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Abstract

The efficacy of DNA extraction protocols can be highly dependent upon both the type of sample being investigated and the types of downstream
analyses performed. Considering that the use of new bacterial community analysis techniques (e.g., microbiomics, metagenomics) is becoming
more prevalent in the agricultural and environmental sciences and many environmental samples within these disciplines can be physiochemically
and microbiologically unique (e.g., fecal and litter/bedding samples from the poultry production spectrum), appropriate and effective DNA
extraction methods need to be carefully chosen. Therefore, a novel semi-automated hybrid DNA extraction method was developed specifically
for use with environmental poultry production samples. This method is a combination of the two major types of DNA extraction: mechanical and
enzymatic. A two-step intense mechanical homogenization step (using bead-beating specifically formulated for environmental samples) was
added to the beginning of the “gold standard” enzymatic DNA extraction method for fecal samples to enhance the removal of bacteria and DNA
from the sample matrix and improve the recovery of Gram-positive bacterial community members. Once the enzymatic extraction portion of the
hybrid method was initiated, the remaining purification process was automated using a robotic workstation to increase sample throughput and
decrease sample processing error. In comparison to the strict mechanical and enzymatic DNA extraction methods, this novel hybrid method
provided the best overall combined performance when considering quantitative (using 16S rRNA qPCR) and qualitative (using microbiomics)
estimates of the total bacterial communities when processing poultry feces and litter samples.

Video Link

The video component of this article can be found at http://www.jove.com/video/52161/

Introduction

When analyzing complex clinical or environmental samples (e.g., feces, soils), there are two main methodologies used for the extraction of DNA.
The first is a mechanical disruption of the matrix using an intense bead-beating step, while the second is an enzymatic disruption of the matrix to
chemically release bacterial cells and inhibit PCR inhibitors from the matrix simultaneously. Given the different means by which these two types
of extraction methods work, it is not surprising that previous studies demonstrated that the appropriate DNA extraction method is both highly
sample and analysis dependent. Comparative DNA extraction studies previously showed that some methods are more appropriate for improved
DNA quality and quantity from environmental samples1-3, while others demonstrated improvements for community-level analyses such as
denaturing gradient gel electrophoresis (DGGE)4-6, terminal restriction fragment length polymorphism (T-RFLP)7, automated ribosomal intergenic
spacer analysis (ARISA)8, and phylogenetic microarrays9. Therefore, appropriate DNA extraction methods need to be used, or developed,
according to the types of environmental samples and the types of analyses being performed on those samples, especially given the recent
advancements in bacterial community analyses.

Next generation sequencing, in conjunction with more quantitative community assessments (e.g., quantitative PCR (qPCR)), is becoming more
prevalent in the environmental and clinical sciences, however, very little research has been performed to determine the effect of DNA extraction
methods on these data sets. Most DNA extraction comparison studies dealt with microbiomic community estimates from human or human model
samples10,11, not agricultural animal samples. The few poultry-focused next generation sequencing studies dealt with specific metagenomic12,13

or microbiomic14 questions; they did not discuss the effect of DNA extraction method on the resulting microbiomic analyses. Considering the
complex nature of environmental samples related to poultry production (e.g., feces, litter/bedding, pasture soil), DNA extraction methods need
to be carefully selected. Poultry-related environmental samples are known to contain large numbers of PCR inhibitors and up to 500-fold DNA
extract dilutions have been required for PCR and subsequent downstream analysis15-17. Therefore it is essential that DNA extraction methods be
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optimized for these types of samples in order to not only physically disrupt the matrix, but also to be able to reduce/eliminate the large number of
inhibitors that are present.

The QIAamp DNA Stool Mini Kit, an enzymatic extraction method, has been considered the “gold standard” when extracting DNA from difficult
gut/fecal samples1,18,19 and has been applied successfully to poultry environmental samples8,14. The enzymatic removal of PCR inhibitors
through the use of a proprietary matrix is one of the greatest advantages of using this method for these types of environmental samples, as is
the ability to significantly improve throughput (and reduce sample processing error) using automated workstations. One major disadvantage
is the lack of a mechanical homogenization step to physically disassociate bacterial cells from the environmental matrix. When testing gut and
fecal samples of non-poultry origin, the addition of a bead-beating or mechanical disruption step within a DNA extraction protocol significantly
increased extraction efficiency9, DNA yield/quality1,4,5 and significantly improved downstream community analyses in terms of richness, diversity,
and coverage5,6,11. These studies compared not only mechanical bead-beating methods to the “gold standard” enzymatic method, but some also
added the mechanical bead-beating step to the enzymatic protocol to improve results6,9,11.

