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Abstract

Although bacterial detection by 16S rRNA gene amplicon DNA sequencing is a widely-

applied technique, standardized methods for sample preparation and DNA extraction are

needed to ensure accuracy, reproducibility, and scalability for automation. To develop these

methods for bovine bulk milk, we assembled and tested a bacterial cell mock community

(BCMC) containing bacterial species commonly found in milk. The following protocol varia-

tions were examined:: BCMC enumeration (colony enumeration or microscopy), sample vol-

ume (200 μl to 30 ml), sample storage condition (frozen in PBS or 25% glycerol or exposure

to freeze-thaw cycles), cell lysis method (bead-beating, vortex, enzymatic), and DNA extrac-

tion procedure (MagMAX Total, MagMAX CORE, and MagMAX Ultra 2.0, with and without

either Proteinase K or RNase A). Cell enumeration by microscopy was more accurate for

quantification of the BCMC contents. We found that least 10 mL (� 104 cells in high quality

milk) is needed for reproducible bacterial detection by 16S rRNA gene amplicon DNA

sequencing, whereas variations in storage conditions caused minor differences in the

BCMC. For DNA extraction and purification, a mild lysis step (bead-beating for 10 s at 4 m/s

or vortexing at 1800 rpm for 10 s) paired with the MagMAX Total kit and Proteinase K diges-

tion provided the most accurate representation of the BCMC. Cell lysis procedures con-

ferred the greatest changes to milk microbiota composition and these effects were

confirmed to provide similar results for commercial milk samples. Overall, our systematic

approach with the BCMC is broadly applicable to other milk, food, and environmental sam-

ples therefore recommended for improving accuracy of culture-independent, DNA

sequence-based analyses of microbial composition in different habitats.

Introduction

Targeted 16S rRNA gene sequence analysis by PCR amplicon, high throughput DNA sequenc-

ing is now the most widely used technique to study environmental, food, animal, and human

microbiota due to its relatively low cost, ease of use, and sensitivity for detection of low num-

bers of different bacterial taxa. However, the sample preparation and DNA sequencing

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 1 / 18

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Xue Z, Marco ML (2022) Improved

assessments of bulk milk microbiota composition

via sample preparation and DNA extraction

methods. PLoS ONE 17(9): e0267992. https://doi.

org/10.1371/journal.pone.0267992

Editor: Mary Anne Amalaradjou, University of

Connecticut, UNITED STATES

Received: April 15, 2022

Accepted: August 24, 2022

Published: September 15, 2022

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0267992

Copyright: © 2022 Xue, Marco. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: DNA sequences are

deposited in the Qiita database under study ID

11351 and 12369, and in the European Nucleotide

Archive (ENA) under accession number

ERP104377 and ERP116294.

https://orcid.org/0000-0002-3643-9766
https://doi.org/10.1371/journal.pone.0267992
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267992&domain=pdf&date_stamp=2022-09-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267992&domain=pdf&date_stamp=2022-09-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267992&domain=pdf&date_stamp=2022-09-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267992&domain=pdf&date_stamp=2022-09-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267992&domain=pdf&date_stamp=2022-09-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0267992&domain=pdf&date_stamp=2022-09-15
https://doi.org/10.1371/journal.pone.0267992
https://doi.org/10.1371/journal.pone.0267992
https://doi.org/10.1371/journal.pone.0267992
http://creativecommons.org/licenses/by/4.0/


workflow still involves multiple steps which are vulnerable to methodological biases and con-

tamination issues [1, 2]. For example, primer choice [3, 4], DNA polymerase [5, 6], PCR cycle

number [6, 7], library preparation [5], DNA sequencing [8–10], and bioinformatics methods

[11–13] can each introduce variation, affecting the interpretation of bacterial community com-

position regardless of sample type. In addition, careful planning is needed to include the

proper negative controls to detect contamination [14, 15].

Sample type (for example soil, feces, water, and foods) also requires methodological consid-

eration for sample quantity, storage, cell lysis, and DNA extraction and purification protocols.

Matrix properties (e.g. PCR inhibitors) and bacterial species and numbers are extremely vari-

able between microbial habitats. Challenges to the examination of the bovine milk microbiota

are notable because even high-quality bulk milk, containing low numbers of total bacteria (103

to 104 cells/ml) still contains a diverse microbiota with many bacterial species [16–18]. The

nuance to this issue is expanded even further when evaluating freshly expelled milk from indi-

vidual healthy and mastitic cows which appear to have DNA recalcitrant to PCR amplification

[19, 20]. These characteristics and the presence of high levels of proteins and fats in milk show

the need for optimized bacterial DNA extraction protocols. Ideally, methods should also be

amenable to automation and appropriate for analyzing massive numbers of milk samples in

parallel.

We previously compared different DNA sequencing and analysis methods for the identifi-

cation of bacteria using purified gDNA and PCR amplicons from a bacterial cell mock com-

munity (BCMC) comprised of nine bacterial species commonly found in milk [9]. In this

study, our goal was to use the BCMC to develop a milk sample processing and DNA extraction

workflow that is suitable to automation (Fig 1).

Materials and methods

Bacterial strains and growth conditions

Bacterial strains from species commonly found in milk and other dairy products were selected

for a BCMC (Table 1). The strains were grown as previously described [9] in the following cul-

ture media: LB (Lennox broth; Thermo Fisher Scientific, Waltham, WA, USA) for Bacillus sub-
tilis S44, Pseudomonas fluorescens A506, and Escherichia coli ATCC 700728; brain heart

infusion broth (Thermo Fisher Scientific, Waltham, WA, USA) for Enterococcus faecalis
ATCC 29212 and Streptococcus agalactiae ATCC 27956; tryptic soy broth (Becton Dickinson,

Franklin Lakes, NJ, USA) for Staphylococcus aureus ATCC 29740 and Corynebacterium bovis
ATCC 7715; M17 broth (Becton Dickinson, Franklin Lakes, NJ, USA) with 0.5% w/v glucose

for Lactococcus lactis IL1403; and reinforced clostridial broth (Becton Dickinson, Franklin

Lakes, NJ, USA) for Clostridium tyrobutyricum ATCC 25755.

Preparation of the BCMCs

The bacterial cell mock community (BCMC) was prepared twice. For BCMC1, the nine bacte-

rial strains were grown to early stationary phase and 20 μL aliquots of each culture were col-

lected and combined into multiple, multi-species pools. At the time of BCMC1 preparation,

cell numbers were estimated by plating serial dilutions of each strain onto the appropriate lab-

oratory medium for incubation and enumeration of colony forming units (CFU) (Table 1).

Freshly prepared BCMC1 pools were either used directly for DNA extraction or stored at

-80˚C. For BCMC2, the nine strains were grown to early stationary phase and cell numbers

were directly enumerated by microscopy (Standard 20, ZEISS Microscopy, Jena, Germany)

using a hemocytometer (Hausser Scientific, Horsham, PA, USA). The strains were then com-

bined in equal numbers (Table 1) based on the direct cell counts and the BCMC aliquots were
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Fig 1. Schematic diagram of the experimental design. The BCMC was tested for the effects of variations in sample preparation, cell lysis, DNA purification and

collection methods. Cells were lysed using a bead beater (B), vortex (V), or incubated for chemical lysis (C). Wash solution denotes the solutions included in DNA

extraction kits used for purification. Wash step(s) were performed following manufacturer’s protocol. Underlined text indicates experiments performed with both

BCMC1 and BCMC2. For all other experiments, BCMC2 was used. Filled boxes are methods used to test raw bulk milk samples.

https://doi.org/10.1371/journal.pone.0267992.g001
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washed twice with Phosphate Buffered Saline (PBS) (pH 7.4). Freshly prepared BCMC2 pools

were either used for directly for DNA extraction or stored at -80˚C.

Sample storage condition comparisons

To avoid the storage of large milk sample volumes, bacteria can be collected from milk by cen-

trifugation prior to preservation at -20˚C and subsequent analysis [16, 30, 31]. To investigate

the effect freezing on BCMC composition, DNA was extracted from BCMC1 either immedi-

ately after preparation (Fresh) or after five freeze-thawed cycles between -20˚C and 4˚C

(Freeze Thaw) (Fig 1). BCMC2 was stored at -20˚C in either PBS or PBS with 25% v/v glycerol

for 7 days prior to DNA extraction.

