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Abstract

Studies of microbial communities have become widespread with the development of relatively inexpensive, rapid, and high throughput
sequencing. However, as with all these technologies, reproducible results depend on a laboratory workflow that incorporates appropriate
precautions and controls. This is particularly important with low-biomass samples where contaminating bacterial DNA can generate misleading
results. This article details a semi-automated workflow to identify microbes from human breast milk samples using targeted sequencing of the
16S ribosomal RNA (rRNA) V4 region on a low- to mid-throughput scale. The protocol describes sample preparation from whole milk including:
sample lysis, nucleic acid extraction, amplification of the V4 region of the 16S rRNA gene, and library preparation with quality control measures.
Importantly, the protocol and discussion consider issues that are salient to the preparation and analysis of low-biomass samples including
appropriate positive and negative controls, PCR inhibitor removal, sample contamination by environmental, reagent, or experimental sources,
and experimental best practices designed to ensure reproducibility. While the protocol as described is specific to human milk samples, it is
adaptable to numerous low- and high-biomass sample types, including samples collected on swabs, frozen neat, or stabilized in a preservation
buffer.

Video Link

The video component of this article can be found at https://www.jove.com/video/56974/

Introduction

The microbial communities that colonize humans are believed to be critically important to human health and disease influencing metabolism,
immune development, susceptibility to disease, and responses to vaccination and drug therapy1,2. Efforts to understand the influence of the
microbiota on human health currently emphasize the identification of microbes associated with defined anatomic compartments (i.e., skin, gut,
oral, etc.), as well as localized sites within these compartments3,4. Underpinning these investigative efforts is the rapid emergence and increased
accessibility of next-generation sequencing (NGS) technologies that provide a massively parallel platform for analysis of the microbial genetic
content (microbiome) of a sample. For many physiological samples, the associated microbiome is both complex and abundant (i.e., stool),
but, for some samples, the microbiome is represented by low microbial biomass (i.e., human milk, lower respiratory tract) where sensitivity,
experimental artefacts, and possible contamination become major issues. The common challenges of microbiome studies and appropriate
experimental design have been the subject of multiple review articles5,6,7,8.

Presented herein is a robust NGS experimental pipeline based on targeted sequencing of the rRNA 16S V4 region9 to characterize the
microbiome of human milk. Microbiome analysis of human milk is complicated not only by an inherently low microbial biomass10, but additionally
by high levels of human DNA background11,12,13,14 and potential carryover of PCR inhibitors15,16 in extracted nucleic acid. This protocol relies
on commercially available extraction kits and semi-automated platforms that can help minimize variability across sample preparation batches.
It incorporates a well-defined bacterial mock community that is processed alongside samples as a quality control to validate each step in the
protocol and provide an independent metric of pipeline robustness. Although the protocol as described is specific to the human milk samples, it
is readily adaptable to other sample types including stool, rectal, vaginal, skin, areolar, and oral swabs10,17, and can serve as a starting point for
researchers who wish to perform microbiome analyses.

Protocol

For all protocol steps, proper personal protective equipment (PPE) must be worn, and stringent contamination prevention approaches need to
be taken. Observe flow of work from pre-amplification work areas to post-amplification work areas to minimize contamination of samples. All
supplies used are sterile, free of RNase, DNase, DNA, and pyrogen. All pipette tips are filtered. A flowchart of the protocol steps is provided
(Figure 1).
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1. Sample Lysis

NOTE: Sample lysis and nucleic acid extraction are performed using a DNA/RNA extraction kit in a clean-room environment where both
engineering and procedural controls are in place to minimize the introduction of environmental bacteria to the samples.

1. Work area preparation
1. Clean the biosafety cabinet (BSC) work area with appropriate surface cleaner to eliminate any nucleic acid contamination.
2. Turn on the temperature-controlled vortexer, and set it to 37 °C.

2. Prepare guanidinium thiocyanate lysis buffer (see Table of Materials)
1. Check the lysis buffer for precipitates. Re-dissolve precipitates by warming at 37 °C.
2. Prepare 600 µL of lysis buffer with 6 µL β-mercaptoethanol (β-ME) for each sample. Consider an extra 20% volume per sample.

