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ABSTRACT
High-throughput DNA sequencing technologies are increasingly used for the metagenomic characterisation of microbial
biodiversity. However, basic issues, such as the choice of an appropriate DNA extraction method, are still not resolved for
non-model microbial communities. This study evaluates four commonly used DNA extraction methods for marine
periphyton biofilms in terms of DNA yield, efficiency, purity, integrity and resulting 16S rRNA bacterial diversity. Among
R Reagent (PlantDNAzol) and the FastDNA
R SPIN Kit for Soil (FastDNA Soil)
the tested methods, the Plant DNAzol
methods were best suited to extract high quantities of DNA (77–130 μg g wet wt−1 ). Lower amounts of DNA were obtained
R Pro DNA Isolation Kit (PowerPlant) and the Power Biofilm
R DNA Isolation Kit
(<37 μg g wet wt−1 ) with the Power Plant
(PowerBiofilm) methods, but integrity and purity of the extracted DNA were higher. Results from 16S rRNA amplicon
sequencing demonstrate that the choice of a DNA extraction method significantly influences the bacterial community
profiles generated. A higher number of bacterial OTUs were detected when DNA was extracted with the PowerBiofilm and
the PlantDNAzol methods. Overall, this study demonstrates the potential bias in metagenomic diversity estimates
associated with different DNA extraction methods.
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INTRODUCTION
The use of high-throughput DNA sequencing technologies, in
particular the amplicon sequencing of the bacterial 16S rRNA
gene, has been established as a fundamental tool for understanding the structure and diversity of microbial communities
(Stoeck et al. 2010; Timoner et al. 2014) as well as for biomonitoring and ecotoxicological studies (Yergeau et al. 2012; Pascault
et al. 2014). Analysis of the resulting sequences provides a holistic view of the studied microbial community, including the vast
majority of organisms that are hard to culture using standard
protocols (Ward, Weller and Bateston 1990). The applicability
of high-throughput DNA sequencing is constantly growing due
to the rapidly decreasing costs for DNA sequencing and breakthroughs in the bioinformatics analysis (Caporaso et al. 2010;
Jonsson et al. 2016). Nevertheless, fundamental aspects such as
the choice of a comprehensive and reliable genomic DNA extraction method for prokaryotic microorganisms are still not resolved for specific microbial communities, such as the marine
periphyton biofilms that were used as test material in this study.
Periphyton biofilms are microbial communities that live attached to submerged substrata in shallow areas of aquatic
ecosystems and host a very high diversity of microorganisms,
including bacteria, cyanobacteria, algae, protozoa, fungi and
metazoa, among others (Lock 1993; Salta et al. 2013; Sanli et al.
2015). Biofilms represent the dominant form of microbial communities in many aquatic systems and have a key role in ecological processes such as biogeochemical cycles or as a food
source for higher trophic levels (Battin et al. 2003; Sundbäck et al.
2004). Given their ecological relevance and sensitivity to several
environmental stressors, they are commonly used in biomonitoring and environmental risk assessments (Sabater et al. 2007;
Blanck et al. 2009; Corcoll et al. 2014). Biofilm microorganisms
live closely together, embedded in a self-produced matrix of extracellular polymeric substances (EPS) that provides stability to
the biofilm. EPS comprise polysaccharides, proteins, humic substances and lipids (Flemming and Wingender 2010). All these
compounds can bind to nucleic acids during the DNA extraction process and decrease the yield and purity of the extracted
DNA. DNA contaminated with proteins, polysaccharides, salts
or metals may hamper subsequent downstream analyses, such
as polymerase chain reaction (PCR) amplification and/or DNA library preparation (Michiels et al. 2003; Krizman et al. 2006). Mechanical methods used for cell lysis, such as sonication, beadbeating, homogenisation or freeze–thaw cycles, can increase the
efficiency of DNA extraction, but can also shear the DNA, resulting in smaller DNA fragments that might be less suitable for further downstream analyses. Furthermore, methods for extracting
DNA from microbial communities should extract DNA from all
species with the same efficiency. Otherwise the analyses may be
biased against or in favour of particular groups of microorganisms (Bürgmann et al. 2001; Carrigg et al. 2007; Feinstein, Woo and
Blackwood 2009). Any bias introduced during the DNA extraction
will affect the ability to correctly describe the composition and
biodiversity of a bacterial community, and will thus also hamper
the comparison of different samples.
Studies have shown for various microbial communities,
such as human gut microbiome, mock communities, activated
sludge, soils or sea-water that DNA yield, DNA purity and, to
a lesser extent, bacterial diversity assessments vary depending on the DNA extraction methodology used (de Lipthay et al.
2004; Morgan, Darling and Eisen 2010; Koid et al. 2012; Yuan et al.
2012; Albertsen et al. 2015; Fouhy et al. 2016). To our knowledge,
for biofilms no study has addressed how the choice of DNA ex-