Milk collection volume comparisons

To closely simulate the bacterial cell collection process from bulk milk via centrifugation,

freshly prepared BCMC2 were mixed with ultra-high temperature (UHT) pasteurized milk

(UHT 2% reduced-fat milk, Gossner Foods, Inc., Logan, UT) to reach a quantity of 6.32 × 103

cells/mL, an amount similar to the numbers of bacteria in high quality raw, bulk milk [32] (Fig

1). UHT milk was used in order to minimize background microbial contamination. Aliquots

of 200 μL, 1 mL, 10 mL, and 30 mL were then centrifuged at 13,000 g for 5 min at 4˚C to collect

the inoculated BCMC2, corresponding to 1.26 × 103 cells, 6.32 × 103 cells, 6.32 × 104 cells, and

1.90 × 105 cells, respectively. Next, the cell pellets were washed twice with PBS and stored at

-20˚C prior to DNA extraction.

Cell lysis and genomic DNA extraction

Comparisons of milk sample volumes on estimates of bacterial composition were performed

using genomic DNA from BCMC2. For assessing the effects of storage conditions, genomic

DNA from either BCMC2 or BCMC1 and BCMC2 were used. For both sets of comparisons,

BCMC genomic DNA was extracted using the MagMAX Total nucleic acid isolation kit

(Thermo Fisher Scientific, Vilnius, Lithuania) following the manufacturer’s protocol. Mechan-

ical lysis was used as performed previously [9, 30] by two runs in a FastPrep-24 instrument

(MP Biomedicals, Burlingame, CA, USA) at a setting of 6.5 m/sec for 1 min with a 1 min inter-

vening interval on ice.

Table 1. Bacterial strains and expected relative abundances in the BCMC.

Strain 16S rRNA gene copy number Expected percentage (%) a References

BCMC1 BCMC2

Bacillus subtilis S44 10 7.40 18.16 [21]

Clostridium tyrobutyricum ATCC 25755 1 3.69 12.28 [22]

Corynebacterium bovis ATCC 7715 1 0.31 1.67 [23]

Enterococcus faecalis ATCC 29212 4 13.38 7.21 [24]

Escherichia coli ATCC 700728 7 12.26 13.64 [25]

Lactococcus lactis IL1403 6 24.90 10.81 [26]

Pseudomonas fluorescens A506 6 24.33 11.59 [27]

Staphylococcus aureus ATCC 29740 5 5.98 10.31 [28]

Streptococcus agalactiae ATCC 27956 7 7.74 14.33 [29]

a BCMC1 and BCMC2 were prepared using CFU/ml and direct microscopy for cell enumeration, respectively. Expected percentages are estimated based on estimated

cell numbers in the BCMC and 16S rRNA gene copy numbers for each species.

https://doi.org/10.1371/journal.pone.0267992.t001

PLOS ONE Reducing bacterial DNA sequencing bias through sample preparation steps

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 4 / 18

https://doi.org/10.1371/journal.pone.0267992.t001
https://doi.org/10.1371/journal.pone.0267992


Comparisons of DNA extraction and purification steps were performed with BCMC2 and

genomic DNA was extracted using three magnetic-bead based, DNA extraction kits [Mag-

MAX Total Nucleic Acid Isolation kit (Total), MagMAX CORE Nucleic Acid Purification kit

(Core), and MagMAX DNA Multi-Sample Ultra 2.0 Kit (Ultra2)] (Fig 1). Those kits were

selected because they are compatible with the automated KingFisher Flex system (Thermo

Fisher Scientific, Waltham, WA, USA). The three kits use silica-coated magnetic beads for

binding DNA, guanidinium thiocyanate and 80% ethanol for DNA purification, and water for

DNA elution. The Total kit included prefilled tubes with 600 mg 0.1mm zirconia beads. For

the Core and Ultra2 kits, 500 mg of 0.1 mm zirconia beads (Thermo Fisher Scientific, Wal-

tham, WA, USA) were added separately. For each of the kit comparisons, BCMC cells were

lysed using the B1, V1, and C1 methods (Table 2). After collecting the BCMC lysates, gDNA

purification was completed on the KingFisher Flex system following the manufacturer’s

protocol.

Other comparisons of BCMC cell lysis methods were performed with the MagMAX Total

Nucleic Acid Isolation kit (Total) without automation. These methods were classified as mild

or rigorous according to the lysis method used (Table 2). Rigorous conditions were tested on

BCMC1 and included the B1, B2, B3, B4, V1, and V2 methods (Table 2). Mild cell lysis meth-

ods were tested at a later time with BCMC2 and included the B5, V3, and C2 methods and C2

+B5 and C2+V3 combinations (Table 2). After the lysis step for each of those conditions, a

fraction of the lysate was further treated with either 200 μg/mL Proteinase K (PK, Thermo

Fisher Scientific, Waltham, WA, USA) or 50 μg/mL RNase A (Thermo Fisher Scientific, Wal-

tham, WA, USA) (Fig 1). For PK, the lysate was incubated at 70˚C for 20 min with intermit-

tent tube inversion. For RNase A, the lysate was incubated at 37˚C for 15 min with

intermittent tube inversion. Genomic DNA was then purified following the Total protocol.

DNA extraction from commercial milk samples

Two raw (unpasteurized) milk from the storage silos and one HTST pasteurized milk samples

were collected by a commercial dairy processor (Hilmar Cheese Company, Hilmar, CA) on 5/

23/2018. Bacteria in the milk were collected as previously described [16, 30, 31]. Briefly, each

milk sample was split into three 25 mL aliquots, centrifuged at 13,000 g for 5 min at 4˚C, and

then the cell pellets were stored at -20˚C until. For DNA extraction, the cell pellets were sub-

jected to either method B1 (Table 2) followed by DNA purification with the Total protocol, or

Table 2. Cell lysis and DNA extraction methods tested.

Abbreviation Cell lysis method DNA extraction kit a

B1 Bead-beating at 6.5 m/sec × 1 min × 2 Total, Core, and Ultra2

B2 Bead-beating at 6.5 m/sec × 1 min Total

B3 Bead-beating at 3.5 m/sec × 1 min × 2 Total

B4 Bead-beating at 3.5 m/sec × 1 min Total

V1 Vortexing at 1800 rpm × 15 min Total, Core, and Ultra2

V2 Vortexing at 1800 rpm × 10 min Total

C1 Chemical lysis at 80˚C × 20 min + 37˚C × 60 min Total, Core, and Ultra2

B5 Bead-beating at 4 m/sec × 10 sec Total, Total + PK

C2 + B5 Chemical lysis at 37˚C × 60 min + Bead-beating at 4 m/sec × 10 sec Total, Total + PK

V3 Vortexing at 1800 rpm × 30 sec Total, Total + PK

C2 + V3 Chemical lysis at 37˚C × 60 min + Vortexing at 1800 rpm × 30 sec Total, Total + PK

a Total stands for MagMAX Total nucleic acid kit; Core stands for MagMAX Core DNA kit; Ultra2 stands for

MagMAX Ultra 2.0 DNA kit. PK = proteinase K.

https://doi.org/10.1371/journal.pone.0267992.t002
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B5 or V4 (Table 2) followed by DNA purification with the Total protocol and Proteinase K

treatment.

16S rRNA gene sequencing and analysis

Barcoded PCR of the 16S rRNA gene V4 region was performed as previously described [9]

using the F515 (GTGCCAGCMGCCGCGGTAA) and R806 (GGACTACHVGGGTWTCTAAT) prim-

ers, targeting the 16S rRNA gene V4 region, with 8-bp random barcoded sequences on the 59

end of the forward primer [33]. and ExTaq DNA polymerase (TaKaRa, Otsu, Japan). Pooled

and purified 16S V4 products were sequenced with the Ion Torrent PGM sequencer using the

HiQ view 400 bp sequencing kit and a 318 v2 chip (Life Technologies, Carlsbad, CA).