3. Sample preparation
1. If whole milk is frozen, thaw it on ice. Aliquot 5 mL of whole milk into a 15-mL or a 5-mL sterile tube in BSC and keep it on ice.
2. Spin the 5-mL milk aliquot for 10 min at 5,000 x g at 4 °C to pellet cells.
3. Remove the fat layer, now the top layer in the tube, with a plastic spatula or large bore pipette tip.
4. Without disturbing the pellet, remove all the supernatant except for 100 µL.
5. Wash the pellet by resuspending in 1 mL of sterile phosphate buffered saline (PBS).
6. Prepare 1 negative control by adding 1 mL of sterile PBS to a 5-mL tube.
7. Transfer the suspension to a clean 1.5-mL centrifuge tube, and spin in a microcentrifuge for 1 min (5,000 x g at room temperature

(RT)).
8. Use a 1,000 µL sterile filtered pipette tip to discard the entire supernatant/fatty layer.
9. If not extracting the same day, snap freeze the cell pellet by putting it in an ethanol/dry ice slurry, and immediately transfer it to the -80

°C freezer.

4. Sample disruption and homogenization (bead-beating)
1. Add 600 µL of lysis buffer containing β-ME to the pellet, and transfer the suspension to a bead tube.
2. Each extraction batch of 12 contains 10 samples, 1 negative control (prepared in step 3.7 above), and 1 positive control (prepared in

the next step).
1. Prepare 1 positive control with lysis buffer and 20 µL of the bacterial mock sample (the mock community used has a

concentration, once extracted, of approximately 0.2 ng/µL of DNA).

3. Vortex all bead tubes vigorously for 15 s.
4. Heat samples on the temperature-controlled vortexer at 37 °C for 10 min, with shaking at 700 - 800 rpm.
5. Load tubes into the automated sample disruptor adapter set.
6. Bead beat for 1 min at 30 Hz.
7. Disassemble the adaptor set and manually switch the adaptor set with the sample plates from the left robotic arm to the right robotic

arm of the instrument.
8. Bead beat for another 1 min at 30 Hz.
9. Centrifuge tubes at 17,200 x g, for 3 min at 25 °C.
10. Remove all of the supernatant with a 200 µL pipette, being careful not to get any of the fatty layer at the top of the sample or the bead

residual at the bottom of the sample, and apply to a homogenizer column.
11. Centrifuge homogenizer columns at maximum speed, 17,200 x g, for 3 min at 25 °C.
12. Transfer 350 µL of eluate to a 2-mL manufacturer's microcentrifuge tube for use with the automated instrument for purification of DNA

and RNA (do not use any other tube). Be careful not to transfer any residual fatty layer.
13. If the flow-through volume is less than 350 µL, add lysis buffer with β-ME to a final volume of 350 µL.
14. Leave the samples at RT for up to 2 h before proceeding to nucleic acid isolation using the automated DNA purification instrument, or

freeze at -80 °C.

5. Cleaning work area
1. Clean all surfaces in use with a non-enzymatic decontamination solution, leave for 10 min, then spray with 70% ethanol and wipe down

the surface.

2. Isolate DNA/RNA

1. Work area preparation
1. Turn on the heat block and set the temperature to 70 °C.
2. Turn on the temperature-controlled vortexer and set the temperature to 37 °C.
3. Warm up the elution buffer (EB) containing 10 mM Tris-Cl, pH 8.5, in a 50-mL tube to 70 °C.
4. Warm up 350 µL of frozen sample lysates in 2 mL tubes at 37 °C until completely thawed without any precipitate (approximately 10

min).

2. DNA purification
1. Vortex and centrifuge the 2-mL tubes with sample briefly (3000 x g for 10 s).
2. Insert 2 mL tubes into the shaker following the automated DNA/RNA purification instrument's loading chart, per the manufacturer's

instructions.
3. Get the rotor adaptors and set them up on the tray based on the number of samples.
4. Label each rotor adaptor based on the sample's identification (ID).
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5. Cut off the lids and smooth the edges of individual spin columns for DNA and RNA.
6. Insert the DNA spin column without the collection tube into the rotor adaptor. Discard the collection tube.
7. Label 1.5 mL collection tubes, and insert into rotor adaptors.
8. Set rotor adaptors into the centrifuge following the automated DNA/RNA purification instrument's loading chart.
9. Insert manufacturer's 1,000 µL filter-tips into tip racks.
10. Add RNase-free water to a 2-mL manufacturer's microcentrifuge tube based on the number of samples (per specific machine protocol

instructions).
11. Insert the tube into tube slot "A" of microcentrifuge tube slots.
12. Discard any reagent that is left over in reagent bottles and fill with a minimum volume of 10 mL.
13. Insert reagent bottles into the reagent bottle rack (except EB bottle).
14. Add warm EB from a 50-mL tube to the reagent bottle position 6.
15. Check 1.5 mL tubes are placed tightly in the rotor adaptors.
16. Close the instrument's lid and select: "RNA"→ "extraction kit" → "Animal, tissues and cells" → "kit's name 350 µL Part A Custom DNA"