traction method affects the measurement of community composition and diversity using high-throughput sequencing technologies. The aim of this study is to evaluate the extraction efficiency and estimates of prokaryotic community composition
and diversity for four commonly used genomic DNA extraction
R Reagent (Invitrogen, USA) that has
methods: the Plant DNAzol
previously been used for marine periphyton biofilms (Eriksson
R SPIN Kit for Soil (MP
et al. 2009; Sanli et al. 2015), the FastDNA
Biomedicals, USA) that has previously been used for marine and
freshwater biofilms (Corcoll et al. 2015; Hellal et al. 2016), the
R DNA Isolation Kit (MoBio Laboratories, USA) that
Power Biofilm
has previously been used for freshwater biofilms (Rosi-Marshall
R Pro DNA Isolaet al. 2013; Tlili et al. 2017) and the Power Plant
tion Kit (MoBio Laboratories, USA) that has been recommended
for biofilms by the manufacturer because of the high abundance
of microalgae and cyanobacteria. Each method was tested in
replicate samples of marine periphyton biofilms in terms of DNA
yield, efficiency, purity, integrity and bacterial community composition and diversity using amplicon sequencing of the 16S
rRNA gene on the Illumina MiSeq platform.

MATERIAL AND METHODS
Biofilm sampling
Marine periphyton biofilms were sampled at Blåbärsholmen
(58.254211◦ N, 11.48505◦ S), just outside the Sven Lovén Centre for
Marine Sciences—Kristineberg at the Gullmar Fjord, on the west
coast of Sweden, in October 2013. For the sampling of the periphyton biofilms, three polyethylene-sampling racks were used.
These were hanging in the water column from separate buoys
at 1.5 m below the surface and connected to the sea bottom on
separate ropes (Blanck and Wangberg 1988). Each rack hence represents an independent biological replicate. A total of 17 rectangular glass slides were mounted in polyethylene holders on
each side of the racks; in total 34 slides on each rack, corresponding to an area of 3.3 dm2 . Biofilms were allowed to colonise
the rectangular glass slides for 2 weeks. Colonised slides were
then transported to the laboratory in seawater collected at the
site and protected from strong sunlight. The sampling was performed by randomly picking slides from within each replicate
rack and scraping off the biofilm from both sides of the slides using sterile cell scrapers (Merck Millipore, Darmstadt, Germany).
The biofilm from each replicate rack was hence pooled and subsequently mixed. The pooled biofilms were aliquoted in tubes,
pelleted by centrifuged at 6500 g for 10 min, the supernatant was
removed and the resulting pellets were snap-frozen in liquid nitrogen and stored at –80◦ C.

DNA extraction
The following four commonly used DNA extraction methods
R Reagent (Invitrogen,
were compared: (1) the Plant DNAzol
USA), referred to as PlantDNAzol in the following, which is opR SPIN Kit for Soil (MP
timised for plant tissues; (2) the FastDNA
Biomedicals, USA), referred to as FastDNA Soil in the following,
which targets plant and animal tissues from soil-living organisms as well as soil-living bacteria, algae and fungi; (3) the Power
R Pro DNA Isolation Kit (MoBio Laboratories, USA), referred
Plant
to as Power Plant in the following, which targets plant cells and
R DNA Isolation Kit (MoBio Laboratissues; (4) the Power Biofilm
tories, USA), referred to as PowerBiofilm in the following, which
targets various biofilms such as periphyton and microbial mats.
The PlantDNAzol protocol is based on grinding the sample in
liquid nitrogen after which DNA is separated and purified. The
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other three methods subject the samples to bead beating, after
which DNA is separated and purified.
For all methods, DNA extraction was conducted according to
the manufacturer’s instructions, except that the bead beating intensity was increased to 2 × 30 m s−1 for 60 s in order to enhance
cell disruption and DNA extraction. Bead beating was performed
in a Fast Prep FP120 (MP Biomedicals, USA). The DNA was treated
with 3 μL of RNase A (QIAGEN). The starting biofilm biomass
ranged between 0.05 and 0.12 g wet weight (Table S1, Supporting Information). Each DNA extraction was performed in triplicate. However, one of the PowerPlant replicates failed during the
DNA sequencing, so that data are only available for duplicate
samples.

