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Abstract

Background: Characterizing biodiversity in a habitat or in targeted taxonomically or socioeconomically important
groups remains a challenge. Standard DNA-based biodiversity identification tools such as DNA barcoding coupled
with high-throughput Next-Generation Sequencing (NGS) technologies are rapidly changing the landscape of
biodiversity analysis by targeting various habitats and a wide array of organisms. However, effective use of these
technological advances requires optimized protocols and benchmarking against traditional tools. Here we
investigate the use of commonly used preservative ethanol as a non-destructive and inexpensive source of DNA for
NGS biodiversity analysis of benthic macroinvertebrates. We used the preservative ethanol added to field collected
organisms (live sorted bulk benthic samples) as a source of community DNA for NGS environmental barcoding. We
directly compare this approach with a DNA barcode library generated using Sanger sequencing of all individuals
separated from abenthic sample as well as with NGS environmental barcoding of DNA extracted from mixed/
homogenized tissue specimens of the same benthic sample. We also evaluate a multiplex PCR strategy, as
compared to commonly used single amplicon workflow, using three newly designed primer sets targeting a wide
array of benthic macroinvertebrate taxa.

Results: Our results indicate the effectiveness of ethanol-based DNA in providing sequence information from 87%
of taxa identified individually from mixture as compared to 89% in conventional tissue extracted DNA. Missing taxa
in both DNA sources were from species with the lowest abundance (e.g. 1 individual) in the benthic mixture.
Interestingly, we achieved 100% detection for taxa represented with more than 1% individuals in the mixture in
both sources of DNA. Our multiplex amplification regime increased the detection as compared to any single primer
set indicating the usefulness of using multiple primer sets in initial amplification of target genes.

Conclusions: Although NGS approaches have significantly increased the potential of using DNA information in
biodiversity analysis, robust methods are needed to provide reliable data and alleviate sample-processing
bottlenecks. Here we coupled non-destructive DNA access and a multiplex PCR approach in NGS environmental
barcoding for effective data generation from benthic live-sorted samples collected in bulk and preserved in ethanol.
Our study provides a possible solution to sampling and vouchering challenges in using benthic samples through
next-generation environmental barcoding and facilitates wider utility of DNA information, especially species-specific
DNA barcodes, in ecological and environmental studies and real-world applications such as biomonitoring
programs.
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Background
Next-generation sequencing (NGS) technologies are rap-
idly increasing the applicability of genomics approaches in
biological sciences. Aside from the sheer volume of se-
quence information obtained from NGS devices, the
massively parallelized capacity of these machines is a sig-
nificant advantage for the analysis of mixtures of DNA
fragments. In PCR-based applications of NGS technolo-
gies amplicons are generated from target genes, often
from multiple template genomes, and are sequenced in
parallel without the need for separating target organisms
or their DNA through sample sorting or cloning [1]. For
example, microbial ecologists have taken advantage of
NGS technologies in amplicon-based (marker genes)
metagenomic studies such as the analysis of 16S rDNA for
prokaryotic biodiversity assessments in various ecological
settings [2]. Similar approaches have been developed for
many situations where multi-template (environmental)
samples are targets of investigations [3].
Environmental barcoding [4] seeks to gain sequence

information for standardized species-specific DNA mar-
kers—DNA barcodes—directly from environmental sam-
ples such as soil, water, air, benthos or gut contents of
various organisms [4]. This approach has the potential
to dramatically increase the applicability of DNA bar-
coding in situations where rapid assessment of biodiver-
sity at high resolution (e.g. species-level) is required at a
wide spatiotemporal scale or in places where access to
individual specimens is impossible or impractical. For ex-
ample, environmental assessment through biomonitoring
relies on biodiversity patterns of bioindicator (sentinel)
species such as benthic macroinvertebrates, often at larval
stage. However, due to difficulties in robust species-level
identification of target groups, biomonitoring programs are
faced with an identification bottleneck that can then lead
to difficulties in implementing these programs [5]. We
have recently demonstrated the potential of using NGS-
based environmental barcoding in identifying species of
fresh water benthos [4]. This approach has triggered a
wholly new biomonitoring paradigm--Biomonitoring 2.0–
for environmental assessment [6].
An important concern in the analysis of environmental