Ion Torrent output BAM files were converted to FASTQ files using BEDTools [34]. Reads that

were shorter than 200 bases were discarded. The remaining reads were analyzed using QIIME 1.9.1

[35] and QIIME 2 version 2018.4 [36] with previously described parameters [16, 30, 31]. QIIME 2

generated feature tables, feature sequences, rooted phylogenetic tree, and sample information were

imported in R 3.4.2 and analyzed as previously described [16, 30, 31]. Briefly, sequence files were

demultiplexed with the demux plugin. Feature table and chimera removal were performed using the

DADA2 method. For alpha and beta diversity analysis, DNA sequences were rarefied to 3,000 reads

per sample. Weighted differences of taxa proportions compared to expected were calculated using

the following formula: weighted difference = (observed%—expected%) / expected%. For taxonomy

assignment, a custom classifier was trained based on the truncated sequence reads (231 bases)

against the Greengenes database version 13.8 [37] and accordance with our prior study showing the

utility of this database for accurate identification of bacteria in milk [9].

Accession numbers

DNA sequences after quality filtering and trimming were deposited in the Qiita database [38]

under study ID 11351 and 12369, and in the European Nucleotide Archive (ENA) under acces-

sion number ERP104377 and ERP116294.

Results

Effect of BCMC preparation method on estimates of community

membership

Two BCMCs were prepared using the same strains but different methods to estimate cell num-

bers at the time of BCMC preparation. Strain enumeration for BCMC1 was based on CFUs,

whereas BCMC2 relied on direct counting by microscopy. Cell number estimates and the 16S

rRNA gene copy numbers were then used to set the “expected” proportions of each member of

the mock community (Table 1).

The 16S rRNA V4 region was sequenced and analyzed for each BCMC (n = 15 for BCMC1

and n = 33 for BCMC2) to result in “observed” proportions. For BCMC1, the observed pro-

portions of Escherichia (9.28% ± 0.55%) and Pseudomonas (17.80% ± 3.45%) were significantly

lower and the proportions of Bacillus (16.55% ± 2.91%) and Corynebacterium (3.19% ± 1.13%)

were significantly higher than the expected values (Fig 2). This was improved for BCMC2 and

only the proportions of Lactococcus (5.22% ± 6.48% increase) were significantly changed rela-

tive to the expected proportions (Fig 2). For BCMC2, although the levels of Bacillus, Clostrid-
ium, Escherichia, and Pseudomonas in BCMC2 were somewhat higher and Streptococcus lower

than expected, those differences did not reach significance (p = 0.05, DESeq2 adjusted p< 0.1

and log2 fold change > 1.5). Therefore, we concluded that the use of direct cell counting

resulted in a better representation of cell numbers contained in the BCMC.
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Milk sample volume and cell number effects on estimates of bacterial

composition

DNA extractions from larger collection volumes (� 10 mL) and hence higher numbers of total

bacteria (� 6.32 × 104 cells) led to a lower alpha diversity more similar to the expected values

(Fig 2A), reduced intra-sample variability (Fig 3B), as well as improved the reproducibility of

taxonomic distributions between BCMC replicates (Fig 3C).

Larger milk samples (� 10 mL) also contained fewer unexpected taxa assignments, or in

other words, bacteria that were not a part of the mock community (“Other” in Fig 3C). The

larger milk samples (� 10 mL) were detected as containing 1.4% to 3.8% unexpected bacterial

taxa according to 16S rRNA gene sequencing; whereas 12% to 22% unexpected taxa were

observed when� 1 mL milk (6.32 × 103 cells) was used. Notably, the majority of those unex-

pected bacteria (Fig 3) were identified as either Micrococcus (3.11% ± 3.41%) or Tepidimonas
(8.67% ± 8.75%). These taxa likely originated from UHT milk because both genera were preva-

lent in UHT milk controls tested without the addition of mock community cells (Micrococcus:
2.4% ± 4.9% and Tepidimonas: 10.8% ± 6.3%). Therefore, we estimated that for the cell lysis

and DNA extraction methods used here, at least 6.30 × 104 cells are needed, a number expected

to be reached with a sample volume of 10 mL good quality, raw bulk milk.

Storage method effects on mock community detection

BCMC bacterial proportions were not affected by freezing the cells at -20˚C in either PBS or in

water with 25% v/v glycerol (Fig 4A). There were also no changes in estimates of BCMC com-

position when prepared fresh or exposed to five freeze-thaw cycles (Fig 4B).

Fig 2. Comparison of BCMC cell enumeration methods. The expected values are based on CFU enumeration for

BCMC1 and direct counts by microscopy for BCMC2. The observed results represent the average of 15 replicates of

BCMC1 and 33 replicates of BCMC2 according to 16S rRNA gene amplicon DNA sequencing. BCMC replicates were

processed the same by MagMAX Total kit and lysed with bead beating at 6.5 m/sec for 1 min twice with 1 min interval

on ice prior to PCR. Significant changes (DESeq2 adjusted p< 0.1 and log2 fold change> 1.5) compared to the

expected values are indicated by the presence of asterisks.

https://doi.org/10.1371/journal.pone.0267992.g002
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Comparison of cell lysis and DNA purification methods

To develop a streamlined method for bacterial DNA purification from milk, we examined the

BCMC with different combinations of cell lysis methods (bead-beating, vortex and chemical

lysis) and magnetic-bead based DNA purification kits (MagMAX Total, Core and Ultra2 kits)

amenable for use on a widely-used, stand-alone automation instrument (Table 2).

Using kit-recommended, rigorous lysis methods (B1, V1, and C1) (Table 2), the MagMAX

Total kit (Total) resulted in significantly lower Bray-Curtis dissimilarities and UniFrac dis-

tances relative to the expected values than the Core and Ultra2 kits (Fig 5). This finding was

Fig 3. Microbial diversity and composition of BCMC taxa detected upon recovery from different volumes of milk.

BCMC2 was inoculated into UHT milk and sampled at the following volumes (cell numbers): 200 μL (1.26 × 103 cells),

1 mL (6.32 × 103 cells), 10 mL (6.32 × 104 cells), and 30 mL (1.90 × 105 cells). Expected percentages are estimated based

on estimated cell numbers in the BCMC and 16S rRNA gene copy numbers for each species. The (A) total number of

ASVs, (B) Bray-Curtis dissimilarity of intra-sample variation, and (C) expected taxa (9 bacterial species) are labeled

with the corresponding taxonomic level from DNA sequencing results. Unexpected taxa were labeled as “Other”. Each

bar represents a single replicate of BCMC2. Significant differences (Kruskal-Wallis with Dunn test, p< 0.05) from the

expected value (A) and between sample groups (B) are indicated by the presence of asterisks.

https://doi.org/10.1371/journal.pone.0267992.g003
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consistent between the three different cell lysis methods (B1, V1, and C1) applied, suggesting

that the Total kit was better than the other two purification methods, irrespective of which rig-

orous lysis method was used (Fig 5). Although the C1 lysis method combined with the Ultra2

kit resulted in comparable Bray-Curtis dissimilarities and UniFrac distances as the Total kit

with B1 lysis method (Fig 5), the combination of the C1 and Ultra2 methods also led to large

increases in the estimates of Lactococcus relative abundance (3.12 ± 0.62 fold of weighted dif-

ference from the expected values) (Fig 6).

Rigorous cell lysis methods such as those represented by B1, V1, and C1 are known to intro-

duce bias in bacterial community assessments [39, 40]. Therefore, we also tested other, milder

approaches in combination with the MagMAX Total kit for DNA purification. Cell lysis using

either B2 (beat-beating at either 1 min at 6.5 m/sec), B3 (1 min at 3.5 m/sec twice with 1 min

interval on ice), or V2 (1 min at 3.5 m/sec), or B4, (vortexing for 10 min at 1800 rpm)

(Table 2) did not affect the outcomes of BCMC assessments compared to the more rigorous,

kit-recommended method B1 (bead-beating twice for 1 min at 6.5 m/sec with 1 min interval

on ice) (Fig 7). Like found for B1, each of those milder lysis variations resulted in significantly

reduced proportions of Escherichia and Pseudomonas and increased proportions of Bacillia-
ceae/Bacillus, Corynebacterium, and Staphylococcus relative to the expected values (Fig 7).