Determination of DNA yield, efficiency, purity
and integrity
DNA yield (ng μl−1 ) was quantified spectrophotometrically with
a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, USA). It was also quantified fluorometrically in a TapeStation 2200 using Genomic DNA ScreenTapes (Agilent, USA) and
in a Qubit 2.0 fluorometer (Invitrogen, USA). DNA extraction efficiency was calculated as the total amount of DNA extracted per
biomass (μg g wet wt−1 ). NanoDrop was also used to estimate the
purity of the extracted DNA. Low absorption ratios at 260/280 nm
(<1.7) were used as an indicator of protein impurities, and low
absorption ratios at 260/230 nm (<2) were used as an indicator
of contamination from humic acids and polysaccharides (Stach
et al. 2001; Zipper et al. 2003). The TapeStation system performs
electrophoresis in so-called ScreenTapes and outputs images of
DNA integrity as well as a DNA Integrity Number (DIN) based on
the sizes of the isolated DNA. The DIN ranges from 1 to 10, and a
high DIN indicates large DNA fragments whereas a low DIN indicates more fragmented DNA. DIN determines the fragmentation
of a genomic DNA sample by assessing the distribution of signal
across the size range using a proprietary algorithm.

Amplicon and Illumina sequencing of bacterial 16S
rRNA genes
Amplicon sequences of bacterial 16S rRNA genes were obtained
as previously described (Sinclair et al. 2015) with some modifications. In short, each sample was first amplified in duplicate
using the bacterial primers Bakt 341F (CCTACGGGNGGCWGCAG)
and Bakt 805R (GACTACHVGGGTATCTAATCC) with a length of
464 bp (Andersson, Riemann and Bertilsson 2010). These primers
target the variable regions V3 and V4 and are equipped with
parts of the Thruplex Illumina sequencing adapter (forward
primers
5 -ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN-CCTACGGGNGGCWGCAG-3 and reverse primers 5 AGACGTGTGCTCTTCCGATCT-GACTACHVGGGTATCTAATCC-3 ).
Duplicates were pooled and then purified using Agencourt
AMPure XP (Beckman Coulter) as recommended by the manufacturer. They were then used as templates in a second PCR step
using primers equipped with a 7-bp index to obtain amplicons
with complete Thruplex adapters for Illumina sequencing. Normalisation of DNA concentrations was made in the second PCR
step and before library preparation, but not in the first PCR step,
following the approach of Degnan and Ochman (2012), Sinclair
et al. (2015) and Frey et al. (2017). After another purification using
the Agencourt AMPure XP kit and fluorometric quantification in
the PicoGreen assay (Quant-iT PicoGReen, Invitrogen), samples
were pooled in equimolar amounts. The pooled samples were
sequenced at the SciLifeLab SNP/SEQ next-generation sequenc-
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ing facility (Uppsala University campus) using an Illumina
MiSeq with 2 × 300 bp chemistry.

