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ABSTRACT
A major challenge for microbiome studies 
is maintaining an even and accurate DNA 
extraction in the presence of samples with 
a wide range of bacterial content. Here we 
compare five DNA extraction methods using 
replicate stool samples that were diluted 
to create high and low biomass samples. 
Our results indicate greater variation in 
microbiome composition between high 
and low biomass samples than variation 
between methods. Many of the extraction 
methods had reduced yield from low 
biomass samples; however, our adapted 
plate column-based extraction method was 
evenly efficient and captured the largest 
number of high-quality reads. Based on 
these results, we have identified a DNA 
extraction method that ensures adequate 
yield in metagenomic microbiome studies 
that have samples with a broad range of 
bacterial content.

METHOD SUMMARY
A high-throughput DNA extraction method 
for studies that have samples with a broad 
range of bacterial content for 16S rRNA 
gene amplicon and shotgun metagenomic 
sequencing analyses. This consists of 
enzyme pretreatment, followed by adapting 
a plate column-based protocol to increase 
yield from low biomass samples.

A major barrier for increasing the repro-
ducibility and accuracy of microbiome 
amplicon-based sequencing is efficient 
DNA extraction from samples that differ 
in bacterial biomass content. In clinical 
microbiome research, this is often 
encountered in patients that have severely 
disturbed microbiomes or when 
comparing samples from multiple body 
sites [1,2]. This is also commonly encoun-
tered in environmental microbiome 
research as samples can vary widely in 
their bacterial content [3–5].

Multiple steps in microbiome 
pipelines can introduce technical 
errors, including: sample processing, 
DNA extraction, PCR amplification of 
16S rRNA gene, and sequencing and 
classification. Improvements have been 
made in reducing errors and biases from 
sample storage, differential cell lysis 
due to differences in cell wall compo-
sition, amplification of reagent contami-
nants, chimera generation, inadequate 
coverage by 16S rRNA primers, PCR and 
sequencing errors [6–9]. Nevertheless, 
DNA extraction continues to be a large 
source of experimental variability in 
16S rRNA sequence analysis and the 
most time-consuming step in a high-
throughput pipeline [6]. Although DNA 
extraction protocols have been published 
for low bacterial biomasses [10,11], they 
are hard to implement as part of a high-
throughput pipeline. Further, those 
focused on low biomass can become 
saturated with high biomass samples 
leading to uneven sequence sampling 
bias. This is problematic for studies 
analyzing samples with a wide range of 
bacterial biomass. For example, studies 
of hematopoietic stem cell transplant 
(HSCT) recipients often contain partic-
ipants who have undergone multiple 
courses of antibiotic treatments, chemo-
therapy, episodes of diarrhea and other 
disruptions of their microbiomes. In 
previous stool microbiome studies of 

HSCT recipients, 13–65% of samples 
were excluded due to low bacterial 
burden [12–14].

We aimed to identify a DNA extraction 
method that yields adequate DNA for 
studies with samples having a large range 
of bacterial biomass while preserving 
taxonomic accuracy. We compared 
a modified column-based extraction 
protocol with commercially available 
column-based and magnetic bead-based 
protocols.

To compare the extraction efficiency 
and ability to eliminate PCR inhibitors, we 
used deidentified stool from 14 healthy 
children and 79 HSCT recipients collected 
with St Jude IRB approval. To assess 
the full range of extraction efficiency 
with different extraction methods, we 
prepared replicates from aliquots of 
healthy children’s samples and extracted 
each sample separately. A dilution curve 
from a single healthy child was used 
to determine linearity of extraction 
efficiency. For positive control, we used a 
defined mock community ZymoBIOMICS 
Microbial Community Standard (Zymo 
Research, CA, USA). For negative control, 
we used phosphate-buffered saline (PBS).

