield of genomic DNA from invasive and noninvasive, automated and 

manual extraction methods. J. Dairy Sci., 94, 3159-3165. 

Foret, C.J., Corbellini, C., Young, S., & Janowicz, P. (2005). Efficacy of Two Iodine Teat Dips 

Based on Reduction of Naturally Occurring New Intramammary Infections. J. Dairy Sci., 

88, 426-432. 

Gao, A., Mutharia, L., Raymond, M., & Odumeru, J. (2007). Improved template DNA 

preparation procedure for detection of Mycobacterium avium subsp. paratuberculosis in 

milk by PCR. J. Microbiol. Methods, 69, 417-420. 

Gao, A., Odumeru, J., Raymond, M., & Mutharia, L. (2005). Development of improved method 

for isolation of Mycobacterium avium subsp. Paratuberculosis from bulk tank milk: 

Effect of age of milk, centrifugation and decontamination. Can. J. Vet. Res., 69, 81-87. 

Gao, J., Hou, R.-G., Zhang, H.-Q., He, J.-Z., Li, S.-M., Su, J.-L., & Han, B. (2011). A novel 

DNA extraction and duplex polymerase chain reaction assay for the rapid detection of 

Prototheca zopfii genotype 2 in milk. Lett. Appl. Microbiol., 53, 278-282. 

Gao, Z., Tseng, C.-H., Pei, Z., & Blaser, M.J. (2007). Molecular analysis of human forearm 

superficial skin bacterial biota. Proc. Natl. Acad. Sci. U.S.A., 104, 2927-2932. 

Graber, H.U., Casey, M.G., Naskova, J., Steiner, A., & Schaeren, W. (2007). Development of a 

Highly Sensitive and Specific Assay to Detect Staphylococcus aureus in Bovine Mastitic 

Milk. J. Dairy Sci., 90, 4661-4669. 

Grice, E.A., & Segre, J.A. (2011). The skin microbiome. Nat. Rev. Microbiol., 9, 244-253. 

Hilz, H., Wiegers, U., & Adamietz, P. (1975). Stimulation of Proteinase K Action by Denaturing 

Agents: Application to the Isolation of Nucleic Acids and the Degradation of 

‘Masked’Proteins. Eur. J. Biochem, 56, 103-108. 

Lafarge, V., Ogier, J.-C., Girard, V., Maladen, V., Leveau, J.-Y., Gruss, A., & Delacroix-Buchet, 

A. (2004). Raw Cow Milk Bacterial Population Shifts Attributable to Refrigeration. Appl. 

Environ. Microbiol., 70, 5644-5650. 



Alling 29 

Lane, D.J. (1991). 16S/23S rRNA sequencing. In E. Stackebrandt, & M. Goodfellow (Eds.), 

Nucleic acid techniques in bacterial systematics (pp.115-175). New York: John Wiley 

and Sons. 

Liles, M.R., Turkmen, O., Manske, B.F., Zhang, M., Rouillard, J.-M., George, I., Balser, T., 

Billor, N., Goodman, R.M. (2010). A phylogenetic microarray targeting 16S rRNA genes 

from the bacterial division Acidobacteria reveals a lineage-specific distribution in a soil 

clay fraction. Soil Biol. Biochem., 42, 739-747. 

Marianelli, C., Martucciello, A., Tarantino, M., Vecchio, R., Iovane, G., & Galiero, G. (2008). 

Evaluation of Molecular Methods for the Detection of Brucella Species in Water Buffalo 

Milk. J. Dairy Sci., 91, 3779-3786. 

Martineau, F., Picard, F.J., Lansac, N., Menard, C., Roy, P.H., Ouellette, M., & Bergeron, M.G. 

(2000). Correlation between the resistance genotype determined by multiplex PCR assays 

and the antibiotic susceptibility patterns of Staphylococcus epidermidis. Antimicrob. 

Agents Chemother., 44, 231-238. 

Murphy, K. (2012). Janeway’s Immunobiology (8
th

 Ed.). New York: Garland Science. 

Neijenhuis, F., Barkema, H.W., Hogeveen, H., & Noordhuizen, J.P.T.M. (2001). Relationship 

Between Teat-End Callosity and Occurrence of Clinical Mastisis. J. Dairy Sci., 84, 2664-

2672. 