Bioinformatics
Raw sequence data were analyzed with a custom tailored
pipeline for demultiplexing and sequence-pair joining. The
forward and reverse reads were joined with the PANDAseq
algorithm. This process detects the location of overlaps and recomposes full-length amplicons (Masella et al. 2012). Any sequences with missing primers, a low-scoring overlapping region
or unassigned base pairs were removed. Next, sequences were
filtered using a 10-bp sliding window average PHRED score with
a threshold of 25. Downstream taxonomic analyses were conducted using the software package QIIME v.1.8.0 (Caporaso et al.
2010) and the Vegan package v.2.3–4 (Dixon 2003). Sequences
were grouped into operational taxonomic units (OTUs) based on
a 97% identity threshold using UCLUST (Edgar 2010). Low abundant OTUs were filtered out, requiring each OTU to be present
at least 10 times among all samples. Taxonomic annotation was
performed in QIIME using the Greengenes Core 16S rRNA reference database. The number of OTUs present in each sample
was calculated after randomly rarefying each sample down to
6789 sequences (corresponding to the lowest sequencing depth)
to minimise any bias due to differences in number of sequences
between the samples. The Vegan package was again used to
calculate richness (number of observed OTUs) as an indicator
for α-diversity. 16S sequences that were classified as coming
from chloroplast or eukaryotic chloroplasts were removed before further analysis. The raw data have been deposited to the
NCBI short read archive (SRA) with BioProject ID PRJNA378915,
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=SRP101769.

Statistical analysis
One-way ANOVAs were used to assess differences between the
extraction methods for DNA yield, DNA efficiency, DNA purity and DNA integrity. Post hoc comparisons between the four
tested methods were made using the Tukey HSD test. OTUs or
OTUs pooled at phylum, class, order, family or genera level with
different abundances were identified using a generalized linear
model where the counts follow an overdispersed Poisson distribution (Kristiansson, Hugenholtz and Dalevi 2009; Jonsson et al.
2016). The p-values were corrected for multiple testing using
the false discovery rate (FDR) method. The OTU abundance was
used for principal component analysis (PCA). Shared OTUs between DNA extraction methods were graphically visualised in
Venn diagrams using the corresponding OTU tables exported
from QIIME. The hypergeometric distribution was used to test
the distribution of gram negatives and gram positives among the
taxa identified with the respective four DNA extraction methods.
Pearson correlations were used to test for correlations between
descriptors of DNA quantity and quality (Table 1), and descriptors of taxonomic diversity (Table 2). The statistical significance
for all the analyses was set to P < 0.05 or FDR< 0.05. All statistical analyses were carried out using the R v.3.2.0 software (R Core
Team 2013).

RESULTS AND DISCUSSION
DNA yield, efficiency, purity and integrity
We found that the choice of a DNA extraction method influenced
DNA yield, extraction efficiency, purity and integrity substantially (Table 1, Fig. S1, Supporting Information). As shown in Table 1, the Plant DNAzol and the FastDNA soil methods produced
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Table 1. DNA yield (ng DNA μL−1 ), DNA extraction efficiency (μg DNA g biofilm wet wt−1 ), DNA purity (absorbance ratios of 260/280 nm and
260/230 nm) and DNA integrity (DIN) from the four extraction methods tested.
FastDNA Soil

PowerPlant

PowerBiofilm

PlantDNAzol

P-values

DNA yield
Nanodrop
Qubit
TapeStation

195 ± 13.4
107 ± 5.5
50.7 ± 8.8

18.2 ± 4.1
14.9 ± 5
16.7 ± 2.6

21.8 ± 3
21.8 ± 2.1
12.5 ± 4.2

331 ± 83.9
143 ± 47.5
74.7 ± 6.7

P < 0.05
P < 0.05
P < 0.05

DNA extraction efficiency
Nanodrop
Qubit
TapeStation

142 ± 29.2
77.4 ± 10.2
37.2 ± 2.6

22.5 ± 5.5
18.4 ± 5.9
20.2 ± 1.2

37.6 ± 6.6
37.5 ± 5.3
22.1 ± 2.5

298 ± 76.9
129 ± 43.3
67.3 ± 2.1

P < 0.05
P < 0.05
P < 0.05

2 ± 0.03
0.4 ± 0.1

2.4 ± 0.5
1.1 ± 0.4

2.2 ± 0.04
2.6 ± 1.5

1.8 ± 0.1
0.5 ± 0.05

ns
P < 0.05

6.2 ± 0.15

4.3 ± 1.3

P < 0.05

DNA purity
Abs 260 nm/280 nm
Abs 260 nm/230 nm
DNA integrity
DIN

4 ± 0.2

7 ± 0.15

Each value represents the arithmetic mean ± standard error of the mean (n = 3). Statistical significance between extraction methods is denoted as P < 0.05 (ANOVA).
ns indicates no statistically significant differences between extraction methods.