We adapted the QIAamp BiOstic 
Bacteremia DNA Kit (Qiagen, Hilden, 
Germany), which had been optimized for 
low bacterial content samples for use 
with a 96-well silica membrane column 
(from DNEASY POWERSOIL HTP Kit 
[Qiagen]. This replacement (referred 
to as SJ) significantly reduces sample 
preparation time for high-throughput 
studies compared to single tube QIAamp 
BiOstic Bacteremia DNA Kit (Figure 1C). 
The modified, custom kit developed in 
this study can be ordered as the DNeasy 
PowerSoil 96 HTP (384; Cat. No. 1115096). 
Starting with 200 mg of stool from a 
single healthy child, dilutions from 10% 
w/v (20 mg) to 0.00001% w/v (20 ng) were 
prepared in PBS [15]. These replicates 
were extracted in parallel to compare 
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the yield of standard column-based and 
magnetic bead-based nucleic acid purifi-
cation protocols: FastDNA-96™ Soil Microbe 
DNA kit (MP Biomedicals, Solon, OH) (MP), 
DNEASY POWERSOIL HTP Kit (PS), QIAamp 
BiOstic Bacteremia DNA Kit (Qiagen) (BA) 
and MagAttract PowerSoil DNA KF Kit (KF) 
using KingFisher Flex Purification System 
(ThermoFisher Scientific, MA, USA). In 
addition, replicate 10% w/v (20 mg) of the 
14 healthy children were extracted seper-
ately with the four methods (SJ, MP, BA, 
KF) to compare extraction efficiency and 

compositional changes in high biomass 
samples. Extractions were performed 
according to manufacturer’s protocol. Prior 
to extraction, all samples were incubated 
for 1 h at 37°C with enzyme combination 
50 μl of Lysozyme (10 mg/ml), 6 μl Mutano-
lysin (25 kU/ml), 3 μl Lyostaphin (4 KU/
ml), except for MP. Total DNA content was 
assessed using Qubit dsDNA HS Assay Kit 
(Invitrogen, CA, USA), 10 μl of the extraction 
was assayed as a comparative method to 
determine the total amount of DNA present 
in the sample, including human and other 

microbial DNA. Bacterial DNA content was 
assessed using a 16S rRNA quantitative 
PCR using a plasmid containing E. coli 16S 
gene as the standard, primers and probes 
as previously described [16]. Values from 
the 16S rRNA quantitative PCR were used 
to standardize the DNA quantity input for 
16S rRNA gene amplicon sequencing as 
previously described [16].

The BA and SJ methods had the most 
consistent high yield of bacterial DNA 
content across the dilutions, with multiple 
kits failing to adequately capture bacterial 
DNA to maintain linearity at lower dilutions 
(Figure 1A). To assess how extraction yield 
impacts ability to obtain representative 
communities for high and low biomass 
samples we evaluated the number of reads 
obtained from 16S rRNA gene amplicon 
sequencing (paired end 2 × 300bp on miseq 
of V3–V4 region of 16S). The SJ method 
had the least discrepancy in number of 
quality reads (as assessed after quality 
filtering with DADA2 [17]) between high 
biomass and diluted stool (Figure 1B). The 
BA kit is designed for extraction of highly 
inhibited, low bacterial biomass samples 
and surprisingly had a higher yield of quality 
reads for the lower biomass sample (maybe 
due to saturation with the higher biomass 
sample). As a single tube protocol, the 
processing time makes the BA kit imprac-
tical for studies with large sample numbers 
(Figure 1C). As expected, all of the methods 
had adequate yields for samples with high 
bacterial biomass content in terms of total 
DNA content, bacterial DNA content and 
quality filtered reads (Figure 2A–C).

To ensure that the increased yield seen 
with the adapted extraction method (SJ) 
did not allow for increased retention of PCR 
inhibitory substances we assessed using 
an internal amplification control (IAC) as 
previously described by others  [18]. We 
found no evidence for PCR inhibition in any 
of the extraction methods tested.

To assess the bias introduced by 
extraction method we prepared DNA 
extracted with different kits from 14 
healthy children, positive mock community 
and negative control for 16S rRNA gene 
amplicon sequencing as previously 
described by others [16]. Paired-end reads 
were quality filtered and classified in DADA2 
using the RDP version 16 (March 2018) [17]. 
The accuracy of the positive mock 
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Figure 1. Extraction efficiency varies across methods. DNA extracted by the SJ and BA methods 
maintains linearity of extraction efficiency across 10% to 1E-7% w/v dilution of stool (A). Dotted 
line is expected yield of bacterial DNA content for each method inferred from dilutions and 10% w/v 
stool yield. All methods showed discrepancy in number of quality filtered reads from sequenced 
DNA extracted from high and low biomass stool (B) and differences in the average time needed to 
process 96 samples (C).  
BA: QIAamp BiOstic Bacteremia DNA Kit; KF: MagAttract PowerSoil DNA KF Kit; MP: FastDNA-96™ 