→ Edit Elution Volume to 100 µL (default) or 50 µL for low biomass samples → "Start."
17. When complete, remove rotor adaptors out of the centrifuge and place them on the tray.
18. Discard the DNA spin column from rotor adaptor position 3.
19. Do NOT discard rotor adaptors, RNA is in position 2.
20. Remove 1.5 mL collection tubes containing eluted DNA at position 3, and store in −20 °C.
21. Collect sample-containing tubes from the shaker and store in −20 °C, if any sample is left over, otherwise discard.
22. Continue with the protocol "kit's name 350 µL part B RNA" for further purification of RNA.
23. RNA purification will be done from the approximately 350 µL flow-through that is in the middle position of the rotor adaptors.

3. RNA purification
1. Insert the RNA spin column without its collection tube and lid into the rotor adaptor.
2. Label new 1.5 mL collection tubes and insert them into rotor adaptor as indicated in the manual.
3. Set the rotor adaptors into the centrifuge following the automated DNA/RNA purification instrument's loading chart.
4. Close the instrument's lid and select: "RNA" → "Manufacturer's Kit" → "Animal, tissues and cells" → "Standard Part B RNA" → "Start."
5. When completed, remove rotor adaptors out of the centrifuge and place them on the tray.
6. Discard RNA spin column from position 3.
7. Remove 1.5 mL collection tubes containing 30 µL eluted RNA at position 3, and store at −80 °C.
8. Remove reagent bottles.
9. Dispose of rotor adaptor contents through appropriate hazardous waste channels.

4. Clean work station
1. Spray all the automated DNA/RNA purification instrument's accessories, such as reagent racks, tray, and any other surface in use with

a non-enzymatic decontamination solution, leave for 10 min and rinse with deionized (DI) water, then let them dry.
2. Spray the automated instrument with only manufacturer approved non-enzymatic decontamination solution, wipe the inside of the

centrifuge along with all surfaces in use, leave for 10 min, and then wipe with 70% ethanol. Do not use other types of decontamination
solutions as they can damage the instrument.

3. Targeted 16S PCR Set-up

NOTE: The set-up for the 16S PCR is carried out in a designated pre-amplification workspace located within the clean-room. The reagents and
samples are prepared and then loaded onto a liquid handler to perform the PCR for each sample in triplicate (30 samples, which include true
samples and extraction positive and negative controls, plus 2 PCR water controls in triplicate, for a total of 96 combined samples and controls).
Once the PCR reactions are assembled and sealed, the sample plate is transferred to a thermal cycler located in a post-amplification area for
cycling.

1. Work area preparation
1. Clean the PCR workstation. Spray all surfaces in use with an RNase, DNase, DNA decontaminant, followed by DI water two times, and

finally 70% ethanol.
2. Prepare the 16S PCR Worksheet (see Targeted 16S PCR Worksheet) with an accurate sample list, and assign different barcoded

primers to each sample9. Print out the worksheet and the plate maps (see Plate 1).

2. PCR master mix preparation
 

NOTE: 16S primer selection is based on the region of interest for the particular study, and may change by study or sample type. Therefore,
before ordering primers, it is important to confirm what area of the 16S rRNA best amplifies the microbes of interest for the particular study.
This protocol as written is for amplification of the 16S V4 region. If different primers/region are selected, then the annealing temperature in the
thermal cycling may require adjustment.

1. Work in the PCR workstation to prepare everything.
2. Take out 50 - 100 µL of DNA samples from -20 °C, and all the reagents needed, and thaw them on ice. Vortex and briefly spin down.
3. The primers are pre-diluted to the working concentration of 5 µM in a minimum volume of 20 µL.
4. Prepare the PCR master mix in the specific 5 mL tube with only the forward primer according to the calculation on the worksheet.