Table 2. Detected 16S rRNA richness and biodiversity from marine periphyton biofilm DNA extracted with the four studied methods.

n
No. of OTUs
No. of phyla
No. of classes
No. of orders
No. of families
No. of genera

FastDNA Soil
3
666
17
39
68
91
141

±
±
±
±
±
±

42
1
1
3
2
4

PowerPlant
2
704
17
40
70
95
145

±
±
±
±
±
±

58
1
1
3
6
12

PowerBiofilm
3
809
17
40
71
104
159

±
±
±
±
±
±

11
1
2
2
3
4

PlantDNAzol
3
791
18
41
72
106
162

±
±
±
±
±
±

7
0
1
1
2
3

P-values
P < 0.05
ns
ns
ns
P < 0.05
P < 0.05

Each value represents the arithmetic mean ± standard error of the mean. n: number of replicates. Statistical significance between extraction methods is denoted as
P < 0.05 (ANOVA).
ns: indicates no statistically significant differences between extraction methods.

much higher DNA yields than the PowerPlant and PowerBiofilm
methods. However, for all DNA extraction methods, the obtained
DNA yields were higher than 10 ng μL−1 , indicating that further
PCR amplification and/or library preparation for DNA sequencing was possible. The Plant DNAzol and the FastDNA Soil methods also had the highest DNA extraction efficiency (Table 1).
DNA extraction efficiencies were not correlated to the starting
biomass, which was comparable between samples and following manufacture recommendations (Table S1). Extracted DNA
applies to both prokaryotic and eukaryotic DNA, while further
amplicon sequencing analysis only applies to the prokaryotes.
Estimates of the absolute amounts of DNA extracted differed
depending on the quantification method used. NanoDrop estimations of DNA yield were higher compared to those obtained
with fluorometric methods (Qubit and TapeStation system) for
samples with low 260/230 absorbance ratios (around 0.4 and 0.5;
Table 1). This is caused by the UV absorbance measurements in
the Nanodrop being affected by contaminants, such as humic
acids, polysaccharides or metals, and single-stranded DNA, and
because the NanoDrop provides only non-discriminatory concentrations for DNA and RNA (Nakayama et al. 2016). In contrast, the Qubit and TapeStation methods use a dye that specifically binds to double-stranded DNA and both these methods
are therefore less impacted by contaminants and provide more
accurate DNA concentration estimates (Georgiou and Papapostolou 2006; Nakayama et al. 2016). Based on the Qubit results,
the most reproducible DNA extraction methods in terms of DNA
yield were the PowerBiofilm, the PowerPlant and the FastDNA

Soil methods with standard errors of 2, 5 and 5.5, respectively,
compared to 47.5 with PlantDNAzol. A lower standard error for
PlantDNAzol was detected when DNA yield was quantified with
TapeStation (6.7). The reason for this difference in reproducibility between the quantification methods for PlantDNAzol is, however, not known.
Different DNA extraction methods gave different purification
efficiency of the DNA, with different contaminants left in the extract (Table 1). For all samples, the 260/280 absorbance ratio was
above 1.7, indicating a low contamination with proteins (Table 1).
The average 260/280 absorbance ratios detected for the PowerPlant and PowerBiofilm kits were above 2.2 which, in spite of the
use of 3 μL RNase A per sample, might suggest RNA contamination from these methods. Marked differences in 260/230 absorbance ratios were detected among DNA extraction methods
(Table 1). DNA extracted with the FastDNA Soil and the PlantDNAzol methods had very low 260/230 ratios (0.4 and 0.5 respectively; Table 1), indicating a high contamination with polysaccharides and salts, which can inhibit subsequent downstream
analyses including PCR amplification (Michiels et al. 2003; Krizman et al. 2006). Differences in DNA size fragmentation were also
observed among methods (Fig. S1). Less small-sized DNA, and
hence higher DNA integrity values (DIN > 6), were detected for
DNA extracted with the PowerPlant and the PowerBiofilm methods (Table 1). Comparatively, more small-sized DNA was detected after extraction with the FastDNA Soil and the PlantDNAzol methods (Fig. S1). Whether the FastDNA Soil and the PlantDNAzol methods actually shear the DNA during extraction, or if
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Figure 1. (A) Venn diagram of 16S rRNA OTUs. Numbers within overlapping ellipses show numbers of OTUs shared between methods; numbers in non-overlapping
ellipses indicate OTUs unique for the indicated method. (B) PCA plot of 16S rRNA OTU abundance in all samples.