Because Escherichia and Pseudomonas are Gram-negative bacterial taxa, these members of

the BCMC may be more easily lysed and vulnerable to DNA shearing than Gram-positive bac-

teria. Therefore, we tested even milder cell disruption methods, namely B5 (bead-beating for

10 sec at 4 m/sec) and V3 (vortex at 1800 rpm for 30 sec) with and without lysozyme treatment

(C2) (Table 2). Application of these methods greatly improved our capacity to identify bacteria

in the BCMC at their known proportions. Only between one to five BCMC taxa were detected

in significantly altered levels by 16S rRNA gene DNA sequencing relative to expected values

based on direct enumeration by microscopy (Fig 6). By comparison, between four to eight

strains were found in significantly altered proportions when more rigorous lysis methods were

used (Fig 6).

We also tested the addition of RNase A (50 μg/mL) and Proteinase K (PK, 200 μg/mL) after

cell lysis to digest any remaining RNA contaminants and milk protein, respectively.

Fig 4. Relative proportions of taxa and UPGMA hierarchical clustering of BCMC exposed to different storage conditions.

UPGMA hierarchical clustering was based on Bray-Curtis dissimilarity matrix for (A) BCMC2 frozen with PBS or 25% v/v glycerol and

(B) BCMC1 that were prepared fresh or exposed to five freeze-thaw cycles. Expected taxa (9 bacterial species) are labeled with the

corresponding taxonomic level from 16S rRNA gene amplicon DNA sequencing results. Each bar represents a single replicate.

https://doi.org/10.1371/journal.pone.0267992.g004
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Surprisingly, RNase A treatment resulted in significantly higher proportions of unexpected

taxa (7.24% ± 6.16% of total bacteria detected) than untreated controls (0.41% ± 0.21%, Mann-

Whitney p< 0.05). The unexpected taxa in RNase A treated samples were predominantly

Ruminococcus (0.81% ± 0.68%), Roseburia (0.78% ± 0.65%), and Faecalibacterium (0.73% ±
0.67%). By comparison, Proteinase K combined with mild BCMC cell lysis led to more accu-

rate taxonomic proportions (B5 + PK: 0.33% ± 0.18% unexpected taxa of total bacteria

detected, V3 + PK: 0.40% ± 0.17%) and lower Bray-Curtis dissimilarities and UniFrac dis-

tances from the expected BCMC beta diversities (Fig 5). Importantly, the taxonomic propor-

tions were very similar to those predicted for the BCMC. Only the proportions of

Fig 5. Distances between the expected values and mock community samples. (A) Bray-Curtis dissimilarity and (B)

weighted UniFrac distances compared to expected values. Significant differences (Kruskal-Wallis with Dunn test, p< 0.05)

from the standard DNA extraction method (Total kit with B1 lysis method) are indicated by the presence of asterisks. The

following lysis methods were applied: B1 (bead-beating twice for 1 min at 6.5 m/sec with 1 min interval on ice), V1 (vortex at

1800 rpm for 15 min), C1 (incubation at 80˚C for 20 min and 37˚C for 60 min), B5 (bead-beating for 10 sec at 4 m/sec; C2

(incubation at 37˚C for 60 min), and V3 (vortex at 1800 rpm for 30 sec). Total (MagMAX Total nucleic acid kit), Core

(MagMAX Core DNA kit), Ultra2 (MagMAX Ultra 2.0 DNA kit); and PK (proteinase K). Abbreviations for the cell lysis and

DNA purifications methods are also provided in Table 2. The letter R on the x-axis denotes RNase A treated samples.

https://doi.org/10.1371/journal.pone.0267992.g005

Fig 6. Effects of cell lysis methods on BCMC proportions. The weighted difference was calculated using the following

formula: (observed%—expected%) / expected%. Each circle is the average value from three replicates of BCMC2. Different

colors indicate the value of weighted differences and dot sizes indicate the absolute values of weighted differences. Significant

changes (DESeq2 adjusted p< 0.1 and log2 fold change> 1.5) compared to the expected values are indicated by the presence

of asterisks. Abbreviations are used as follows (see also Table 2): B1 (bead-beating twice for 1 min at 6.5 m/sec with 1 min

interval on ice), V1 (vortex at 1800 rpm for 15 min), C1 incubation at 80˚C for 20 min and 37˚C for 60 min); B5 bead-beating

for 10 sec at 4 m/sec), C2 stands for incubation at 37˚C for 60 min), and V3 (vortex at 1800 rpm for 30 sec). The letter “R”

after lysing methods denotes RNase A treatment.

https://doi.org/10.1371/journal.pone.0267992.g006
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Corynebacterium were significantly altered, and slightly reduced proportions were found com-

pared to expected values (B5 + PK: -0.72 ± 0.01 weighted difference, V3 + PK: -0.79 ± 0.05

weighted difference) (Fig 6).

Application of cell lysis and DNA extraction methods for assessing raw and

pasteurized milk microbiota

Commercially prepared milk samples collected at different times during a production day

before and after HTST pasteurization were examined by 16S rRNA gene amplicon DNA

sequencing using the cell lysis and DNA purification methods which resulted in the most accu-

rate BCMC proportions. Specifically, we tested B5 (bead-beating for 10 s at 4 m/s) and V3

(vortexing at 1800 rpm for 30 s) with PK treatment and the MagMAX Total kit for DNA puri-

fication. For comparison to standard cell lysis conditions, the more rigorous protocol B1

(Total/B1) was also used.

Estimates of bacterial abundance obtained for the raw and HTST milk samples showed that

the proportions of bacterial taxa were impacted by the cell lysis method. Bacillus (Bacillaceae),
Lactococcus, and Staphylococcus proportions were lower and Escherichia, Pseudomonas and

Streptococcus were higher in milk extracted with B5 or V3 compared to the B1 lysis method

(Fig 8A). Remarkably, the lysis method affected assessments of bacterial composition in the

Fig 7. Effects of B1, B2, B3, B4, V1, and V2 cell lysis methods on BCMC1 taxonomy. DNA extractions were

performed on BCMC1 using the MagMAX Total nucleic acid kit. Each bar represents the average value of three

replicates. Significant differences (DESeq2 adjusted p< 0.1 and log2 fold change> 1.5) from the expected value are

indicated by the presence of asterisks. Exp stands for expected, B1 (bead beat twice for 1 min at 6.5 m/sec with 1 min

interval on ice), B2 (bead beat for 1 min at 6.5 m/sec), B3 (bead beat twice for 1 min at 3.5 m/sec with 1 min interval on

ice), B4 (bead beat at 3.5 m/sec for 60 sec), V1 (vortex at 1800 rpm for 15 min), V2 (vortex at 1800 rpm for 10 min),

and C1 (incubation at 80˚C for 20 min and 37˚C for 60 min).

https://doi.org/10.1371/journal.pone.0267992.g007
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BCMC and commercial milk samples in very similar ways. Only Streptococcus was oppositely

affected by lysis method (Fig 8A). Levels of Streptococcus were slightly decreased in the BCMC

(weighted difference of -0.41 and -0.44 (for B5 and V3, respectively, compared to B1); whereas

proportions of this genus increased in the commercial milk samples (weighted difference of

1.47 and 1.54 for B5 and V3, respectively, compared to B1) (Fig 8A). Thus, taken together,

these findings confirmed the value of using mock communities for method testing.

Despite the impact of cell lysis method on bacterial detection and quantification in milk,

variation between different milk samples was significantly greater than intra-sample variation

introduced by methodological changes (Fig 8B and 8C). These results show that although cell

lysis methods may introduce biases into 16S rRNA gene amplicon DNA sequencing results,

the methods used is not likely to impair comparative, microbiota studies between different

milk samples.