According to the results from the above studies, bacterial community analyses (both qualitative and quantitative) could be improved from poultry-
related environmental samples through the addition of a mechanical homogenization step to the enzymatic method. Therefore, the goal of this
study was twofold: (1) to develop a novel DNA extraction technique that utilizes the most desirable aspects of both the mechanical (powerful
homogenization step) and enzymatic (PCR inhibitor removal and automation) extraction methods and (2) compare the quantitative (via qPCR)
and qualitative (via microbiomics) bacterial community assessments of this novel method to representative mechanical and enzymatic methods.

Protocol

1. Mechanical Homogenization of Environmental Poultry Production Samples

1. Prior to extraction, set a water bath to 95 °C and allow the water bath time to reach that temperature.
2. Weigh out 0.33 g of soil or fecal material into a 2 ml Lysing Matrix E tube.

1. Do not exceed 0.33 g of sample in the tube, since this will cause the following solutions to exceed the capacity of the tube.
2. Thaw frozen samples to RT prior to weighing.
3. In order to analyze a total of 1 g of soil/feces, weigh out 3 replicate 0.33 g samples for each individual environmental sample.
4. Store samples at -20 °C within the conical matrix tubes prior to extraction, if needed.

3. Add 825 µl Sodium Phosphate Buffer and 275 µl of PLS solution to a sample tube. Mix using a vortex for ~15 sec and then centrifuge the
samples at 14,000 x g for 5 min.

4. Decant the supernatant and add 700 µl of Buffer ASL. Mix using a vortex for 5 sec.
1. Ensure that there is headspace (~10% total volume) available in the conical tube at this point. If there is no headspace, the tubes will

have a tendency to leak during the next homogenization step which could lead to cross-contamination and/or sample loss.

5. Place the samples into a FastPrep 24 Instrument, and homogenize the samples at a speed of 6.0 m/sec for 40 sec.
6. Centrifuge the homogenized sample at 14,000 x g for 5 min. Transfer the supernatant to a sterile 2 ml microcentrifuge tube.
7. To maximize the DNA recovery from the sample, repeat steps 1.4 to 1.6, combining the supernatants into the same sterile, 2 ml

microcentrifuge tube.

2. Enzymatic Inhibition of Inhibitors from Sample Homogenates

NOTE: This protocol uses the QIAamp DNA Stool Mini Kit.

1. Incubate the supernatant in a 95 °C water bath for 5 min to maximize DNA recovery from any remaining cells within the supernatant.
1. Incubate at 70 °C for samples containing mostly Gram-negative organisms. However if Gram-positive organisms are present (which is

the case with poultry fecal samples), incubate at 95 °C.
2. Use plastic locking clips on the microcentrifuge tubes to ensure that the tubes will not “pop” open and potentially lose sample volume

as pressure can build up in these sealed microcentrifuge tubes.

2. Open each microcentrifuge tube to release the pressure, re-cap the microcentrifuge tubes and mix using a vortex for 15 sec.
3. Centrifuge the sample at 14,000 x g for 1 min, remove 1.2 ml of the supernatant and place it into a new sterile 2 ml microcentrifuge tube.
4. Add 1 InhibitEx tab to each sample, and mix using a vortex until the sample becomes a uniformly white/off-white liquid.

1. Avoid touching the InhibitEx tab while placing it into the microcentrifuge tube containing the sample. To accomplish this, place the
blister pack containing the tab directly over the open microcentrifuge tube and gently push the tab out of the blister pack and into the
microcentrifuge tube.

5. Incubate the sample for 1 min at RT (~ 25 °C) and centrifuge at 14,000 x g for 5 min.
6. Transfer all liquid to a sterile 1.5 ml microcentrifuge tube and centrifuge at 14,000 x g for 5 min.

1. Avoid any remaining particulates that may have pelleted at the bottom of the microcentrifuge tube at the end of step 2.5 when
transferring the liquid.
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3. Automated DNA Purification Using the QIAcube Robotic Workstation

NOTE: The number of plastic consumables, the arrangement of the sample rotor adapters within the centrifuge, and the required volumes of the
buffers/solutions are dependent on the number of samples that are being run.

1. Add elution tubes and filter tubes to the appropriate slots within the rotor adapters. For each sample, add 400 µl to the middle slot of the rotor
adapter. Place the rotor adapters in the workstation centrifuge in the correct arrangement according to the number of samples being purified.

