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Abstract

DNA metabarcoding is a powerful new tool allowing characterization of species assemblages using high-throughput

amplicon sequencing. The utility of DNA metabarcoding for quantifying relative species abundances is currently

limited by both biological and technical biases which influence sequence read counts. We tested the idea of sequenc-

ing 50/50 mixtures of target species and a control species in order to generate relative correction factors (RCFs) that

account for multiple sources of bias and are applicable to field studies. RCFs will be most effective if they are not

affected by input mass ratio or co-occurring species. In a model experiment involving three target fish species and a

fixed control, we found RCFs did vary with input ratio but in a consistent fashion, and that 50/50 RCFs applied to

DNA sequence counts from various mixtures of the target species still greatly improved relative abundance estimates

(e.g. average per species error of 19 � 8% for uncorrected vs. 3 � 1% for corrected estimates). To demonstrate the use

of correction factors in a field setting, we calculated 50/50 RCFs for 18 harbour seal (Phoca vitulina) prey species

(RCFs ranging from 0.68 to 3.68). Applying these corrections to field-collected seal scats affected species percentages

from individual samples (D 6.7 � 6.6%) more than population-level species estimates (D 1.7 � 1.2%). Our results

indicate that the 50/50 RCF approach is an effective tool for evaluating and correcting biases in DNA metabarcoding

studies. The decision to apply correction factors will be influenced by the feasibility of creating tissue mixtures for

the target species, and the level of accuracy needed to meet research objectives.
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Introduction

High-throughput DNA sequencing is currently changing

the way that biologists characterize assemblages of

organisms, ranging from human intestinal microbes to

whole eukaryotic communities (Eckburg et al. 2005; Bik

et al. 2012; Taberlet et al. 2012a; Willerslev et al. 2014).

Traditional methods for characterizing groups of organ-

isms generally involved acquiring a representative sam-

ple of a community and then individually identifying

each organism in the sample using a classification proto-

col such as a reference collection or taxonomic key. In

the burgeoning field of DNA metabarcoding, genetic

markers that can be recovered from broad groups of taxa

are used to simultaneously characterize all species (or

higher level taxonomic groups) contained in an environ-

mental sample using high-throughput DNA amplicon

sequencing (Taberlet et al. 2012b; Cristescu 2014). These

new tools have allowed insight into systems that were

largely unexplored due to methodological limitations,

and have redefined the current level of understanding

for several systems (e.g. Fonseca et al. 2010).

While DNA metabarcoding has many clear advan-

tages, the process of characterizing groups of organism

from amplified DNA sequences can be quite complex

and requires careful study design and data analysis in

order to avoid a biased interpretation (Creer et al. 2010;

Pompanon et al. 2012). For example, chimeric sequences,

contaminants and clustering algorithms can bias even

the most basic outputs of DNA metabarcoding studies

such as species richness (Coissac et al. 2012; Nguyen

et al. 2014). Risk of biased interpretation is particularly

apparent when researchers attempt to glean insight from
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the proportions of species DNA sequences that result

from amplicon sequencing (Zhou et al. 2011; Deagle et al.

2013). Differences in sequence read abundance between

species are often used to infer the relative differences in

mass or numerical abundance of species contained in a

sample (Deagle et al. 2009; Soininen et al. 2009; Kowal-

czyk et al. 2011; Murray et al. 2011; Brown et al. 2012).

For example, in a fascinating recent application of

metabarcoding, DNA sequence reads were used to docu-

ment changes in the proportional biomass of plant taxa

over >50 thousand years based on eDNA in sediments

and preserved megafauna diet samples (Willerslev et al.

2014). While such quantitative interpretation can vastly

improve the value of DNA metabarcoding data to ecolo-

gists, numerous studies have documented biases that

strongly impact sequence read abundance (Amend et al.

2010; Berry et al. 2011; Pinto & Raskin 2012; Deagle et al.

2013).