samples is obtaining DNA templates from all target
organisms in the mixed sample. Methods have been
developed to extract and purify DNA from environmen-
tal samples such as soil or water. However, for bulk ma-
terial such as benthos--obtained using kick nets--or
passively sampled arthropods collected in a Malaise trap,
DNA extraction often requires homogenizing the bio-
mass from all organisms and then performing a standard
DNA extraction protocol on this homogenized slurry.
Although this approach has been effective in gaining
DNA from organisms in the mixture, it results in loss of
all individual specimens, thereby rendering any subsequent
analysis on these individuals impossible. Recently, we
demonstrated that ethanol, commonly used as a preser-
vative medium for storing specimens, contains DNA of
stored organism and that this “free DNA” can be dir-
ectly used for downstream amplification and sequen-
cing without the need for conventional DNA extraction
approaches [7]. Although we have shown the utility of
this approach in individual specimens stored in etha-
nol, it is not known whether ethanol-based free DNA
of many different taxa, with various biomasses, in a
mixed environmental sample such as benthos, could be
sequenced in an NGS workflow.
Another important concern in the use of NGS for

analysis of environmental samples is the issue of bias in
multi-template PCR amplification [8]. Current work-
flows often require PCR amplification of target tem-
plates from mixed samples, which can result in
differential amplification of sequences from some spe-
cies, leading to qualitative and quantitative biases in se-
quence representation from target organisms in the
mixture. In other words, because of PCR bias, some spe-
cies may not be amplified and sequenced while others
may be amplified and sequenced in excess. This can ob-
scure identity and abundance measures from bulk envir-
onmental samples. Although modified amplification
regimes have been developed for offsetting the effect of
PCR bias [8] and methods based on direct sequencing
of DNA (without the need for PCR amplification) are
on the horizon [9], PCR amplification bias remains an
important issue. This problem is especially important
when environmental samples are used for surveillance
and monitoring applications where comparative analysis
of biodiversity should be performed objectively and re-
producibly [6].
Here we introduce an enhanced approach for environ-

mental barcoding, which will aid sampling, DNA extrac-
tion and PCR steps in biodiversity analysis of benthic
macroinvertebrate taxa commonly used for biomonitor-
ing applications. We firstly incorporate a non-destructive
sample preparation approach by using preservative media
(ethanol) as the source of target DNA (hereafter referred
to as ethanol-based DNA) and compare it with a conven-
tional tissue-based DNA extraction (hereafter referred to
as tissue-DNA). Secondly, to increase the recovery of spe-
cies’ DNA barcode sequences in bulk environmental
samples and to offset specific primer-binding biases, we
introduce a multiplex PCR approach targeting multiple
amplicons within the standard cytochrome c oxidase 1
(COI) DNA barcode region. We develop and test three
wide-range primer sets for NGS analysis. To show the
utility of this approach, we test it in parallel with Sanger
sequencing individual specimens from a typical biomoni-
toring benthic sample containing several groups of
macroinvertebrates.
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Results
Sanger sequencing analysis of individual specimens
Our first analysis aimed at assembling a DNA barcode
sequence library from all individuals present in our ben-
thic sample. Using a small (i.e. 2 mm) tissue sample
(usually a leg), from each larvae, we were able to obtain
a standard COI DNA barcode sequence from 98.7%
(148/150) of individuals present in the benthic sample.
These Sanger sequenced individuals formed 46 OTUs in
a neighbor-joining tree analysis of COI barcodes. When
these taxa were identified to lowest annotated taxonomic
unit 36.9% (17 OTUs) of them matched DNA barcode
sequences of known species and another 50% (23 OTUs)
matched a DNA barcode identified at genus level. The
remaining 13.1% matched a sequence at family or order
levels (Figure 1). The most diverse group in the ana-
lysis of Sanger sequences was true flies (19 OTUs;
41.3%), followed by mites (9 OTUs; 19.6%) and caddis-
flies (8 OTUs; 17.4%).
The most abundant OTU in the environmental sample

was caddisflies (Trichoptera) identified to genus Hydro-
psyche and representing 18.2% of Sanger sequenced
individuals, followed by mayflies (Ephemeroptera) from
genus Paraleptophlebia representing 8.78% of indivi-
duals. All other species had lower than 5% abundance in
Sanger sequencing analysis (Figure 1).