1. Make sure that all of the microcentrifuge tube lids are properly secured within the rotor adapter since a failure to do so could result in
shearing during one of the centrifugation steps of the purification protocol.

2. Add the required number of 1,000 µl and 200 µl filter-tips to the workstation, and fill the supplied buffer bottles with the required volume of
buffers.
 

NOTE: The buffers required for this purification protocol (AL, AW1, AW2, and AE) are all contained within the QIAamp DNA Stool Mini Kit.
The user needs to supply the 100% ethanol that is needed for the AW buffers and as a solution used in the purification process.

3. Add the required volume of the supplied proteinase K solution into a sterile 1.5 ml microcentrifuge tube and place it into slot A on the
workstation. Also, add the required number (equal to the number of samples being purified) of 2 ml safe-lock microcentrifuge sample tubes
RB to the shaker section of the workstation.

1. Ensure that the lids of the sample tubes are securely placed into the appropriate slots on the workstation, since a failure to do so will
result in an error when the machine initially scans the workstation to make sure all needed plastics and liquids are available for the
requested run.

4. Using the touchscreen on the workstation, select the DNA Stool – Human Stool – Pathogen Detection Protocol, and read through the
subsequent screens to ensure that the workstation was loaded correctly. Once all check screens are passed, select Start to run this protocol.

1. If extracting DNA from more than 12 samples, begin the homogenization process (Step 1) for the next set of samples, since a run of 12
samples takes ~72 min to complete on the workstation.

5. Remove the samples from the rotor adapters, cap them, and place at -20 °C until needed for subsequent downstream analyses.
1. At this point, combine the 3 replicate purifications for an individual sample (total analyzed amount = 1 g) using a centrifugation/

evaporation-based system. Combine the replicates and re-elute to a final volume of 100 µl of Tris-ETDA buffer.

Representative Results

For this study, fresh fecal droppings and litter samples were recovered from a commercial broiler house (~25,000 birds) in the southeastern
US. The broilers (Gallus gallus) were Cobb-500 crosses, and they were 59 days old at the time of sampling. Fresh fecal and litter samples were
recovered from four distinct areas within the house (near cooling pad, near the waterer/feeder lines, in between the waterer/feeder lines, and
near exhaust fans), and samples from each of these areas contained five pooled samples from within that area. Samples from the four areas of
the house were extracted and quantitatively/qualitatively analyzed separately according to sample type (fecal or litter). The data presented below
represent the mean values for the entire house for both environmental sample types.

Total 16S rDNA abundances, an estimate of the total bacterial community contained within a sample, were determined using a previously
published qPCR protocol20, and values were normalized using the amount of DNA recovered from each extraction method (based on
fluorometric analysis described previously21. Of the three extraction methods, Figure 1 shows that the mechanical method consistently provided
the highest total bacterial normalized gene abundance estimates for both the fecal and litter samples (5.85 ± 0.16 and 5.56 ± 0.08 log10 16S
rDNA copies ng-1 DNA extracted, respectively); whereas, the enzymatic method consistently provided the lowest fecal and litter estimates (4.83 ±
0.54 and 4.61 ± 0.13 log10 16S rDNA copies ng-1 DNA extracted, respectively). The novel hybrid extraction method yielded normalized 16S rDNA
abundances that were found to be significantly (p ≤ 0.05) higher than the enzymatic method, but statistically similar to the mechanical method
for both the fecal and litter samples (5.50 ± 0.16 and 5.23 ± 0.14 log10 16S rDNA copies ng-1 DNA extracted, respectively). Therefore, both the
mechanical and hybrid extraction methods provided a greater qualitative estimate of the total bacterial communities within these samples than
the enzymatic method.

In order to qualitatively assess the total bacterial communities from each sample type and extraction method, the microbiomic workflow as
reviewed in Navas-Molina et al. (2013)22 was used. In short, the V4 region of the 16S rRNA gene was PCR amplified with primers containing
MiSeq sequencing adapters and Golay barcodes and sequenced on the Illumina MiSeq platform23,24. Raw sequencing data was then processed
in QIIME 1.7.0-dev25,26,27 using the default parameters. Sequence data processing included: quality-filtering; OTU clustering (open-reference
at 97% threshold) using UCLUST27; OTU abundance filtering level of <0.005%22,31; taxonomy assignment using the RDP Classifier against the
Greengenes 13_5 reference database28; sequence alignment with PyNAST29 against the Greengenes core set28; phylogenetic tree construction
using FastTree30. The core_diversity_analyses.py script was used to run all alpha beta diversity metrics and to generate all plots, charts, and
statistics at a sequencing depth of 7865 sequences per sample.