Previous attempts to control biasing factors in DNA

metabarcoding studies have primarily focused on cor-

recting for a single source of bias, or altering protocol

steps that are known to introduce bias (Berry et al. 2011;

Shokralla et al. 2012; Lundberg et al. 2013; Zarzoso-

Lacoste et al. 2013). The objective of several recent bias

correction efforts has been to account for species differ-

ences in template DNA copy number or DNA density

(i.e. template copy number per gram of organism tissue)

that cause certain species to be overrepresented and

others underrepresented (Kembel et al. 2012; Angly et al.

2014). For example, Angly et al. (2014) documented vari-

ation in 16S rRNA gene copy number across microbial

lineages, and used those data to correct amplicon counts

in microbial community profiles. Copy number correc-

tions and bias-mitigating alterations to laboratory proto-

cols have proved useful for enhancing the quantitative

capabilities of DNA metabarcoding; however, the pres-

ence of other technical factors often still prevents investi-

gators from using DNA sequence proportions to infer

relative organism mass or abundance.

An alternative approach to correcting for individual

biases is to create control materials for target organisms,

which when sequenced alongside environmental sam-

ples can be used to create correction factors that account

for multiple sources of bias simultaneously (Huggett

et al. 2013; Thomas et al. 2014). Using control materials, it

is possible in a single correction step to account for biases

due to copy number, DNA extraction, PCR amplification,

DNA sequencing and bioinformatic filtering. However,

the challenge in implementing control material correc-

tion factors comes in the transition from the laboratory to

the field, where the goal is to characterize samples of

unknown composition. For example, a recent metabar-

coding diet study with seals demonstrated that by

sequencing a fish tissue mixture that matched the diet of

captive seals, food tissue correction factors could be cal-

culated (Thomas et al. 2014). When these diet specific

corrections were applied to prey DNA sequences from

seal scats, the sequence percentages were much better

aligned with seal diet composition. These results have

limited applicability however, because they required a

priori knowledge of the seal’s exact diet in order to calcu-

late correction factors.

A more generic approach was proposed which

involves creating a prey library of tissue mix standards

that could be used to correct sequence counts from sam-

ples of unknown composition. Such a prey library would

consist of 50/50 mixtures of food tissues, wherein one

species is held constant (i.e. present in all mixtures) and

the other species is varied between mixes. Relative differ-

ences in the percentages of DNA sequences from mix-

tures would thus indicate the species-specific bias of the

variable food species, and could be used to create rela-

tive correction factors (RCFs) useful for field studies.

Such 50/50 RCFs would be most effective with samples

of unknown composition if they proved to be consistent

regardless of input proportion, and remained consistent

regardless of species composition (i.e. no interactive

effects between species).

Our objective was therefore to test the feasibility of

using 50/50 RCFs derived from a prey library of tissue

mixes to improve the relationship between mass percent-

ages and DNA sequence percentages. Here, we create a

model system using four fish species tissues, treating one

species as the control and calculating RCFs from 50/50

mixtures of the control fish and the other three species.

We then demonstrate how 50/50 RCFs can be used to

correct sequence percentages from other mixtures of

variable mass composition. We also generate a small

prey library for Pacific harbour seals (Phoca vitulina) to

evaluate the range of potential correction factors that

would be produced using the 50/50 RCF method.

Finally, we apply the prey library-derived correction fac-

tors to a subset of wild seal scat samples to determine

the impact of 50/50 RCF correction in a real-world sce-

nario. Although this study is focused on biases involved

in seal diet analysis, the general framework for imple-

menting 50/50 RCFs is widely applicable to any

metabarcoding study that can feasibly create control

mixtures of the target organisms (e.g. mixture of bacterial

cultures, target insect species).

Materials and methods

Evaluation of tissue correction factors

Our first goal was to evaluate the feasibility of using

50/50 RCFs to improve the relationship between mass

percentages and DNA sequence percentages. This
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involved testing whether the RCF for a given species

remained consistent regardless of (i) input proportions

(i.e. test whether the RCF calculated for species x using

species y as a control remained the same regardless of

the relative proportion of x to y by mass in the tissue

mixture), and (ii) species composition (i.e. test whether

the RCFs calculated using a given control species

remained effective at correcting the sequence propor-

tions in a sample mixture, regardless of the species com-

position of the mixture). If the RCFs are dependent on

sample species composition, this would likely render

any attempt at species correction factors unfeasible due

to the sheer number of potential species combinations

that could occur in a sample.