3. Preparing the robotic liquid handler for automated PCR setup
1. For samples, take out a 32-well instrument's sample adaptor, and load 50 - 100 µL of DNA samples according to the 96-well plate map

according to the manufacturer's instructions.
1. For each PCR plate, set up 2 negative controls by placing 30 µL of PCR water in a clean sample tube.
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2. Place all the samples on the 32-well instrument's sample adaptor with caps locked in open position.

2. For reverse primers9

1. Remove the cap of each reverse primer with specific barcode #'s one at a time (change gloves in between to avoid cross-
contamination).

2. Place a maximum of 32 primers on the instrument's reagent adaptor.

3. Take out a 96-well PCR plate and label it with study name, sample number, date, and the technician's initials.
4. Loading the robotic liquid handler

1. Place the reagent adaptor in position B1. In order to avoid an edge effect, carefully place one edge of the adaptor against the
grip side, and slowly bring the other edge down. Make sure to push on all the corners of the adaptors.

2. Place the sample adaptor in Position C1. Make sure to push on all the corners of the adaptors.
3. Vortex the 5-mL master mix, open the cap, and place it in position A on the instrument's master mix and reagent block.
4. Place the PCR plate on the 96-well instrument's adaptor that is intended to hold half skirted PCR plates.
5. Start the run and save as a new file.
6. Follow the prompts and check mark each prompt: one, tips are available, two, waste box is available, and three, start.

5. After the run is complete, verify there were no errors by checking the machine for error messages.
6. Seal the plate with the 12 or 8 strip caps, vortex vigorously, and spin down for 1 min using a 96-well plate spinner, and place it on ice or

in the refrigerator.
7. Remove tubes containing reverse primers and samples.
8. Take the 96-well plate to the post-amplification room and load the plate onto the thermal cycler and cycle according to the table of

thermal-cycling conditions (see Table 1).

4. Targeted 16S Post-PCR Quality Control Using Tape-based Platform for Gel
Electrophoresis

NOTE: Post-PCR quality control (QC) and all subsequent steps are carried out in a designated post-amplification area of the lab. The DNA is
analyzed in an automated DNA/RNA fragment analyzer.

1. Work area preparation
1. Clean the workstation by spraying all surfaces in use with an RNase, DNase, DNA decontaminant, followed by DI water two times, and

finally 70% ethanol.
2. Gather all supplies and equipment needed.

2. Prepare reagents
1. Place sample buffer and ladder in the temperature-controlled vortexer at 25 °C for a minimum of 30 min.

3. While the reagents are warming up, prepare PCR samples by pooling the 3 PCR replicates for each sample into a single tube
4. Load samples on instrument.
5. Briefly vortex and spin down tubes with pooled PCR product.
6. Place the instrument's 96-well plate on a rack at RT and label it.
7. Briefly vortex and spin down the sample buffer and ladder.
8. Add 3 µL sample buffer to each well of the 96 well plate (need at least 53 µL/screen tape).
9. Run an even number of samples; if there is odd number of samples, add 4 µL of sample buffer to an empty well.
10. Add 1 µL of ladder to a ladder well.
11. Following the map, add 1 µL of pooled PCR product to its designated well.
12. Cover plate with foil seal
13. Vortex the plate using the instrument's vortexer and adaptor at 2,000 rpm for 1 min.
14. Spin down to position the sample at the bottom of the tube, if there are bubbles spin down again.
15. Launch the software.
16. Load the screen tape and loading tips into the instrument.
17. Load samples into the fragment analyzer with a 96-well adaptor.
18. Set up a run with the controller software.
19. Make sure to select even numbered wells.
20. Write sample IDs.
21. Check that all the wells of the screen tape are highlighted in gray.
22. Make sure the analyzer recognizes all the pipette tips.
23. Select start and specify a filename to save the results (study name, sample numbers, and date).
24. Refer to the manufacturer's instruction for more details.
25. After the run is complete, discard tip, screen tape, and tubes.
26. Analyze data for 16S peak nM (between 315 - 450 bp for V4). This peak will vary depending on the primers selected.

5. Library Calculation, Pooling, Clean-up, and QC

1. After determining amplicon size and molarity of all samples, pool the libraries to achieve the final desired volume and nM for the pooled
library (see Sample Calculation).
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2. Clean-up and concentrate the pooled library using a silica-membrane-based purification kit for PCR products, according to the manufacturer's
protocol (see Table of Materials).