the PowerPlant and the PowerBiofilm methods fail to capture
naturally occurring small-sized DNA fragments remains to be
clarified. It is known that polysaccharides in the biofilm EPS bind
DNA (Das, Sehar and Manefield 2013). Small-size DNA, such as
DNA in various stages of degradation and transferable genetic
elements (e.g. plasmids), might therefore bind to a larger extent
to polysaccharides, and might thus be discarded from the extraction together with the polysaccharides. If so, the methods
that efficiently remove polysaccharides and other contaminants
would produce DNA extractions in which only the longer DNA
fragments are kept, and in which, consequently, DNA concentrations are lower. In general, DNA extracts with high integrity are
preferable (Michiels et al. 2003), but differences in DNA size fragmentation should be unproblematic for PCR amplification-based
approaches, as long as the length of the amplicon of interest is
shorter than the shortest fragments in the extracted DNA.
Overall, our study shows that DNA yield, DNA purity and DNA
integrity are affected substantially by the extraction method
chosen. The methods extracting the highest amounts of DNA
in marine periphyton biofilms (i.e. the FastDNA Soil and the
PlantDNAzol methods) are also the methods that produce the
lowest DNA purity and integrity. The PowerBiofilm and PowerPlant methods, in contrast, produce high purity DNA with low
fragmentation. However, when faced with small biofilm samples
or with samples that are difficult to extract, the FastDNA Soil kit
and the PlantDNAzol methods might be more suitable due to
their higher DNA extraction efficiency.

Composition and diversity of 16S rRNA genes
Overall, the results obtained in this study show that the choice
of the DNA extraction method influences the estimated bacterial
diversity of marine periphyton biofilms (Table 2, Figs 1 and 2). A
higher richness and diversity of 16S OTUs (i.e. number of OTUs,
number of families and number of genera) was detected after
extraction with the PowerBiofilm and the PlantDNAzol methods
compared to extractions with FastDNA Soil and PowerPlant (Table 2). The corresponding Venn diagram shows a high number of
shared OTUs between the PlantDNAzol and PowerBiofilm methods (Fig. 1A). In addition to the 698 OTUs that were found with all

methods, 29 OTUs were only detected with these two methods.
PlantDNAzol and PowerBiofilm do not only produce the most
similar OTU composition estimates, they also result in the highest richness and diversity estimates (Table 2). The FastDNA Soil
method produced a similar number of OTUs as the PowerPlant
method (Table 2). However, the Venn diagram (Fig. 1A) shows
that the FastDNA Soil method isolated 23 specific OTUs, which
were not detected in extracts from any other method (Fig. 1A, Table S2, Supporting Information). These findings are also reflected
in the PCA that was used to visualise the extraction methodinduced differences in OTU composition (Fig. 1B). The first axis
of the PCA explains 26% of the variance and grouped the samples from PlantDNAzol and PowerBiofilm on the right side of the
axis, while samples from FastDNA soil grouped on the left side
of the axis. The second axis of the PCA explained 16% of the variance and primarily separated the samples from the PowerPlant
method (Fig. 1B). Since the sampling protocol included pooling
of all biofilm from each replicate, the differences in OTU composition reflects the overall extraction efficiency for all prokaryotes
in the community. However, since no negative controls were included in this study, it does not address the question whether
the observed differences could come from contaminating DNA
in the reagents or buffers supplied for the different methods.
Such contamination is, however, unlikely to cause the observed
differences since only fresh reagents and buffers were used and
we strictly followed sterile working conditions and the manufacturers’ recommendations.
Phylogenetic results show that the marine periphyton
biofilms contained a total of 17 phyla and 40 classes of bacteria (Fig. 2). Only small differences were observed between the
four DNA extraction methods when comparing abundances at
phylum and class levels (Fig. 2). Members of the phyla Bacteriodetes, Proteobacteria, Verrucomicrobiota, Cyanobacteria and
Planctomycetes dominated the bacterial biofilm community irrespectively of the DNA extraction method used. These findings are in line with a previous metagenomic study of marine
biofilms from the same area (Sanli et al. 2015). The proportion of
gram-negative bacteria (90%) was higher than the proportion of
gram-positive bacteria (2%–3%), something expected for biofilm
communities (Moreno-Paz et al. 2010; Felczykowska et al. 2015).
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Figure 2. Comparison of relative abundances of 16S rRNA OTUs isolated from the four different extracts, at the phylum (A) and class (B) levels. Each bar represents one
replicate sample.