Discussion

The identification and tracking of bacterial populations by 16S rRNA gene sequence surveys

offers significant opportunities to better understand and monitor those microorganisms in

foods and other complex microbial habitats. However, the methods used are still susceptible to

biases introduced at nearly every step from sample collection to data analysis and interpreta-

tion. Herein, we evaluated several parameters relevant to the identification of bacteria in bulk

milk. Among these parameters, we determined that at least 10 mL milk (estimated to contain

approximately 103 cells/mL) combined with mild cell lysis methods, Proteinase K treatment

and magnetic bead-based DNA purification (Total kit) provides the most accurate bacterial

identification in a manner that is also suitable for automation. We also found that the use of a

mock community, the identification of critical points for analysis, and the validation of pro-

posed protocols with environmental (milk) samples are useful ways to evaluate these methodo-

logical considerations. This approach can be applied for investigating other microbial habitats

Fig 8. Beta diversity and weighted differences of commercial milk samples and the BCMC. (A) weighted

differences of mock community samples compared to the Total/B1 method, (B) Bray-Curtis dissimilarity, and (C)

weighted UniFrac distances between milk samples are shown. Weighted differences for each organism are calculated

using the following formula: (B5% or V3%—B1%) / B1%. Significant differences (B and C, Kruskal-Wallis with Dunn

test, p< 0.05) are indicated by the presence of asterisks. Abbreviations are used as follows (see also Table 2): B1 (bead-

beating twice for 1 min at 6.5 m/sec with 1 min interval on ice using the MagMAX Total kit), B5 (bead-beating for 10

sec at 4 m/sec), and (vortex at 1800 rpm for 30 sec). B5 and V3 samples were extracted using the MagMAX Total kit

with PK digestion.

https://doi.org/10.1371/journal.pone.0267992.g008
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containing diverse and low numbers of bacteria. Combining these steps with development of

validated downstream DNA sequencing and bioinformatics methods, as we showed previously

[9], can provide a complete pipeline for bacterial community analysis within specific environ-

ments and sample matrices (e.g. foods, soils, etc). Additional considerations for the different

variables in bulk milk sample preparation are provided below.

Milk sample volume

BCMC alpha and beta diversity increased significantly when testing low quantities of BCMC

cells (consistent with bacterial numbers expected to be present in milk (< 10 mL)). This varia-

tion in microbial content is indicative of background contamination from the UHT milk car-

rier matrix. However, cell numbers required for accurate microbial identification are expected

to change if different DNA extraction methods are used. For example, phenol-chloroform

based DNA extraction is more effective for obtaining DNA from low numbers of cells and

may result in more DNA from the same bacterial biomass compared to silica-coated beads or

columns [41]. To this regard, other studies which have applied 16S rRNA gene amplicon DNA

sequencing to milk were successful with the use of 2 mL to 40 mL milk and approximately 103

to 106 bacterial cells [42–44]. Notably, those methods are not easily automatable and therefore

are constrained by the numbers of samples that can be examined simultaneously.

Collected cells storage conditions

Different BCMC storage conditions and exposure to freeze-thaw cycles did not change the

mock community composition. This was also found previously [45–47]. These procedural

changes are also expected to have less of an effect than other up-stream sample preparation

steps, such as homogenization required for solid or semi-solid samples (e.g. stool) [48].

Although not tested directly it was previously shown that when rapid (< 24 h) cold transfer of

liquid milk samples between collection site to the lab is not feasible, the milk may be frozen

directly [16] or with the addition of cryoprotectant, depending on the resources available.

Cell lysis method

Lysis methods (mechanical or enzymatic) conferred the largest impact on bacterial representa-

tion in the BCMC. Mild cell lysis methods such as bead-beating for 10 sec at 4 m/sec (B5) or

vortexing at 1800 rpm for 30 sec (V3) gave the most accurate results with the mock commu-

nity. Those methods reversed the trend for an underrepresentation of the Gram-negative taxa

Escherichia and Pseudomonas in the BCMCs when more rigorous methods were used, poten-

tially by preventing DNA shearing [49]. The effects of lysis methods on estimates of bacterial

distributions were confirmed on milk samples, for which the proportions of taxa were skewed

in a similar direction as found for the BCMC. These results are notable considering that rigor-

ous lysis methods are applied pervasively in human and soil microbiome studies [40, 50] and

were recommended by purification kit protocols. Our findings also indicate the need for

matrix-specific, DNA extraction protocols. For example, the human gut contains large popula-

tions of endospore-forming bacteria [51] and harder-to-lyse microorganisms such as Bifido-
bacterium, Faecalibacterium, Butyrivibrio and Eubacterium, whose detection is only possible

with rigorous mechanical lysis [49, 52]. Therefore, a rigorous lysis method used for fecal DNA

extraction could be excessive when the goal is to lyse bacteria contained in milk. Moreover, the

mild cell lysing conditions can be easily performed using a vortex mixer instead of a bead-

beater. The use of a vortex mixer can significantly reduce the cost, training and hands-on time

required during DNA extraction.
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DNA purification

With the goal of developing a streamlined, high throughput sample processing pipeline, we

compared three MagMAX DNA purification kits (Total, Core, Ultra2) that are compatible for

automation with the KingFisher Flex magnetic particle processor. We tested the KingFisher

Flex system because it is a small, benchtop instrument that is versatile in the sample numbers,

cell lysate volumes, and mixing conditions that can be applied [53, 54]. The MagMAX kits are

readily automatable with the KingFisher Flex system but have not been validated for food

microbiome research pipelines. Here, we demonstrated that, out of the three kits tested, the

Total kit resulted in a more accurate representation of the mock communities. Although there

reasons for this result cannot be directly known based on descriptions of the reagents and pro-

tocols provided, the Total kit protocol requires an additional wash step which may lead to

DNA with higher purity and quality.

Proteinase K and RNase A

The inclusion of Proteinase K was another protocol modification that improved the outcomes

of the BCMC analysis when combined with mild lysis method and the Total kit. The benefit of

using Proteinase K for the extraction of bacterial gDNA from milk may due to removal of PCR

inhibitors such as milk proteinases [55]. Proteolysis may be particularly beneficial for milk due

to its high protein content (33.9 g of protein per kg) [56] relative to other common sample

types such as human feces (1.8 to 9.9 g/kg) [57] and soil (around 1.5 g/kg) [58].

RNase A treatment, aimed to remove RNA contamination for the genomic DNA, did not

improve efforts to identify the BCMC composition by DNA sequencing and instead appeared

to introduce bacterial contaminants. Commercially prepared RNase A is reported to be iso-

lated from bovine pancreas [59]. It is possible that DNA from Ruminococcus, a common

bovine rumen resident [60, 61] contaminated the reagent. Because RNA removal is not as cru-

cial for amplicon-based DNA sequencing, we recommend to not include this step to avoid

additional manipulation of samples and to minimize reagent or pipetting contamination.

However, it should be noted that the presence of RNA prevents the precise quantification of

DNA by spectrophotometric methods [62].

Lastly, it should be noted that while these steps worked well for the analysis of bulk milk

from holding and processing vats, other bovine milk sample types may require different meth-

odological approaches for microbial DNA extraction and analysis. In particular, there are cer-

tain challenges when using milk collected directly from individual healthy or mastitic cow

quarters or teat canals [20, 63]. For those milk samples, it is also important to consider the dif-

ficulties for aseptic collection, avoiding teat canal, udder skin and environmental microorgan-

isms [20, 64, 65]. Compared to bulk milk, freshly expressed milk may have higher bovine cell

numbers or can be enriched with bacteria which are no longer dominant after storage or pro-

cessing. Milk collected directly from the teat may also contain compounds that inhibit PCR

and therefore result in the need for different DNA extraction and purification steps [19, 20].

In conclusion, our approach of using the BCMC and a systematic evaluation of each step in

the sample preparation protocol provides a framework which can be applied to other food

(and environmental) samples with the goal of validating methods to measure bacterial compo-

sition and diversity. Although microbial detection by CFU enumeration on laboratory culture

medium remains the gold standard in assessments of food quality, that technique is generally

insufficient for predicting and diagnosing spoilage and defect issues. By simplifying and accel-

erating microbiota identification methods, we expect that it will be possible to obtain more

accurate measures for controlling bacterial contents in dairy products and other foods and

beverages.

PLOS ONE Reducing bacterial DNA sequencing bias through sample preparation steps

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 14 / 18

https://doi.org/10.1371/journal.pone.0267992


Acknowledgments

We would like to thank Dr. Jessie Heidenreich at the Hilmar Cheese Company, Hilmar CA,

for her help with milk sample collection. We also thank Rene Suleiman for her help with DNA

extraction and Caper Jamin and Yanin Srisengfa for their help with bacterial cell culture. We

acknowledge NIZO food research for providing strain Lactococcus lactis IL1403 and Dr. Steven

Lindow at University of California, Berkeley for providing Pseudomonas fluorescens A506

Author Contributions

Conceptualization: Maria L. Marco.