An experiment was set up involving four species: her-

ring (Clupea pallasii), capelin (Mallotus villosus), atka

(Pleurogrammus monopterygius) and mackerel (Scomber

japonicas), where mackerel was used as the control. Pair-

wise tissue mixtures were created including one of the

test species (herring, capelin or atka) and the control spe-

cies (mackerel), where the mass percentage of the test

species in each paired mixture progressively increased

from 20% to 80% (e.g. the pairwise mass ratio combina-

tions of herring and mackerel were 20:80, 40:60, 50:50,

60:40 and 80:20).

Tissue mixtures were created in three homogenization

steps. First, representative samples of each fish species

were chopped into pieces and individually ground using

a standard meat grinder. Second, the coarse ground fish

tissue was further homogenized with a bladed food pro-

cessor. At this stage, a 4 g mixture of species tissue was

created by combining the variable ‘test fish’ homogenate

with the ‘control fish’ homogenate in a 20-mL vial.

Lastly, 95% ethanol was added to the samples for preser-

vation and they were processed with a Fisher Scientific

PowerGen homogenizer, creating a finely ground etha-

nol/fish slurry. DNA was extracted, amplified and

sequenced from the homogenized mixture, and the

sequence proportions of the test and control species were

calculated (see ‘Genetic analysis’ below).

Species-specific RCFs were calculated for each tissue

mixture similarly to those in Thomas et al. (2014), but

adapted for use with a control species:

RCFp;t ¼ Mt

Mc
� Sc

St
ð1Þ

where t is the test species, c is the control species, and Mt

and Mc are the mass percentages (or grams) in the tissue

mix of the test and control fish, respectively. St and Sc
are the DNA sequence percentages (or counts) from the

tissue extraction of the test and control fish, respectively,

and p is the percentage of the test species in the mixture

(i.e. p ¼ Mt=ðMt þMcÞ � 100). Using this equation, a cor-

rection factor can be calculated for any paired ratio of

test fish and control fish after sequencing. RCFs >1 indi-

cate that a species is underestimated relative to the con-

trol, and RCFs <1 indicate a species is overestimated.

Note that RCF50,t denotes what we have termed the 50/

50 RCF for species t.

The overall process of estimating 50/50 RCFs for a set

of test species and a given control species is illustrated in

Fig. 1.

After calculating RCFs for all mixtures of the test and

control species, we evaluated whether, for a given test

species t, RCFp,t was approximately the same for all val-

ues of p. In other words, are correction factors the same

regardless of the input proportion used, or do they vary

at values greater or lesser than 50%?

Next, to investigate whether the RCFs remained effec-

tive regardless of the species composition in the mixture

being corrected, 50/50 RCFs were used to correct the

DNA sequences resulting from the following tissue mix-

Fig. 1 Six steps involved in calculating relative correction fac-

tors (RCFs) from a prey tissue library: (1) homogenization of the

control fish and test fish species, (2) creation of 50%/50% mix-

tures by mass of the control fish and various test fish homoge-

nates, (3) Illumina amplicon sequencing of tissue mix DNA, (4)

bioinformatic calculation of species DNA sequence proportions,

(5) calculation of 50/50 RCFs and (6) numerical RCFs resulting

from the prey tissue library. Colours indicate different fishes:

salmon (red), rock fish (blue), sole (green), mackerel (yellow).
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tures: (i) all pairwise mixtures of the three test species,

where the mass percentage of one species progressively

increased from 20% to 80%, similar to mixtures with the

control (e.g. the mass ratio combinations of herring and

capelin were 20:80, 40:60, 50:50, 60:40 and 80:20), and (ii)

three-way mixtures of herring, capelin and atka in the

ratios of 33:33:33 and 60:20:20. Two replicates of each

mass ratio and species combination were made to evalu-

ate technical variability.