Soil Microbe DNA kit; PS: DNEASY POWERSOIL HTP Kit; SJ: DNEASY POWERSOIL HTP Kit.
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Figure 2.  Similar extraction efficiency for 
high biomass samples. Total DNA yield 
(A) and bacterial DNA content (B) for high 
biomass samples were similar for all methods, 
except MP which was statistically different 
by non-parametric binomial two-sided sign 
test (*<0.05; **<0.01, ***<0.001). All methods 
yielded similar average number of quality 
filtered reads (C) when DNA extracted was 
sequenced (error bars represent SEM). 
BA: QIAamp BiOstic Bacteremia DNA Kit;  
KF: MagAttract PowerSoil DNA KF Kit;  
MP: FastDNA-96™ Soil Microbe DNA kit;  
PS: DNEASY POWERSOIL HTP Kit; SJ: DNEASY 
POWERSOIL HTP Kit.
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Figure 3. Extraction 
methods altered accuracy 
of microbiome compo-
sition. Extraction of mock 
community showed differ-
ences from expected (dotted 
line) relative abundance per 
each genus (A) and per total 
community as root mean 
square deviation (B). Relative 
effect size of different 
sources of variation in 
sample composition of high 
and low biomass samples 
as measured by Bray–Curtis 
distance (C) and pairwise 
comparison between 
methods show which are 
comparable (D). 
BA: QIAamp BiOstic Bacte-
remia DNA Kit;  
KF: MagAttract PowerSoil 
DNA KF Kit;  
MP: FastDNA-96™ Soil 
Microbe DNA kit;  
PS: DNEASY POWERSOIL 
HTP Kit; SJ: DNEASY 
POWERSOIL HTP Kit.
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microbial community was quantified as 
the root mean square deviation between 
observations and expectations. Figure 3A 
and 3B show that the extraction methods 
differed notably across different genera 
in their overall accuracy. The overall bias 
introduced by extraction methods was 
equivalent for mock community between 
methods (no significant difference; paired 
t test). The inter-sample variation among 14 
healthy children (median across samples; 
Bray–Curtis Distance was 0.57) was greater 
than the bias introduced by extraction 
method (Bray–Curtis Distance 0.27), seen 
in Figure 3C. However, there was a great 
deal of variation within an extraction 
method between a high biomass and low 
biomass (diluted) replicate of the same 
sample (Bray–Curtis Distance 0.43). Taken 
together, these results show that discrep-
ancies in bacterial biomass of samples can 
result in substantial technical variation, 
highlighting the importance of choosing 
the proper DNA extraction method.

 To determine if there was any compo-
sitional influence on extraction efficiency, 
we compared relative abundance of 
each taxa in one method to the relative 
abundances of that taxa in all other 
methods with a Kruskal–Wallis test. 
There were no differences seen between 
the extraction methods in terms of taxa-
specific abundances (p-values corrected 
for false discovery rate were all >0.05). 
This may be due to the small number of 
methods compared or possibly increased 

efficiency of gram-positive bacteria DNA 
extraction in these particular methods 
(with both bead-beating and enzyme lysis 
steps).

Lastly, in order to validate that the 
increased yield seen in the SJ modified 
protocol allowed for a greater number of 
samples to be maintained in a HSCT cohort, 
we compared the outcome of this kit to 
that of the MP Soil extraction method. Two 
samples from each participant in the cohort 
were extracted with either the SJ or MP kits; 
sequencing and sequence processing was 
as outlined above. The number of usable 
high-quality sequencing reads from the two 
kits was compared, as shown in Figure 4. 
The number of usable sequencing reads was 
higher with the SJ modified protocol, even 
in patients that had lower bacterial content 
stool.

In conclusion, we have modified a 
column-based plate extraction kit for 
comparison to other kits in terms of reliable 
extraction of DNA in low bacterial biomass 
samples for 16S rRNA sequencing results. 
The reliability will inherently be lower in low 
bacterial biomass sampling due to ampli-
fication biases and under sampling, but 
efficient extraction can mitigate some of 
these effects [19,20]. Ultimately, we found 
that the modified protocol is efficient for 
low bacterial biomass samples, allowed 
for more high-quality amplicon sequences 
to be produced, did not take significantly 
more time, and provided comparable 
community compositions. By increasing 

DNA yields, we can more accurately focus 
on minute changes in the gut micro-
biome of HSCT patients without having to 
exclude samples for low bacterial content. 
This modified high-throughput extraction 
method will allow for more accurate micro-
biome composition in environmental and 
clinical studies where samples vary widely 
in bacterial content.
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