The chosen DNA extraction method exhibited a clear influence on the recovered fecal and litter microbiomes. Starting at the phylum-level (Table
1), the overall data (accounting for both fecal and litter samples) revealed that methods possessing the highly disruptive homogenization step
(mechanical, hybrid) typically yielded communities with higher abundances of Gram-positive phyla (98.0 and 97.49%, respectively) relative to the
enzymatic method (81.74%). Conversely, Gram-negative phyla represented a much greater part of the overall bacterial community recovered
from the enzymatic method (17.49%) compared to either the mechanical (1.89%) or hybrid (2.38%) methods. This differential extraction effect on
the overall microbiomic profiles and the prevalence of Gram-positive and Gram-negative organisms was effectively demonstrated at the genus
level (Figure 2).The mechanical and hybrid methods produced relatively similar microbiomic profiles, while the enzymatic method microbiome
showed a different distribution of the relative abundance of the recovered taxa. For example, Gram-negative Alistipes spp.in the feces samples
(the red block with the A; 7.71% of the total community) extracted using the enzymatic method is severely reduced in the fingerprints for the
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other two extraction methods (red arrows; 0.47-0.81%), but the Gram-positive Lactobacillus spp. (large purple block with the L) was much more
prevalent is reduced when using the enzymatic method (42.71%) as compared to the mechanical or hybrid methods (57.22% and 61.85%,
respectively). Nonetheless, while the relative abundances of the taxa exhibited some differences between the three extraction methods, the total
number of taxa discovered were similar for all three methods for both the fecal (92 of 112 taxa) and litter (96 of 112 taxa).

The enzymatic method consistently yielded bacterial communities with the greatest richness, diversity, and evenness (using the chao1,
Phylogenetic Diversity, and equitability metrics, respectively) for both the fecal and litter samples, with the mechanical method consistently
showing the lowest estimates for these ecological parameters (Table 2). The hybrid method consistently demonstrated ecological metrics
intermediary to the other two methods. Statistically, the ecological estimates from all samples, regardless of extraction method, were found to
be similar, although enzymatic method did result in a significantly richer (p = 0.045) microbiome compared to the mechanical method when
analyzing the litter samples. While no other significant differences were found between extraction methods, the greatest differences between the
ecological parameters were typically found between the enzymatic and mechanical methods, with the hybrid method performing equally well to
the other two methods; similar to the quantitative assessment of these extraction methods (Figure 1).

 

Figure 1. Qualitative bacterial community comparison based on DNA extraction methods. Columns represent the mean log10-
transformmed 16S rRNA gene copies as determined by qPCR normalized against the amount of DNA recovered from fecal (solid bars) or litter
(dashed bars) sample (based on fluorometric determination). The DNA extraction method used to obtain these values is indicated on the x-
axis. The error bars represent the standard deviation between 4 replicate samples. For each sample type (Feces or Litter), the letters above the
columns represent significantly different means based on one-way ANOVA analysis using the Tukey’s multiple comparison test (p = 0.05).
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Figure 2. Genus-level microbiomic comparison of the DNA extraction methods. Each column represents the average total bacterial
community (based on 16S rRNA gene Illumina MiSeq data) of recovered taxa for each extraction method for the feces (first three columns) and
litter (last three columns) samples. Each column represents the average of four different samples from distinct areas within the broiler house.
The letter at the base of the columns indicates the extraction method (M = Mechanical, E = Enzymatic, H = Hybrid). The different colors in each
column represent the relative abundance of a genus within the overall community, and color for each genera is the same for all columns.

 

Table 1. Phylum-level microbiomic comparison of DNA extraction methods. Relative abundances (% total recovered sequences) for
each DNA extraction method of the 2 Gram-positive (Actinomycetes and Firmicutes) and 3 Gram-negative (Bacteriodetes, Proteobacteria,
Tenericutes) phyla recovered from the microbiomic analysis from both samples types.

 

Table 2. Pairwise comparisons of richness, diversity, and evenness estimates for the three DNA extraction methods based on genus-
level microbiomic bacterial community analyses using QIIME. For both sample types, pairwise comparisons were performed for the three
possible extraction method combinations. The total bacterial community parameters assessed include richness (α-diversity based on the chao1
statistic), diversity (β-diversity based on the Phylogenetic Diversity statistic), and evenness (based on the equitability statistic). Values represent
the mean (standard deviation) of 4 distinct area samples within the broiler house, and an α = 0.05 level was used to determine significance
between pairwise comparisons. Please click here to view a larger version of this table.