Another reason that could not be discarded and partially contribute to the observed high abundance of gram-negative bacteria is that gram-negative cells are more susceptible to cell lysis during DNA extraction procedures than gram-positive cells
(Theron and Cloete 2000; Felczykowska et al. 2015). Although
the four different DNA extracts indicated similar abundances for
most genera (Table 2), significant differences in presence and/or
relative abundance of 20 genera were found (Fig. 3). Genera from
the Verrucomicrobita class, such as Rubritalea and Persicirhabdus,
or from the Proteobacteria class, such as Rhodobacteraceae, Phyllobacteriaceae and Arcobacter, were underrepresented in extracts
from the FastDNA Soil method (Fig. 3). Instead, genera from
Cyanobacteria (i.e. Nostocaeae) or Bacteriodetes (i.e. Gaetbulibacter)
were overrepresented in the FastDNA Soil extract. In principle,
these differences in community composition might be linked
to a varying efficiency of the PCR amplification from extracts
with different DNA amounts and/or types of contaminants. This
would assume that the amounts and/or types of contaminants
differentially affect the binding between primer and template

for specific sequences. In our study, however, we have not found
any link between DNA yield, contamination or integrity and sequencing results. We hypothesise that the observed differences
in estimated community composition might therefore be better
explained by dissimilar capacities of the four methods to extract
DNA from microorganisms with different cell walls and membrane structures (Bürgmann et al. 2001; Carrigg et al. 2007).
This study demonstrates that the final estimates of community composition and diversity, derived from 16S sequencing, depend on the DNA extraction method chosen. Similar
results have been observed for microbial communities in samples of soil (de Lipthay et al. 2004), human microbiome (Yuan
et al. 2012) or in vitro mock communities (Morgan, Darling and
Eisen 2010). For biofilms, no clear differences in bacterial diversity among DNA extraction methods were observed when
using denaturing gradient gel electrophoresis (DGGE) fingerprints as criteria for comparison (Lyautey et al. 2005). However,
it is known that high-throughput sequencing provides much
deeper insights into the diversity of microbial communities than
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Figure 3. Relative abundances of the 20 bacterial genera showing significant differences (P < 0.05 after ANOVA test) between extraction methods. Each lane represents
one replicate sample.

fingerprinting techniques such as TRFLP, ARISA or DGGE (Degnan and Ochman 2012). The ’best’ DNA extraction method can
be defined as the one that yields the highest number of OTUs,
while not excluding detection of any taxonomic groups. Such a
method generates the highest biodiversity estimates and hence
the most complete description of the taxonomic composition of
a given community, and it minimises the bias of not extracting DNA from specific taxonomic groups. Failing to extract DNA
from specific taxonomic groups is particularly problematic for
comparative assessments of community composition, e.g. when
performing site-specific assessments or tracing effects of pollution, since changes in specific taxonomic groups can go undetected. Accordingly, based on our results, the PowerBiofilm and
the PlantDNAzol methods are the most suitable methods for describing the bacterial community composition in marine biofilm
samples using 16S sequencing. The PowerBiofilm method has
the additional advantages that it is easier to use, has a higher
reproducibility and produces less fragmented and less contaminated DNA. However, at the same time it also produces lower
DNA concentrations and could potentially fail to capture smallsized DNA fragments.
In summary, this study shows that the choice of an appropriate DNA extraction method is a critical step in establishing a laboratory protocol for the microbial community characterisation based on high-throughput sequencing techniques
or similar DNA-based methods. Important selection criteria to
be considered include the amount of available sample to begin
with, the DNA fragment size required for downstream analyses,
amount and type of impurities expected in the samples. Trial
runs with the microbial community of interest, in order to de-

scribe potential biases and extraction characteristics of the various DNA extraction methods, are recommended prior to implementing full studies.

SUPPLEMENTARY DATA
Supplementary data are available at FEMSLE online.
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