To correct the sequence counts from a given sample

using 50/50 RCFs, the count for each species is simply

multiplied by the appropriate species-specific RCF:

N̂t ¼ Nt � RCF50;t

where Nt and N̂t are the observed and corrected

sequence counts, respectively, from the sample for spe-

cies t. The corrected sequence counts can then be

expressed as percentages for comparison with the input

mass percentages (i.e. p̂t ¼ N̂t

P
s2S N̂s: where S denotes

the set of all species in the sample).

Development of a harbour seal prey library

The next experiment consisted of calculating 50/50 RCFs

for 18 harbour seal prey species in order to build up a

library of correction factors. The prey library was not

intended to create a complete set of RCFs for harbour

seal prey. Rather, it was designed to assess the range of

potential correction factor values across representative

prey, and to see whether there are similarities in bias

between closely related prey species.

Fresh whole samples of fish species that are known

to occur in the diets of harbour seals in British Colum-

bia, Canada, were collected opportunistically from one

of two sources: (i) as bycatch in annual trawl surveys

conducted by the Department of Fisheries and Oceans

Canada, or (ii) purchased directly from fishermen

shortly after landing at their port of call. To prevent

water loss that could affect mass ratios, all samples

were sealed in zip-type freezer bags and immediately

frozen after collection in a nondefrosting freezer at

�20 °C.
For each of the prey species in the sample collection

(n = 18), tissue mixtures were made up comprising 50%

of the prey species and 50% of the control species, where

mackerel was again used as the control. The process

described in the previous section and illustrated in Fig. 1

was used to calculate 50/50 RCFs for each tissue mixture.

When possible, four replicate samples were made for each

prey species in the library. Two replicates were made

from homogenized tissue of multiple individual fish of

the test species, and the other two contained tissues only

from one individual fish each. The purpose of this design

was to evaluate variability in the resulting sequence per-

centages that is due to (i) technical variation in sample

processing, and (ii) biological variation between individ-

ual fish such asmtDNAdensity in tissue.

Wild harbour seal scat samples

The harbour seal scats we collected were part of a lar-

ger study directed towards assessing the impacts of

harbour seals on salmon populations in British Colum-

bia. At known harbour seal haulout sites, individual

seal scats were collected into a 500-mL plastic jar lined

with a 126-lm nylon mesh paint strainer. Samples were

either preserved immediately in the field by adding

300 mL 95% ethanol to the collection jar, or they were

taken to the laboratory and frozen at �20 °C within 6 h

of collection. Samples were manually homogenized

inside the paint strainer to separate the scat matrix

material from hard prey remains (e.g. bones, cephalo-

pod beaks), and the strainer was removed from the jar

leaving behind the ethanol preserved scat matrix for

genetic analysis.

The harbour seal prey library we generated did not

contain all known diet species for harbour seals in British

Columbia. Therefore, to assess the impacts of 50/50

RCFs on seal diet estimates, we selected a subset of 10

scat samples that contained only prey species that were

included in our library, thereby allowing for 50/50 RCF

correction of all species represented.

Genetic analysis

Tissue mixes and scat samples were subsampled, cen-

trifuged and dried to remove ethanol prior to DNA

extraction. Tissue extractions were carried out using the

QIAGEN DNeasy Blood & Tissue Kit, and scat extrac-

tions were carried out with QIAGEN QIAamp DNA

Stool Mini Kit according to the manufacturer’s protocols.

For additional details on the extraction process, see Dea-

gle et al. (2005) and Thomas et al. (2014).

The metabarcoding marker we used to quantify fish

proportions was a 16S mtDNA fragment (~260 bp) previ-

ously described in Deagle et al. (2009) for pinniped scat

analysis. We used the combined Chord/Ceph primer

sets: Chord_16S_F (GATCGAGAAGACCCTRTGGAGC

T), Chord_16S_R (GGATTGCGCTGTTATCCCT), Ceph_

16S_F (GACGAGAAGACCCTAWTGAGCT) and Ceph_

16S_R (AAATTACGCTGTTATCCCT). This multiplex

PCR is designed to amplify both chordate and cephalo-

pod prey species DNA.