1. Elute the DNA with a final volume of 50 µL.

3. Measure the concentration of the cleaned library immediately by using a double stranded DNA high sensitivity kit for a fluorometer, according
to the manufacturer's protocol.

1. Dilute 2 µL of the pooled and cleaned library with 198 µL of the dilution buffer plus dye (1:100 dilution).
2. Record the measured value from the fluorometric device and convert it according to the dilution factor.

4. Using the concentration reading (ng/µL) for the pooled library, calculate the library molarity in nM. Use 1 µL undiluted library to measure the
OD260/280 on a microvolume spectrophotometer.
 

NOTE: A value of 1.8 - 2.0 indicates adequate purity of the library.
5. Store the final library at -20 °C until ready for next generation sequencing.

Representative Results

The protocol presented here includes important quality control (QC) steps to ensure that the data generated meet benchmarks for protocol
sensitivity, specificity, and contamination control. The protocol's first QC step follows PCR amplification of the 16S V4 region (Figure 2). One µL
of PCR product from each sample was analyzed by electrophoresis to confirm that it was within the expected size range of 315 - 450 bp (Figure
2, red arrow). Some human milk samples generated lower amounts of specific product (Figure 2A, compare lanes 3 and 9 - 11 with lanes 4 -
8), suggesting either low levels of extracted microbial DNA in those samples, or carry-over of PCR inhibitors during extraction. For samples that
produce less than 2.0 nM of product in the 315 - 450 bp range (Figure 2A, lane 7), PCR inhibitor cleanup is carried-out using a single step kit
and the sample is re-amplified. Success rates for recovery of sample amplification after cleanup is approximately 40%. Quantitation of specific
product for each sample (Figure 2B) is essential for determining its required volume for equal molar pooling of samples for sequencing. A pooled
library for targeted sequencing is usually dominated by a specific PCR product (Figure 3). If there is a significant amount of non-specific product
in the library, a gel-purification step should be added to the workflow.

In the example presented in Figure 2A, faint bands are observed for buffer controls (BC; lanes 2 and 12) and the PCR water negative control
(PC; lane 1), indicating possible environmental or reagent contamination. Such bands are not uncommon and typically represent low amounts
of PCR product (i.e., <1 nM) and produce few read counts during sequencing (<1,000). Representative sequencing results (Figure 4) confirm
that these samples do indeed have very low sequencing read counts (Figure 4A, lanes 1 and 11; Figure 4B, Buffer and PCR Water lanes) and,
importantly, the taxa composition for the control samples is distinct from the human milk samples (Figure 4A; compare lanes 1 and 11 with lanes
2 - 10). High read counts in the negative controls, together with significant overlap in taxa composition between controls and samples, suggests
cross-contamination and the need for improved contamination control.

Sequencing results (Figure 4) demonstrate high diversity in the taxa associated with the human milk microbiome and variability in the number of
sequencing read counts for each sample (Figure 4A, lanes 2 - 10). In contrast, the sequencing results for the bacterial mock that was processed
along with the human milk samples demonstrated taxa composition and read counts that were comparable to results obtained for the mock in
previous workflow runs (compare Figure 4A, lane 12 with Figure 4B, mock lanes). The consistent results for the mock lanes suggest that the
observed variability for the human milk samples is an authentic experimental result, and not a function of intrinsic workflow variability.

 