Sequence recovery from ethanol-based DNA
The NGS analysis of ethanol-based DNA, provided
sequences from 87% of OTUs found in the assembled
Sanger DNA barcode library. In comparison, 89% of
OTUs were obtained through analysis of tissue-DNA
extracted from the homogenized mixture of larvae. Both
approaches missed the same four OTUs but ethanol-
based DNA also failed to detect an additional two. One
of these belonged to a midge species Cricotopus bicinc-
tus, was only detected by one primer set and was repre-
sented by a small percentage of 454 sequence reads (see
below) in the tissue-DNA analysis. This species had two
OTUs in the Sanger sequence library. One of these was
missed in both ethanol-based DNA and tissue-DNA
analysis (Figure 1). The other missing OTU in ethanol-
based DNA analysis was a mite from the genus Lebertia.
On the other hand, ethanol-based DNA analysis detected
the caddisfly species Hydroptila xera, which was not
detected in tissue-DNA. Interestingly, all missing OTUs in
both ethanol-based DNA analysis and the extracted
tissue-DNA analysis belonged to taxa with the lowest
abundance (i.e. 1 individual) in the environmental sample
tested (Figure 1).

Multiplex PCR versus single primer set analysis
In both ethanol-based DNA and tissue-DNA, single pri-
mer set analysis detected fewer OTUs than multiplex
analysis. Table 1 summarizes our observations. Although
we did not find substantial differences between each
primer set, primer set BE, which produced a 224 bp
fragment of COI, was somewhat superior in detecting
species in both ethanol-based DNA and tissue-DNA.
Primer set CF (197 bp amplicon), on the other hand,
was the least efficient and detected only 67.4% of the
OTUs in both sources of DNA , although the compos-
ition of missing taxa varied between the two (Figure 1).
When we compared combinations of two primer sets

(two amplicons), detection of taxa increased substantially
for all two-amplicon combinations (Table 1). Finally, a
combination of all three amplicons improved detection of
taxa in tissue-DNA (only by 2%) but not in ethanol-based
DNA analysis. Although, as stated earlier, in the analysis
of ethanol-based DNA, 2% fewer taxa were detected as
compared to tissue-DNA (see below).

Primers versus DNA source and total evidence
We combined data obtained from ethanol-based DNA
and tissue-DNA to see the effect of using both sources
of DNA in detection capability (Table 1). Using DNA
from two sources in single amplicon analyses improved
detection in two primer sets (BE and CF). Primer set BE
showed the highest detection for combined ethanol-
based DNA and tissue-DNA (87%). This number is 7%
higher than when tissue-DNA was analysed alone using
this primer set. Subsequently, we compared the two-primer
set combinations (two amplicons) in both ethanol-based
DNA and tissue-DNA. These combinations improved the
detection and one of them (BE and CF amplicons) provided
sequence evidence for 91.3% of taxa in the Sanger library
(Table 1). When all combinations of primers in two sources
of DNA were combined (total evidence), we were able to
still detect 91.3% of taxa in our Sanger library (Table 1).
Missing taxa in this total analysis belonged to taxa repre-
sented by 1 individual (lowest abundance) (Figure 1).
We also compared different primer sets for their

efficiency in detecting species quantitatively. In other
words, we simply calculated the percentage of taxa with
more than 1% abundance in our benthic mixture that
were detected by each primer set (Table 1). Interest-
ingly, although single amplicon analysis of AD and BE
primer sets detected 95% of abundant taxa (more than
1% individuals) all but one two-amplicon combinations
were able to detect 100% of these taxa in the mixture
(Table 1; Figure 1). Moreover, to demonstrate quantita-
tive trends of our benthic community analysis through
454 pyrosequencing, we plotted percentage of reads
obtained from each of three primer sets and their com-
bination in ethanol-based DNA analysis (Figure 2) and
in tissue-DNA analysis (Figure 3). It is clear that taxa
with more individuals show a general trend towards
obtaining more 454 sequence reads, however, there are
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Figure 1 Taxonomic composition of the benthic sample analysed from tissue-DNA and ethanol-based DNA. The tree is assembled
through neighbor-joining analysis of COI DNA barcodes obtained in Sanger sequencing of individual tissue samples and color-coded to visualize
different orders. The first column, next to branches, represents percentage of individuals (from a total of 148) for each OTU as identified through
Sanger sequencing DNA barcoding. Six subsequent columns represent percentage of sequence reads for taxa in 454 pyrosequencing analysis
using the two sources of DNA from mixture (ethanol-based DNA and tissue-DNA) by three primer sets (AD, BE, CF). The final two columns
represent total evidence as pass/fail for each taxa using combined data from three primer sets for ethanol-based DNA and tissue-DNA. Cells are
color-coded as a heat map based on percentage 454 reads to facilitate visualization of quantitative trends. Black cells represent negative results
(no sequence was obtained).
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outliers in each primer-set that go against this general
trend (Figures 2 and 3).
Further to our investigation to evaluate taxonomic detec-