Discussion

The DNA extraction method used effected the quantitative and qualitative total bacterial community estimates for both the fecal and litter
samples, supporting the sample analyses dependent nature of DNA extraction methods seen previously1,3,6. For both the fecal and litter
samples, the order of performance of the DNA extraction methods was different for the quantitative (Mechanical > Hybrid > Enzymatic) and
the qualitative (Enzymatic > Hybrid > Mechanical) total bacterial community estimates. While the hybrid method did not produce the highest
quantitative or qualitative estimates, in both cases the hybrid method produced results that were statistically similar to the highest performing
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extraction method (Figure 1, Table 2), thereby producing the best combination of qualitative and quantitative total bacterial community estimates
of the three extraction methods tested. It should ne noted that bacterial community profiles can be strongly effected by DNA extraction method,
as seen in the results from this study (Figure 2, Table 1) and other previous studies using environmental samples4,5,8,9,11,12, and these differential
effects may strongly influence the analysis and interpretation of the study data. Knowing this, researchers must strongly consider the appropriate
extraction method for their sample types and experimental goals on a study-by-study basis.

A key step to the effectiveness of the novel hybrid method is the powerful homogenization step to greatly aid in not only the release of bacterial
cells from the complex fecal/soil matrices, but also to break down the tougher cell walls of Gram-positive community members. The higher
quantitative estimates (Figure 1) and the higher proportion of Gram-positive Actinobacteria and Firmicutes within the microbiomes for both
extraction methods that used this homogenization step (Table 1) are both excellent examples of the effectiveness of this homogenization step
compared to the enzymatic method. These results are in agreement with previous studies using fecal samples that have shown the improvement
of DNA quantity and improved community analyses when a mechanical homogenization step was included1,2,4-6,9. Once the cells and/or DNA are
disassociated/released from these matrices, the use of the “gold standard” enzymatic methodology in the hybrid method efficiently purifies the
DNA from these samples. The inclusion of the inhibitor-binding step from the enzymatic method within the hybrid extraction protocol allows for
a more efficient removal of the inhibitors present within the complex environmental samples used in this study. This step that is absent from the
mechanical extraction protocol. Therefore, the hybrid extraction method, with the addition of a mechanical homogenization step in conjunction
with the enzymatic purification of the released DNA, is an effective method for the assessment of total bacterial communities from environmental
poultry production samples.

This method, as described, contains some specific requirements of which users will need to be aware. First is the use of a high-powered
homogenizer as well as some components of a commercially available extraction kit. Previous studies demonstrated that other mechanical
bead-beating steps or high-powered homogenizers improve DNA extraction efficiency and yield4,5,9; therefore, a different type of mechanical
homogenization step could be integrated into the hybrid extraction method (although the use of different specialized equipment may be required).
The hybrid method described here also uses the bead-beating tubes that are specifically designed for the homogenizer and specific for
environmental samples due to the success of this lysing matrix in previous community-based studies from poultry samples15,31-33. Finally, the
“gold standard” enzymatic DNA extraction method (QIAamp DNA Stool Mini Kit) is required for the enzymatic purification of the sample DNA in
the hybrid protocol, since it has been shown to be the most effective enzymatic extraction method when using fecal samples3,18,19. While the use
of the robotic workstation is not required (instructions with the kit can be performed by hand), the use of the robotic workstation greatly increases
throughput, minimizes processing error, and results in higher quality DNA for further downstream analysis7. Automation of this type, using the
existing mechanical kits is not currently available, which represents another advantage of the hybrid method.

Currently, the robotic workstation described in this protocol is limited to processing a maximum of 12 samples in 72 min, but preliminary work
has shown that this method works equally well in the higher throughput workstation that can process 96 samples within 40 min (data not shown).
Further testing of this much higher throughput option will greatly enhance the efficacy of the hybrid method since more samples could be
processed in a semi-automated manner within a typical day. Also, preliminary data using this novel DNA extraction method has shown that
it is effective for other poultry-related samples (e.g., skin/feather rinses, carcass rinses, cecal content homogenates) as well as other types
of environmental samples (e.g., agricultural soils, swine feces, horse feces, goat feces, bovine feces). Therefore, future studies will need to
determine the efficacy of this hybrid method for the extraction of DNA from many agricultural and environmental samples. Further validation of
this method by future studies would potentially allow for a wider adoption of this method for the assessment of total bacterial communities from a
variety of agricultural and environmental settings.
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