Figure 1: Flow chart of the Targeted 16S Sequencing Pipeline. Please click here to view a larger version of this figure.
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Figure 2: Quality control analysis of 16S V4 amplicons. (A) Gel image of 16S V4 amplicons resolved by electrophoresis using an automated
DNA/RNA fragment analyzer. 16S V4 amplicons were generated according to Caporaso et al.9, and one µL of each PCR product was analyzed
using high sensitivity DNA reagents according to the manufacturer's guidelines. Most human milk samples (lanes 3 - 6 and 8 - 11) and the
bacterial mock (lane 13) produced a primary PCR product at the expected size of approximately 400 bp (red arrow). The human milk sample in
lane 7 failed to produce a significant amount of specific product and was subject to cleanup and re-amplification. Minimal product was detected
for the PCR negative control (PC, lane 1), and lysis buffer negative controls (BC, lanes 2 and 12) indicated minimal contamination present in the
analyzed samples. MW, molecular weight markers: upper red and lower green bars identify the 1,500 bp and 25 bp size markers, respectively, in
each lane. (B) Top Electropherogram of lane 3 from gel in (A). The primary PCR product falls within the peak region defined by the red vertical
bars and comprises fragments ranging in size from 299 - 497 bp resulting in an average PCR product size of 396 bp. Gating is done on a slightly
wider range than the anticipated amplicon size (in this case 315 - 450 bp) to be sure to include the entire sample peak. The upper and lower
peaks correlate with fragment sizes of 25 bp and 1,500 bp, respectively. Bottom: chart summarizing the size parameters for the peak region, the
concentration in ng/µL of the PCR product within the peak region, and the molarity in nM for the specific PCR product. This information is then
used to calculate how much of each sample will be pooled in an equal molar library for sequencing (see Sample Calculation). Please click here
to view a larger version of this figure.
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Figure 3: Electropherogram of a pooled and concentrated sequencing library. Equal molar amounts of individual samples to be sequenced
were combined into a pooled library. The library was then cleaned and concentrated to a total volume of 50 µL using a silica-membrane-
based PCR clean up kit. Final preparation of the library for sequencing on the next generation sequencer was conducted according to the
manufacturer's protocol. This library was successfully sequenced despite the presence of additional bands. If there is a concern about PCR
products outside the expected size range, the manufacturer's protocol suggests the addition of a gel size selection step. This QC step is not
usually performed. Please click here to view a larger version of this figure.
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Figure 4: Evaluation of negative and positive controls. (A) Relative abundances of bacterial taxa of an extraction batch with controls and
human milk samples. As a QC measure, compositions of each extraction batch as loaded on the automated DNA/RNA purification instrument
are generated immediately following a sequencing run. Numbers under each sample bar indicate the number of filtered reads for the respective
sample. The compositions of the buffer controls are distinct from that of the human milk samples. (B) Relative abundances of bacterial taxa in
buffer, mock, and PCR controls. Number of reads and composition are evaluated for all negative (buffer and PCR water) and positive (bacterial
mock) controls. The compositions of the buffer and water vary, but the mock community remains quite stable. Please click here to view a larger
version of this figure.

Discussion

Targeted next-generation sequencing of 16S rRNA is a widely used, rapid technique for microbiome characterization18. However, many
factors, including batch effects, environmental contamination, sample cross-contamination, sensitivity, and reproducibility can adversely affect
experimental results and confound their interpretation7,19,20. To best facilitate robust 16S analyses, microbiome workflows must incorporate
good experimental design, the use of appropriate controls, spatial segregation of workflow steps, and application of best practices. The
protocol described here incorporates each of these parameters and provides important experimental tools to address the challenges above and
implement a 16S workflow for diverse samples.

Good experimental design is critical for 16S microbiome analyses. This includes proper collection and storage of samples, as well as selection
of 16S primers appropriate for the region of interest. For example, the V4 region (515F/806R) is selected for human milk because it has good
amplification of Bifidobacterium, which plays an important role in development of the neonatal gut microbiome21. Other primer sets (e.g.,
27F/338R, 515F/926R) may be more appropriate for studies of other microbial communities. An important note is that the annealing temperature
for the targeted 16S PCR and the expected amplicon size may vary based on primer selection.

Other places the protocol may be modified are based on results of the QC steps incorporated in the work flow. A few options exist for
troubleshooting when either no or little DNA is detected following the targeted 16S PCR amplification step. 1) The sample can be put through
a PCR inhibitor removal step. Amplification following PCR inhibitor removal using a single step kit performed per the manufacturer's protocol is
successful approximately forty percent of the time, 2) more extracted DNA can be added to the targeted 16S PCR, or 3) a new and potentially
larger aliquot of milk can be processed if available. If there is a concern about PCR products outside the expected size range following the silica-
membrane-based purification of the library, a gel purification step can be added. Finally, the QC steps are critical to determine if there is evidence
of contamination, which is discussed in detail below. If significant contamination is detected, then depending on where the contamination is
introduced, either the PCR can be repeated or if necessary, the sample can be re-extracted. Fortunately, with good laboratory practices, these
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are rare events. Finally, while this protocol is written to highlight caveats in the amplification of low biomass samples and specifically human milk,
the protocol can easily be modified for the amplification of oral, rectal, vaginal, and skin swabs or sponges as well as stool. If other sample types
are chosen, then consideration is given to which extraction kits are optimal for the specific sample type.