tion (see above), we performed a series of correlation ana-
lyses to understand primer behavior as well as uniformity
of results among different comparisons in ethanol-based
DNA and tissue-DNA reactions. We used the proportion
of reads obtained for each OTU for calculating correlations
(Figure 4). Each primer set showed an almost perfect
correlation when compared between ethanol-based DNA
and tissue-DNA (Figure 4). Other strong correlations
belonged to primer sets BE and AD in both ethanol-based
DNA and tissue-DNA, as well as between the two different
DNA templates (Figure 4). On the other hand, sequences
obtained from primer set CF did not correlate strongly
with the other two primer sets in either ethanol-based
DNA or tissue-DNA comparisons (Figure 4).

Recovery of sequences from taxa absent in Sanger library
A small number of NGS reads (Min 5 and Max 95 in
different primer sets and DNA sources) matched
sequences of 16 OTUs that were not originally in our
assembled Sanger library (Additional file 1: Table S1).
Interestingly, 81% of these OTUs belonged to taxo-
nomic groups commonly found in benthic samples. As
such, NGS analyses revealed more biodiversity as com-
pared to Sanger analyses of single specimens. The
remaining sequences matched human (14 reads) and
poplar (3 reads) in analysis of ethanol-based DNA using
primer set BE, and dog (1 read) in analysis of tissue-
DNA using primer set AD (Additional file 1: Table S1).
Table 1 Percentage detection of taxa in environmental barco
primer sets

Primer set AD BE CF

ETHANOL-DNA 69.57 78.26 67.39

TISSUE-DNA 78.26 80.43 67.39

ETHANOL + TISSUE 78.26 82.61 76.09

ETHANOL >1% 91.30 95.65 78.26

TISSUE >1% 95.65 95.65 73.91

>1% denotes taxa with more than 1% individuals in the benthic mixture tested her
Percentages are calculated based on a total of 148 OTUs obtained in Sanger-based
ETHANOL = ethanol-based DNA; TISSUE = extracted tissue-DNA.
Discussion
Although NGS approaches have dramatically increased
the capacity of genomics applications in biodiversity sci-
ence, these applications have so far focused on discover-
ing biota rather than monitoring their changes. As such,
issues related to efficiency, repeatability and robustness
have not been fully explored. A biomonitoring applica-
tion based on NGS analysis of communities [6] requires
robustness and reproducibility. This work was an at-
tempt in demonstrating the utility of ethanol as a source
of DNA in a multiplex PCR approach for NGS-based
environmental barcoding.
Our previous work has demonstrated the utility of

leaked or ethanol-based DNA from preservative ethanol
for direct PCR amplification and subsequent Sanger se-
quencing of single specimens [7]. Here we extended this
approach for a mixed community of benthic taxa col-
lected using standard aquatic biomonitoring approaches
and analyzed using an NGS workflow. Although this ap-
proach is somewhat similar to using environmental
DNA (e-DNA), typical e-DNA does not involve collect-
ing and storing organisms even as a mixture that we
used here [10]. In fact, we take advantage of ethanol as a
widely used preservative medium to access DNA from
organisms nondestructively. Our approach will leave
physical samples (i.e. individual larval samples) intact
and accessible for subsequent molecular or morphological
examinations, if needed. Additionally, this ethanol-based
DNA does not require any DNA extraction procedure and
can be directly amplified and sequenced, reducing the cost
and time required for analysis.
ding analysis of two sources of DNA using three PCR

AD + BE AD + CF BE + CF ALL

84.78 82.61 86.96 86.90

86.96 86.96 86.96 89.10

89.13 89.13 91.30 91.30

100 100 100 100

100 100 95.65 100

e.
DNA barcode library.