Data curation: Zhengyao Xue.

Formal analysis: Zhengyao Xue.

Investigation: Zhengyao Xue, Maria L. Marco.

Methodology: Zhengyao Xue, Maria L. Marco.

Project administration: Maria L. Marco.

Resources: Maria L. Marco.

Supervision: Maria L. Marco.

Validation: Maria L. Marco.

Visualization: Zhengyao Xue.

Writing – original draft: Zhengyao Xue, Maria L. Marco.

Writing – review & editing: Zhengyao Xue, Maria L. Marco.

References
1. Knight R, Vrbanac A, Taylor BC, Aksenov A, Callewaert C, Debelius J, et al. Best practices for analysing

microbiomes. Nat Rev Microbiol. 2018. https://doi.org/10.1038/s41579-018-0029-9

2. Pollock J, Glendinning L, Wisedchanwet T, Watson M. The madness of microbiome: Attempting to find

consensus “best practice” for 16S microbiome studies. Appl Environ Microbiol. 2018:AEM.02627-17.

https://doi.org/10.1128/aem.02627-17

3. Tremblay J, Singh K, Fern A, Kirton ES, He S, Woyke T, et al. Primer and platform effects on 16S rRNA

tag sequencing. Front Microbiol. 2015; 6:771. Epub 2015/08/25. https://doi.org/10.3389/fmicb.2015.

00771

4. D’Amore R, Ijaz UZ, Schirmer M, Kenny JG, Gregory R, Darby AC, et al. A comprehensive benchmark-

ing study of protocols and sequencing platforms for 16S rRNA community profiling. BMC Genomics.

2016; 17:55. https://doi.org/10.1186/s12864-015-2194-9 P

5. Gohl DM, Vangay P, Garbe J, MacLean A, Hauge A, Becker A, et al. Systematic improvement of ampli-

con marker gene methods for increased accuracy in microbiome studies. Nat Biotechnol. 2016; 34

(9):942–9. Epub 2016/07/28. https://doi.org/10.1038/nbt.3601

6. Sze MA and Schloss PD. The impact of DNA polymerase and number of rounds of amplification in PCR

on 16S rRNA gene sequence data. mSphere. 2019. https://doi.org/10.1128/mSphere.00163-19

7. Gonzalez JM, Portillo MC, Belda-Ferre P, Mira A. Amplification by PCR Artificially reduces the propor-

tion of the rare biosphere in microbial communities. PLoS One. 2012; 7(1). https://doi.org/10.1371/

journal.pone.0029973

8. Salipante SJ, Kawashima T, Rosenthal C, Hoogestraat DR, Cummings LA, Sengupta DJ, et al. Perfor-

mance comparison of Illumina and Ion Torrent next-generation sequencing platforms for 16S rRNA-

based bacterial community profiling. Appl Environ Microbiol. 2014; 80(24):7583–91. https://doi.org/10.

1128/Aem.02206-14

9. Xue Z, Kable ME, Marco ML. Impact of DNA sequencing and analysis methods on 16S rRNA gene bac-

terial community analysis of dairy products. mSphere. 2018; 3(5). https://doi.org/10.1128/mSphere.

00410-18

PLOS ONE Reducing bacterial DNA sequencing bias through sample preparation steps

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 15 / 18

https://doi.org/10.1038/s41579-018-0029-9
https://doi.org/10.1128/aem.02627-17
https://doi.org/10.3389/fmicb.2015.00771
https://doi.org/10.3389/fmicb.2015.00771
https://doi.org/10.1186/s12864-015-2194-9
https://doi.org/10.1038/nbt.3601
https://doi.org/10.1128/mSphere.00163-19
https://doi.org/10.1371/journal.pone.0029973
https://doi.org/10.1371/journal.pone.0029973
https://doi.org/10.1128/Aem.02206-14
https://doi.org/10.1128/Aem.02206-14
https://doi.org/10.1128/mSphere.00410-18
https://doi.org/10.1128/mSphere.00410-18
https://doi.org/10.1371/journal.pone.0267992


10. Sinha R, Abu-Ali G, Vogtmann E, Fodor AA, Ren B, Amir A, et al. Assessment of variation in microbial

community amplicon sequencing by the Microbiome Quality Control (MBQC) project consortium. Nat

Biotechnol. 2017; 35(11):1077–86. Epub 2017/10/03. https://doi.org/10.1038/nbt.3981 P

11. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-resolution

sample inference from Illumina amplicon data. Nat Methods. 2016; 13(7):581–3. https://doi.org/10.

1038/nmeth.3869 P

12. Amir A, McDonald D, Navas-Molina JA, Kopylova E, Morton JT, Zech Xu Z, et al. Deblur Rapidly

resolves single-nucleotide community sequence patterns. mSystems. 2017; 2(2). Epub 2017/03/16.

https://doi.org/10.1128/mSystems.00191-16

13. Golob JL, Margolis E, Hoffman NG, Fredricks DN. Evaluating the accuracy of amplicon-based micro-

biome computational pipelines on simulated human gut microbial communities. Bmc Bioinformatics.

2017; 18(1):283. https://doi.org/10.1186/s12859-017-1690-0

14. Weiss S, Amir A, Hyde ER, Metcalf JL, Song SJ, Knight R. Tracking down the sources of experimental

contamination in microbiome studies. Genome Biology. 2014; 15(12). ARTN 564 https://doi.org/10.

1186/s13059-014-0564-2

15. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent and laboratory con-

tamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014; 12:12. https://

doi.org/10.1186/s12915-014-0087-z P

16. Kable ME, Srisengfa Y, Xue Z, Coates LC, Marco ML. Viable and total bacterial populations undergo

equipment- and time-dependent shifts during milk processing. Appl Environ Microbiol. 2019. Epub

2019/04/28. https://doi.org/10.1128/AEM.00270-19

17. Erkus O, de Jager VCL, Geene R, van Alen-Boerrigter I, Hazelwood L, van Hijum S, et al. Use of propi-

dium monoazide for selective profiling of viable microbial cells during Gouda cheese ripening. Int J

Food Microbiol. 2016; 228:1–9. https://doi.org/10.1016/j.ijfoodmicro.2016.03.027

18. Quigley, O’Sullivan O, Stanton C, Beresford TP, Ross RP, Fitzgerald GF, et al. The complex microbiota

of raw milk. FEMS Microbiol Rev. 2013; 37(5):664–98. https://doi.org/10.1111/1574-6976.12030

19. Metzger SA, Hernandez LL, Skarlupka JH, Suen G, Walker TM, Ruegg PL. Influence of sampling tech-

nique and bedding type on the milk microbiota: Results of a pilot study. J Dairy Sci. 2018; 101(7):6346–

56. Epub 2018/04/24. https://doi.org/10.3168/jds.2017-14212

20. Schwenker JA, Friedrichsen M, Waschina S, Bang C, Franke A, Mayer R, et al. Bovine milk microbiota:

Evaluation of different DNA extraction protocols for challenging samples. Microbiologyopen. 2022; 11

(2):e1275. Epub 2022/04/29. https://doi.org/10.1002/mbo3.1275

21. Kunst F, Ogasawara N, Moszer I, Albertini AM, Alloni G, Azevedo V, et al. The complete genome

sequence of the gram-positive bacterium Bacillus subtilis. Nature. 1997; 390(6657):249–56. https://doi.

org/10.1038/36786

22. Lee J, Jang YS, Han MJ, Kim JY, Lee SY. Deciphering Clostridium tyrobutyricum metabolism based on

the whole-genome sequence and proteome analyses. mBio. 2016; 7(3). ARTN e00743-1610.1128/

mBio.00743-16.

23. Schroder J, Glaub A, Schneider J, Trost E, Tauch A. Draft genome sequence of Corynebacterium bovis

DSM 20582, which causes clinical mastitis in dairy cows. J Bacteriol. 2012; 194(16):4437–. https://doi.

org/10.1128/Jb.00839-12

24. Kim EB, Kopit LM, Harris LJ, Marco ML. Draft genome sequence of the quality control strain Enterococ-

cus faecalis ATCC 29212. J Bacteriol. 2012; 194(21):6006–7. https://doi.org/10.1128/Jb.01423-12

25. Hayashi T, Makino K, Ohnishi M, Kurokawa K, Ishii K, Yokoyama K, et al. Complete genome sequence

of enterohemorrhagic Escherichia coli O157: H7 and genomic comparison with a laboratory strain K-12.