Batch effects due to kits, reagents, or sequencing runs are important sources of variability in microbiome studies. DNA extraction kits, along with
other reagents, possess low levels of bacterial DNA, which may vary substantially by lot20,22,23,24. For a large project, using a single lot of kits,
reagents, selecting kits designed to minimize kit contamination may simplify analysis7. Samples of both subjects and controls are processed
side by side. It is best if all the samples for a single study, both subject and control, can be incorporated into a single sequencing run. If a large
number of samples are to be processed in batches, samples that are representative of both subjects and controls are included in each batch and
processed together. It is also important to organize batch processing to minimize contamination of low-biomass samples (i.e., human milk) by
samples that are high biomass (i.e., stool). In such cases, process low biomass sample types first, and then high biomass samples for the same
study.

Low biomass samples pose unique challenges to microbiome studies, as contamination from the environment, reagents, instruments, and
the researcher can make it difficult to distinguish between authentic community members present in low abundance7,25,26 and those that are
artificially introduced to the sample through the experimental process19. The workflow described here incorporates important experimental
negative controls at both the sample preparation step (buffer-only lysis control), and the PCR step (PCR water control) (see Figure 4). These
controls help identify contamination sources and facilitate effective corrective measures at the bench or in silico27,28,29,30. Negative controls are
carefully evaluated and reported with the study results7.

To minimize contamination, spatial segregation of experimental activities into a clean pre-PCR amplification area and post-amplification area is
important. Optimally, the clean room has both an area for PCR master mix preparation and a sample preparation/addition of master mix area,
and may incorporate a separate dead air box or a biological safety cabinet housing dedicated consumables and small equipment needed for the
master mix preparation. The clean room design incorporates a positive airflow system with high efficiency particulate air (HEPA) filtration. Use of
personal protective equipment is essential to maintaining a controlled, low-microbial environment, and includes hairnets, lab coats, gloves, and
shoe covers. Kits/reagents and samples are ideally stored in separate dedicated refrigerators/freezers. PCR setup is also carried out in the clean
room in designated workstations; clear separation of primer stocks and reagents from extracted DNA is maintained until samples are loaded on
the automated pipetting platform. Once a PCR setup is complete, the plate is transferred to the post-amplification area and loaded onto a thermal
cycler.

It is important to restrict the flow of work activity from clean areas to post-amplification areas; there is no retrograde movement of reagents,
instruments, or supplies from post-amplification areas to the clean area. Personnel that have entered any of the post-amplification areas are
barred from entry to the clean area for 24 hours (until the next day). In addition to the above workflow considerations, cleaning protocols must be
implemented in both clean and post-amplification areas to minimize nucleic acid contamination of work surfaces and instrumentation. If physical
barriers or separate rooms are not possible, all efforts must be taken to set up the work in areas as far apart as possible.

In addition to contamination, microbiome studies are challenged by sensitivity, variability, and reproducibility31. This protocol addresses these
issues by incorporating a defined bacterial mock community that is extracted, amplified, and sequenced along with each batch of samples (see
Figure 4b). This control provides a constant internal reference that evaluates the reproducibility of the experimental results generated, and can
be used to troubleshoot problems that arise. For example, the quality of the extracted mock DNA can provide a metric for effective sample lysis
and DNA extraction, which genomic DNA controls miss. Quality control of PCR amplicons for the mock sample can also indicate PCR efficiency
and specificity. Furthermore, because the mock comprises multiple bacteria types, the relative sensitivity for a processed batch of samples can
be inferred by the representation of taxa in the sequencing results for the mock sample. An ideal mock community will evaluate the ability to
detect key bacterial species in the compartment being analyzed, and therefore the composition of the mock community may need to vary by
study. As shown in Figure 4a, there is considerable variability among sample sequencing results, but the sequence results for the bacterial mock
community is highly reproducible (see Figure 4b).

While the mock community in Figure 4 is a unique mixture of 33 strains from a combination of commercially available and local clinical isolates,
a commercially available mock community has recently been developed32.

Although the workflow described here is limited in its ability to broadly address reproducibility across different microbiome studies, it does provide
an important experimental approach that allows researchers to incorporate appropriate experimental controls and monitor reproducibility within
their own results.
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