Figure 2 Quantitative analysis of taxa based on 454 sequences as represented in box plots of percentage of sequence reads obtained
from ethanol-based DNA in different primer sets and their combined data. Taxa are binned in three abundance groups (less than 1%,
1–5%, and more than 5%) based on their number of individuals in the benthic sample analysed.
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The fact that ethanol used for accessing DNA contains
a mixture of taxa with different sizes and abundances,
does not seem to affect recovery of their sequences from
ethanol-based DNA, as compared to tissue-DNA. We
were able to recover many organisms that were only
represented in small quantities in the mixture through
the analysis of their DNA from ethanol. Missing taxa in
both DNA sources were mainly from species with low
abundance in our benthic sample and taxa with more
than 1% were seldom missed. This pattern is strongly
reflected in high correlation between the number of
reads from two sources of DNA using different primer
sets and leads us to deduce that primers bind to each
species in the mixture with the same efficiency between
two different sources of DNA. In other words, ethanol-
based DNA seems to be a good replacement for DNA
extracted from tissue mixtures, opening the door to a
significant advantage for nondestructive analysis of ben-
thic samples preserved in ethanol and can potentially be
used in similar situations where a group of organisms
are stored in a preservative media (see below).
Our results from both tissue extracted DNA and

ethanol-based DNA suggest the presence of taxa not ori-
ginally sequenced in our Sanger-based DNA barcode
analysis. While two individual larval samples did not
produce Sanger DNA barcodes in our analysis, 14 benthic
taxa were detected that were not present as individuals in
our mixture. Since our analysis was based on a single sam-
pling event using all precautions to avoid possible con-
tamination we can potentially link the presence of residual
DNA to carry over through the organisms present in the
larval community we sampled. This is in line with earlier
observations [4].
Our study only included live field-sorted larval mix-

tures (a common sampling approach used for aquatic
biomonitoring) and needs to be verified in other types of
mixed samples such as Malaise traps (used for terrestrial
arthropods), pitfall traps (used for soil arthropods) and
different types of light traps (used for insects). A some-
what comparable approach for accessing extracellular
DNA has been advocated for soil analysis, although it
uses a phosphate buffer followed by a DNA extraction
protocol [11].
Oligonucleotide primers are an integral factor in PCR-

based NGS analysis, yet there has not been much atten-
tion to empirical optimization and testing of primers for
specific genes commonly used in NGS analysis. Con-
versely, genes have mainly been selected based on avail-
ability of conserved binding sites [12]. It is, however,
well known that differential primer binding can lead to



Figure 3 Quantitative analysis of taxa based on 454 sequences as represented in box plots of percentage of sequence reads obtained
from tissue-DNA in different primer sets and their combined data. Taxa are binned in three abundance groups (less than 1%, 1–5%, and
more than 5%) based on their number of individuals in the benthic sample analysed.
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quantitative and qualitative bias in taxa recovered from
a mixed environmental sample even when primer-
binding sites are conserved in a wide range of taxa [8].
Consequently, to offset the effect of biases in primer
binding, in this study we used three newly developed
primer sets for targeting benthic macroinvertebrate taxa
commonly used in biomonitoring. Our results further
show the effect of primers in taxa recovery but our com-
bined approach does seem to alleviate PCR primer bind-
ing bias as we were able to recover up to 90% of all taxa
and 100% of taxa with higher than 1% abundance, even
though we used a relatively small sequencing throughput
for this analysis (e.g. 1/16 of a 454FLX Titanium run for
each DNA template from mixture). An increase in se-
quencing depth in a PCR regime using multiple primers
may reduce or eliminate false negatives, especially for
species with a smaller number of individuals or lower
biomass in a sample. Although our study did not aim at
quantitative analysis of taxa, we see high recovery (more
sequence reads) from multiple primers in species that
are represented by more individuals in the mixture
(Figures 2 and 3). A similar pattern was observed in our
previous study using only a single shorter mini-barcode
fragment [4]. These early observations may provide the
basis for developing a multiplex PCR regime for
quantitative analysis of abundance as measured through
biomass and considering gene copy number and other
factors in different taxa. Measuring species abundance
has been a key metric in traditional biomonitoring and
ecological investigations but a recent study provides evi-
dence that presence or absence alone can be used as a
data source for a benthic response index used for bio-
monitoring [13].