DNA Res. 2001; 8(1):11–22. https://doi.org/10.1093/dnares/8.1.11

26. Bolotin A, Wincker P, Mauger S, Jaillon O, Malarme K, Weissenbach J, et al. The complete genome

sequence of the lactic acid bacterium Lactococcus lactis ssp lactis IL1403. Genome Res. 2001; 11

(5):731–53. https://doi.org/10.1101/gr.GR-1697R

27. Loper JE, Hassan KA, Mavrodi DV, Davis EW, Lim CK, Shaffer BT, et al. Comparative genomics of

plant-associated Pseudomonas spp.: insights into diversity and inheritance of traits involved in multi-

trophic interactions. Plos Genet. 2012;8(7). ARTN e1002784 https://doi.org/10.1371/journal.pgen.

1002784

28. Bouchard D, Peton V, Almeida S, Le Marechal C, Miyoshi A, Azevedo V, et al. Genome sequence of

Staphylococcus aureus Newbould 305, a Strain associated with mild bovine mastitis. J of Bacteriol.

2012; 194(22):6292–3. https://doi.org/10.1128/JB.01188-12

29. Tettelin H, Masignani V, Cieslewicz MJ, Eisen JA, Peterson S, Wessels MR, et al. Complete genome

sequence and comparative genomic analysis of an emerging human pathogen, serotype V

PLOS ONE Reducing bacterial DNA sequencing bias through sample preparation steps

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 16 / 18

https://doi.org/10.1038/nbt.3981
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1128/mSystems.00191-16
https://doi.org/10.1186/s12859-017-1690-0
https://doi.org/10.1186/s13059-014-0564-2
https://doi.org/10.1186/s13059-014-0564-2
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1128/AEM.00270-19
https://doi.org/10.1016/j.ijfoodmicro.2016.03.027
https://doi.org/10.1111/1574-6976.12030
https://doi.org/10.3168/jds.2017-14212
https://doi.org/10.1002/mbo3.1275
https://doi.org/10.1038/36786
https://doi.org/10.1038/36786
https://doi.org/10.1128/Jb.00839-12
https://doi.org/10.1128/Jb.00839-12
https://doi.org/10.1128/Jb.01423-12
https://doi.org/10.1093/dnares/8.1.11
https://doi.org/10.1101/gr.GR-1697R
https://doi.org/10.1371/journal.pgen.1002784
https://doi.org/10.1371/journal.pgen.1002784
https://doi.org/10.1128/JB.01188-12
https://doi.org/10.1371/journal.pone.0267992


Streptococcus agalactiae. Proc Natl Acad Sci USA. 2002; 99(19):12391–6. https://doi.org/10.1073/

pnas.18280799

30. Kable ME, Srisengfa Y, Laird M, Zaragoza J, McLeod J, Heidenreich J, et al. The core and seasonal

microbiota of raw bovine milk in tanker trucks and the impact of transfer to a milk processing facility.

mBio. 2016; 7(4). https://doi.org/10.1128/mBio.00836-16

31. Xue Z, Brooks JT, Quart Z, Stevens ET, Kable ME, Heidenreich J, et al. Microbiota assessments for the

identification and confirmation of slit defect-causing bacteria in milk and cheddar cheese. mSystems.

2021; 6(1):e01114–20. https://doi.org/10.1128/mSystems.01114-20

32. Milk Quality Improvement Program DoFS, Cornell University. Raw Milk Quality Tests. Dairy Foods Sci-

ence Notes. 2008. Available from: https://foodsafety.foodscience.cornell.edu/sites/foodsafety.

foodscience.cornell.edu/files/shared/documents/CU-DFScience-Notes-Milk-Raw-Tests-Summary-07-

08.pdf

33. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, et al. Global pat-

terns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc Natl Acad Sci USA.

2011; 108:4516–22. https://doi.org/10.1073/pnas.1000080107

34. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformat-

ics. 2010; 26(6):841–2. https://doi.org/10.1093/bioinformatics/btq033

35. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows

analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335–6. https://doi.

org/10.1038/nmeth.f.303

36. Bolyen E, Rideout J, Dillon M, Bokulich N, Abnet C, Al-Ghalith G, et al. Reproducible, interactive, scal-

able and extensible microbiome data science using QIIME 2. Nat Biotechnol. 2019; 37(8):852–7 (2019).

https://doi.org/10.1038/s41587-019-0209-9

37. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, et al. An improved Green-

genes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea.

The ISME Journal. 2012; 6(3):610–8. https://doi.org/10.1038/ismej.2011.139

38. Gonzalez A, Navas-Molina JA, Kosciolek T, McDonald D, Vazquez-Baeza Y, Ackermann G, et al. Qiita:

rapid, web-enabled microbiome meta-analysis. Nat Methods. 2018; 15(10):796–8. https://doi.org/10.

1038/s41592-018-0141-9

39. Gill C, van de Wijgert JH, Blow F, Darby AC. Evaluation of lysis methods for the extraction of bacterial

dna for analysis of the vaginal microbiota. PLoS One. 2016; 11(9):e0163148. Epub 2016/09/20. https://

doi.org/10.1371/journal.pone.0163148

40. Costea PI, Zeller G, Sunagawa S, Pelletier E, Alberti A, Levenez F, et al. Towards standards for human

fecal sample processing in metagenomic studies. Nat Biotechnol. 2017; 35(11):1069–76. https://doi.

org/10.1038/nbt.3960

41. Psifidi A, Dovas CI, Bramis G, Lazou T, Russel CL, Arsenos G, et al. Comparison of eleven methods for

genomic dna extraction suitable for large-scale whole-genome genotyping and long-term dna banking

using blood samples. PLoS One. 2015; 10(1). ARTN e011596010.1371/journal.pone.0115960.

42. Masoud W, Takamiya M, Vogensen FK, Lillevang S, Al-Soud WA, Sørensen SJ, et al. Characterization

of bacterial populations in Danish raw milk cheeses made with different starter cultures by denaturating

gradient gel electrophoresis and pyrosequencing. Int Dairy J. 2011; 21(3):142–8. https://doi.org/10.

1016/j.idairyj.2010.10.007

43. Skeie SB, Haland M, Thorsen IM, Narvhus J, Porcellato D. Bulk tank raw milk microbiota differs within

and between farms: A moving goalpost challenging quality control. J Dairy Sci. 2019. https://doi.org/10.

3168/jds.2017-14083

44. Metzger SA, Hernandez LL, Skarlupka JH, Walker TM, Suen G, Ruegg PL. A cohort study of the milk

microbiota of healthy and inflamed bovine mammary glands from dryoff through 150 days in milk. Front

Vet Sci. 2018; 5:247. Epub 2018/10/26. https://doi.org/10.3389/fvets.2018.00247

45. Fouhy F, Deane J, Rea MC, O’Sullivan O, Ross RP, O’Callaghan G, et al. The effects of freezing on fae-

cal microbiota as determined using miseq sequencing and culture-based investigations. PLoS One.