Osbourne, C.A., Galic, M., Sangwan, P. & Janssen, P.H. (2005). PCR-generated artefact from 

16S rRNA gene-specific primers. FEMS Microbiol. Lett., 248, 183-187. 

Paulino, L.C., Tseng, C.-H., Strober, B.E., & Blaser, M.J. (2006). Molecular Analysis of Fungal 

Microbiota in Samples from Healthy Human Skin and Psoriatic Lesions. J. Clin. 

Microbiol., 44, 2933-2941. 

Paulrud, C.O. (2005). Basic Concepts of the Bovine Teat Canal. Vet. Res. Commun., 29, 215-

245. 

Piepers, S., Peeters, K., Opsomer, G., Barkema, H.W., Frankena, K., & De Vliegher, S. (2011). 

Pathogens group specific risk factors at herd, heifer and quarter levels for intramammary 

infections in early lactating dairy heifers. Prev. Vet. Med., 99, 91-101. 

Romero, C., & Lopez-Goñi, I. (1999). Improved Method for Purification of Bacterial DNA from 

Bovine Milk for Detection of Brucella spp. by PCR. Appl. Environ. Microbiol., 65, 3735-

3737. 

Schatz, M.C., Phillippy, A.M., Gajer, P., DeSantis, T.Z., Andersen, G.L., & Ravel, J. (2010). 

Integrated Microbial Survey Analysis of Prokaryotic Communities for the Phylochip 

Microarray. Appl. Environ. Microbiol., 76, 5636-5638. 

Seegers, H., Fourichan, C., & Beaudeau, F. (2003). Production effects related to mastitis and 

mastitis economics in dairy cattle herds. Vet. Res., 34, 475-491. 

Shu, M., Wang, Y., Yu, J., Kuo, S., Coda, A., Jiang, Y., Gallo, R.L., & Huang, C.-M. (2013). 

Fermentation of Propionibacterium acnes, a Commensal Bacterium in the Human Skin 

Microbiome, as Skin Probiotics against Methicillin-Resistant Staphylococcus aureus. 

PLoS ONE, 8, e55380. 

Sukumaran, S. (2011). Concentration Determination of Nucleic Acids and Proteins Using the 

Micro-volume Bio-Spec Nano Spectrophotometer. J. Vis. Exp., 48, 2699. 

Tan, S.C., & Yiap, B.C. (2009). DNA, RNA, and Protein Extraction: The Past and the Present. J. 

Biomed. Biotechnol., 2009, 574398. 

USDA. (2009). Dairy 2007, Part V: Changes in Dairy Cattle Health and Management Practices 

in the United States, 1996-2007. Fort Collins, CO: USDA-APHIS. 



Alling 30 

Verdier-Metz, I., Gagne, G., Bornes, S., Monsallier, F., Veisseire, P., Dèlbes-Paus, C., & Montel, 

M.-C. (2011). Cow Teat Skin, a Potential Source of Diverse Microbial Populations for 

Cheese Production. Appl. Environ. Microbiol., 78, 326-333. 

Vesterholm-Nielsen, M., Olhom Larsen, M., Elmerdahl Olsen, J., & Moller Aarestrup, F. (1999). 

Occurrence of the blaZ gene in penicillin resistant Staphylococcus aureus isolated from 

bovine mastitis in Denmark. Acta Vet. Scand., 40, 279-286. 

Weese, J.S. (2013). The canine and feline skin microbiome in health and disease. Vet. Dermatol., 

24, 137-e31. 

Woodward, W.D., Besser, T.E., Ward, A.C.S., & Corbeil, L.B. (1987). In vitro Growth 

Inhibition of Mastitis Pathogens by Bovine Teat Skin Normal Flora. Can. J. Vet. Res., 51, 

27-31. 

Wu, J.A., Kusuma, C., Mond, J.J., & Kokai-Kun, J.F. (2003). Lysostaphin Disrupts 

Staphylococcus aureus and Staphylococcus epidermidis Biofilms on Artificial Surfaces. 

Antimicrob. Agents Chemother., 47, 3407-3414. 