Conclusions
The difficulty in large-scale spatiotemporal analysis of
biodiversity has resulted in bottlenecks in executing bio-
monitoring programs and several other types of ecological
and environmental investigations [6]. Next generation
sequencing technologies coupled with high-resolution
marker genes such as species-specific DNA barcodes--
environmental barcoding–can address data rarity and low
taxonomic resolution often crippling biodiversity analysis.
Our study, additionally, allows nondestructive environ-
mental barcoding analysis of benthic samples preserved in
ethanol. If our observations are confirmed in a wider var-
iety of biological specimens that are regularly collected in
“ethanol jars”, this approach can pave the way for different
applications, which require scanning the contents of these
specimens for target taxa such as pests, pathogens,
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vectors, and rare or endangered organisms. The nondes-
tructive nature of the ethanol-based analysis allows for
subsequent thorough investigations to potentially separate
and study these targeted taxa using different molecular or
morphological techniques.
Approaches such as environmental barcoding are rela-

tively new and require additional scrutiny to make them
suitable for large-scale studies and real-world applications.
Here we show the utility of ethanol-based DNA in simpli-
fying sample preparation and alleviating destructive
analysis of ethanol-preserved organisms. This procedure
also allows preservation of specimens for further scrutiny.
We also introduced a new multiplex PCR approach to
neutralize specific primer-binding biases, thereby allowing
the recovery of more taxa. We recognize that multiple
samplings are required for comprehensive analysis of biota
in an ecosystem through NGS. The availability of NGS
devices with higher throughput and lower costs per
analysis will facilitate generating sample sizes required for
sound statistical analysis of NGS results [9]. We note,
however, that our entire NGS data sets presented here
were assembled using only two lanes of a 16 lane Roche
454 FLX Titanium run. Coupled with robust bioinformat-
ics approaches, enhancements in NGS workflow will gen-
erate a framework for executing large-scale and realistic
pilot projects in biomonitoring and related applications
and provide insights for analyzing various bulk environ-
mental samples in a similar manner.

Methods
Specimen collection and handling
A larval benthic sample was collected from the Humber
River (43º54012.88″N, 79º42035.61″W). The sample was
collected by kick netting for ten transects across the



Table 2 PCR primer sets used for amplification of three
fragments in COI DNA barcode region

Primer set Sequence (50-30) Amplicon
size (bp)

AD Forward: GGIGGITTTGGIAATTGAYTIGTICC 191

Reverse: CCTARIATIGAIGARAYICCIGC

BE Forward: CCIGAYATRGCITTYCCICG 224

Reverse: GTRATIGCICCIGCIARIAC

CF Forward: GITGAACIGTITAYCCICC 197

Reverse: CCIGCIGGRTCIAARAAIGAIGT
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river, 10 m between transects. The sample was live
sorted on site and preserved in 95% ethanol at 4°C until
processing (approximately 3 months).

Construction of Sanger DNA barcode library
From the bulk sample, all individuals were sorted into
96-well plates and morphologically identified to the
order level. A single leg from each individual (about 2 mm
fragment size) was then subjected to routine DNA bar-
coding following standard COI DNA barcoding protocols
[14]. We amplified standard full-length (~650 bp) COI
DNA barcodes with LCO1490/HCO2198 primers [15]
using a standard pre-made PCR mixture followed by
standard Sanger sequencing in an Applied Biosystems
3730XL DNA sequencer [14]. All sequences have been
submitted to GenBank (Accession Numbers KC263052 -
KC263197).

DNA extraction from bulk environmental sample
We performed two DNA preparations for NGS analysis.
One method involved using ethanol originally used for
collecting and preserving benthic sample (see above).
For this ethanol-based DNA analysis, 10 ml of the pre-
served ethanol was transferred to ten 1.5 ml Eppendorf
tubes and evaporated at 56°C for 5–6 hours. The dried
residue was dissolved in 30 μl of molecular biology grade
water and was used as the source of template DNA for
PCR (see below).
The other approach involved using tissue mixtures

from the original benthic sample. A tissue sample from
each individual (e.g. a leg; about 2 mm fragment size)
was pooled in a single tube containing ethanol and the
resultant mixed tissue sample was incubated at 56°C for
approximately two hours to evaporate residual ethanol.
The dried mixture was divided into 10 lysing matrix
tubes “A” (about 100 mg each) and homogenized using
an MP FastPrep-24 Instrument (MP Biomedicals Inc.) at
speed 6 for 40 sec. Total DNA of this homogenized
slurry was extracted using the Nucleospin tissue kit
(Macherey-Nagel Inc.) following the manufacturer’s
instructions and eluted in 50 μl of molecular biology
grade water.