2015; 10(3). ARTN e0119355 https://doi.org/10.1371/journal.pone.0119355

46. Lauber CL, Zhou N, Gordon JI, Knight R, Fierer N. Effect of storage conditions on the assessment of

bacterial community structure in soil and human-associated samples. FEMS Microbiol Lett. 2010; 307

(1):80–6. https://doi.org/10.1111/j.1574-6968.2010.01965.x

47. Song SJ, Amir A, Metcalf JL, Amato KR, Xu ZZ, Humphrey G, et al. Preservation methods differ in fecal

microbiome stability, affecting suitability for field studies. mSystems. 2016; 1(3). Epub 2016/11/09.

https://doi.org/10.1128/mSystems.00021-16

PLOS ONE Reducing bacterial DNA sequencing bias through sample preparation steps

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 17 / 18

https://doi.org/10.1073/pnas.18280799
https://doi.org/10.1073/pnas.18280799
https://doi.org/10.1128/mBio.00836-16
https://doi.org/10.1128/mSystems.01114-20
https://foodsafety.foodscience.cornell.edu/sites/foodsafety.foodscience.cornell.edu/files/shared/documents/CU-DFScience-Notes-Milk-Raw-Tests-Summary-07-08.pdf
https://foodsafety.foodscience.cornell.edu/sites/foodsafety.foodscience.cornell.edu/files/shared/documents/CU-DFScience-Notes-Milk-Raw-Tests-Summary-07-08.pdf
https://foodsafety.foodscience.cornell.edu/sites/foodsafety.foodscience.cornell.edu/files/shared/documents/CU-DFScience-Notes-Milk-Raw-Tests-Summary-07-08.pdf
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/s41592-018-0141-9
https://doi.org/10.1038/s41592-018-0141-9
https://doi.org/10.1371/journal.pone.0163148
https://doi.org/10.1371/journal.pone.0163148
https://doi.org/10.1038/nbt.3960
https://doi.org/10.1038/nbt.3960
https://doi.org/10.1016/j.idairyj.2010.10.007
https://doi.org/10.1016/j.idairyj.2010.10.007
https://doi.org/10.3168/jds.2017-14083
https://doi.org/10.3168/jds.2017-14083
https://doi.org/10.3389/fvets.2018.00247
https://doi.org/10.1371/journal.pone.0119355
https://doi.org/10.1111/j.1574-6968.2010.01965.x
https://doi.org/10.1128/mSystems.00021-16
https://doi.org/10.1371/journal.pone.0267992


48. Hsieh YH, Peterson CM, Raggio A, Keenan MJ, Martin RJ, Ravussin E, et al. Impact of different fecal

processing methods on assessments of bacterial diversity in the human intestine. Front Microbiol.

2016; 7:1643. Epub 2016/11/05. https://doi.org/10.3389/fmicb.2016.01643

49. Salonen A, Nikkila J, Jalanka-Tuovinen J, Immonen O, Rajilic-Stojanovic M, Kekkonen RA, et al. Com-

parative analysis of fecal DNA extraction methods with phylogenetic microarray: Effective recovery of

bacterial and archaeal DNA using mechanical cell lysis. J Microbiol Methods. 2010; 81(2):127–34.

https://doi.org/10.1016/j.mimet.2010.02.007

50. Lim MY, Song EJ, Kim SH, Lee J, Nam YD. Comparison of DNA extraction methods for human gut

microbial community profiling. Syst Appl Microbiol. 2018; 41(2):151–7. Epub 2018/01/07. https://doi.

org/10.1016/j.syapm.2017.11.008

51. Kearney SM, Gibbons SM, Poyet M, Gurry T, Bullock K, Allegretti JR, et al. Endospores and other lysis-

resistant bacteria comprise a widely shared core community within the human microbiota. Isme J. 2018;

12(10):2403–16. Epub 2018/06/15. https://doi.org/10.1038/s41396-018-0192-z

52. Walker AW, Martin JC, Scott P, Parkhill J, Flint HJ, Scott KP. 16S rRNA gene-based profiling of the

human infant gut microbiota is strongly influenced by sample processing and PCR primer choice. Micro-

biome. 2015; 3:26. Epub 2015/06/30. https://doi.org/10.1186/s40168-015-0087-4

53. Fang X, Willis R, Burrell A, Evans K, Hoang Q, Xu W, et al. Automation of nucleic acid isolation on King-

Fisher magnetic particle processors. J Assoc Lab Automat. 2007; 12(4):195–201. https://doi.org/10.

1016/j.jala.2007.05.001

54. Wallinger C, Staudacher K, Sint D, Thalinger B, Oehm J, Juen A, et al. Evaluation of an automated pro-

tocol for efficient and reliable DNA extraction of dietary samples. Ecol Evol. 2017; 7(16):6382–9. Epub

2017/09/02. https://doi.org/10.1002/ece3.3197

55. Powell H, Gooding C, Garrett S, Lund B, McKee R. Proteinase inhibition of the detection of Listeria

monocytogenes in milk using the polymerase chain reaction. Lett Appl Microbiol. 1994; 18(1):59–61.

https://doi.org/10.1111/j.1472-765X.1994.tb00802.x

56. Agricultural Research Service. U.S. DEPARTMENT OF AGRICULTURE; 2018 [cited 2019 May 15].

[Internet]. Database: FoodData Central. Available from: https://fdc.nal.usda.gov

57. Rose C, Parker A, Jefferson B, Cartmell E. The characterization of feces and urine: a review of the liter-

ature to inform advanced treatment technology. Crit Rev Environ Sci Technol. 2015; 45(17):1827–79.

Epub 2015/08/08. https://doi.org/10.1080/10643389.2014.1000761

58. Hurisso TT, Moebius-Clune DJ, Culman SW, Moebius-Clune BN, Thies JE, van Es HM. Soil protein as

a rapid soil health indicator of potentially available organic nitrogen. Agric Environ Lett. 2018; 3(1).

https://doi.org/10.2134/ael2018.02.0006

59. Cuchillo CM, Nogués MV, Raines RT. Bovine pancreatic ribonuclease: fifty years of the first enzymatic

reaction mechanism. Biochemistry. 2011; 50(37):7835–41. https://doi.org/10.1021/bi201075b

60. Jewell KA, McCormick CA, Odt CL, Weimer PJ, Suen G. Ruminal bacterial community composition in

dairy cows is dynamic over the course of two lactations and correlates with feed efficiency. Appl Environ

Microbiol. 2015; 81(14):4697–710. https://doi.org/10.1128/Aem.00720-15

61. La Reau AJ, Meier-Kolthoff JP, Suen G. Sequence-based analysis of the genus Ruminococcus

resolves its phylogeny and reveals strong host association. Microb Genom. 2016; 2(12):e000099. Epub

2017/03/30. https://doi.org/10.1099/mgen.0.000099

62. Singer VL, Jones LJ, Yue ST, Haugland RP. Characterization of PicoGreen reagent and development

of a fluorescence-based solution assay for double-stranded DNA quantitation. Anal Biochem. 1997;

249(2):228–38. https://doi.org/10.1006/abio.1997.2177

63. Dean CJ, Slizovskiy IB, Crone KK, Pfennig AX, Heins BJ, Caixeta LS, et al. Investigating the cow skin

and teat canal microbiomes of the bovine udder using different sampling and sequencing approaches. J

Dairy Sci. 2021; 104(1):644–61. Epub 2020/11/03. https://doi.org/10.3168/jds.2020-18277

64. Doyle CJ, Gleeson D, O’Toole PW, Cotter PD. Impacts of seasonal housing and teat preparation on

raw milk microbiota: a high-throughput sequencing study. Appl Environ Microbiol. 2017; 83(2). Epub

2016/11/07. https://doi.org/10.1128/aem.02694-16

65. Du B, Meng L, Liu H, Zheng N, Zhang Y, Guo X, et al. impacts of milking and housing environment on

milk microbiota. Animals. 2020; 10(12):2339.

PLOS ONE Reducing bacterial DNA sequencing bias through sample preparation steps

PLOS ONE | https://doi.org/10.1371/journal.pone.0267992 September 15, 2022 18 / 18

https://doi.org/10.3389/fmicb.2016.01643
https://doi.org/10.1016/j.mimet.2010.02.007
https://doi.org/10.1016/j.syapm.2017.11.008
https://doi.org/10.1016/j.syapm.2017.11.008
https://doi.org/10.1038/s41396-018-0192-z
https://doi.org/10.1186/s40168-015-0087-4
https://doi.org/10.1016/j.jala.2007.05.001
https://doi.org/10.1016/j.jala.2007.05.001
https://doi.org/10.1002/ece3.3197
https://doi.org/10.1111/j.1472-765X.1994.tb00802.x
https://fdc.nal.usda.gov
https://doi.org/10.1080/10643389.2014.1000761
https://doi.org/10.2134/ael2018.02.0006
https://doi.org/10.1021/bi201075b
https://doi.org/10.1128/Aem.00720-15
https://doi.org/10.1099/mgen.0.000099
https://doi.org/10.1006/abio.1997.2177
https://doi.org/10.3168/jds.2020-18277
https://doi.org/10.1128/aem.02694-16
https://doi.org/10.1371/journal.pone.0267992