PCR amplification conditions
Three fragments within the standard COI DNA barcode
region were amplified with three newly designed primer
sets (Table 2) in a two-step PCR amplification regime
[4]. The first PCR used COI specific primers and the
second PCR involved 454 fusion-tailed primes. In the
first PCR, ten amplicons (for each primer set) were gen-
erated from both ethanol-based DNA and tissue-DNA.
The PCR reactions were assembled in 25 μl volumes.
Each reaction contained 2 μl DNA template, 17.5 μl mo-
lecular biology grade water, 2.5 μl 10× reaction buffer
(200 mM Tris–HCl, 500 mM KCl, pH 8.4), 1 μl MgCl2
(50 mM), 0.5 μl dNTPs mix (10 mM), 0.5 μl forward pri-
mer (10 mM), 0.5 μl reverse primer (10 mM), and 0.5 μl
Invitrogen’s Platinum Taq polymerase (5 U/μl). The PCR
conditions were initiated with heated lid at 95°C for
5 min, followed by a total of 15 cycles of 94°C for 40 sec,
46°C for 1 min, and 72°C for 30 sec, and a final exten-
sion at 72°C for 5 min, and hold at 4°C. Amplicons from
each sample were pooled and purified using Qiagen’s
MiniElute PCR purification columns and eluted in 30 μl
molecular biology grade water. The purified amplicons
from the first PCR were used as templates in a second
PCR with the same amplification condition used in the
first PCR with the exception of using 454 fusion-tailed
primers in a 30-cycle amplification regime. Eppendorf
Mastercycler ep gradient S thermalcyclers were used for
all PCRs. A negative control reaction (no DNA template)
was included in all experiments. PCR success was
checked by agarose gel electrophoresis.

454 Pyrosequencing
Amplicons were quantified by flourometer and normal-
ized to the same concentration (100 ng/μl). The ampli-
con libraries were sequenced on a 454 Genome Sequencer
FLX System (Roche Diagnostics GmbH) following the
amplicon sequencing protocol and using GS Titanium
chemistry. Amplicons of each sample were bi-directionally
sequenced in 1/16 of a full sequencing run (70 × 75 picoti-
ter plate). Details of the 454 pyrosequencing run are
available by request from the corresponding author. All
sequences have been submitted to GenBank (Accession
Numbers KC263198 - KC282326).

Data analysis
Pyrosequencing reads were first filtered by quality using
‘Filter FASTQ’ on Galaxy [16-18] ensuring that 90% of
bases in each read were assigned a Phred score above 15.
Sequences originating from each primer set were sepa-
rated, allowing for one mismatch within the primer
region. The reference database was compiled from a
Sanger library with taxonomy determined by BOLD v2.5
[19]. The reference database was dereplicated using the
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USEARCH algorithm [20]. Comparisons of pyrosequences
and Sanger sequences were performed using a stand-alone
version of blastn [21] with a minimum id of 98% and bit
score of 100. Sequences which did not produce blast hits
were queried against the same reference library at a less
stringent (95%) identity using megablast [22].
A total of 21932 sequences were generated in one lane,

and 23483 in the other using DNA templates from
ethanol-based DNA and tissue-DNA, respectively. After
quality filtering, there were 17308 (~79%) reads and
20240 (~86%) for each lane, respectively. The Sanger
reference library contained a total of 148 sequences, but
after clustering with USEARCH [20] with a 98% identity,
it was reduced to 46 representative OTUs. The tree was
constructed using the Neighbor-Joining method [23]
with distances calculated using the number of differ-
ences method with the software package MEGA5 [24].
Additional file

Additional file 1: Table S1. Taxa identified from sequences obtained in
environmental barcoding analysis but absent in Sanger sequenced DNA
barcode library constructed from individuals in the benthic sample
analysed.
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