To take full advantage of sequencing throughput, we

used a two stage labelling scheme to identify individual

samples. This involved both uniquely tagged PCR pri-

mers (n = 96) and labelled MiSeq adapter sequences. The

© 2015 John Wiley & Sons Ltd
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open-source software package EDITTAG was used to create

96 primer sets each with a unique 10-bp F primer tag

and an edit distance of 5. This indicates that five inser-

tions, substitutions or deletions would have to occur in

order to cause one sample’s sequences to be mistaken for

another (Faircloth & Glenn 2012).

To ensure that all PCR conditions were identical to

those used to amplify seal scat DNA in a related study, a

blocking oligonucleotide was included in all PCRs to

limit amplification of seal DNA (Vestheim & Jarman

2008). The oligonucleotide (32 bp: ATGGAGCTTTAAT-

TAACTAACTCAACAGAGCA-C3) matches harbour

seal sequence (GenBank Accession no. AM181032) and

was modified with a C3 spacer, so it is nonextendable

during PCR (Vestheim & Jarman 2008).

All PCR amplifications were performed in 20 lL vol-

umes using the Multiplex PCR Kit (Qiagen). Reactions

contained 10 lL (0.59) master mix, 0.25 lM of each pri-

mer, 2.5 lM blocking oligonucleotide and 2 lL template

DNA. Thermal cycling conditions were as follows: 95 °C
for 15 min followed by 34 cycles of 94 °C for 30 s, 57 °C
for 90 s and 72 °C for 60 s.

Sequencing libraries were prepared from pools of 96

samples using an Illumina TruSeqTM DNA sample prep

kit which ligated uniquely labelled adapter sequences to

each pool. Libraries were then pooled and DNA

sequencing was carried out on Illumina MiSeq using the

MiSeq Reagent Kit v2 (300 cycle) for SE 300-bp reads.

Samples for this study were sequenced on multiple dif-

ferent runs as part of the larger study; however, typically

between 4 and 6 libraries (each a pool of 96 individually

identifiable samples) were sequenced on a single MiSeq

run.

Sequences were automatically sorted (MiSeq post

processing) by amplicon pool using the indexed Tru-

SeqTM adapter sequences. FASTQ sequence files for each

library were imported into QIIME for demultiplexing

and sequence assignment to species (Caporaso et al.

2010). For a sequence to be assigned to sample, it had to

match the full forward and reverse primer sequences,

and match the 10-bp primer tag for that sample (allow-

ing for up to two mismatches in either primers or tag

sequence).

To assign DNA sequences to a fish species, we cre-

ated a custom BLAST reference database of 16S

sequences using an iterative process. First, using a list

of the fish species of Puget Sound, we searched Gen-

Bank for the 16S sequence fragment of all fishes known

to occur in the region (71 fish families 230 species)

(DeVaney & Pietsch 2006; Benson et al. 2012). Reference

sequences for each prey species were included in the

database if the entire fragment was available, and pref-

erence was given to sequences of voucher specimens.

GenBank contained 16S sequences for 192 of the 230

fish species in the region, and the remaining 38 species

were mostly uncommon species unlikely to occur in

seal diets.

Next, the DNA sequences that were assigned to scat

or tissue samples were clustered with USEARCH (simi-

larity threshold = 0.99; minimum cluster size = 3; de

novo chimera detection), and a representative sequence

from each cluster was entered in a GenBank nucleotide

BLAST search (Altschul et al. 1990; Edgar 2010). If the top

matching species for any cluster was not included in the

existing database (or the sequence differed indicating

allelic variation), the top matching entry was put in the

reference database. The procedure was repeated with

every new batch of sequence data to minimize the poten-

tial for incorrect species assignment or prey species

exclusion.

For all DNA sequences successfully assigned to a

sample, a BLAST search was carried out against our cus-

tom 16S reference database. A species was assigned to a

sequence based on the best match in the database

(threshold BLAST N e-value <1e�20), and the proportions

of each species’ sequences were quantified by sample

after excluding harbour seal sequences or any identified

contaminants (Caporaso et al. 2010).

In all experiments, the errors reported are based on

the absolute deviation from the uncorrected or previ-

ously corrected percentage value (i.e. │uncorrected

% � corrected %│), after averaging replicate samples.

When calculating the effects of correction factors for

many samples combined (e.g. all pairwise species

mixes), summary values reported are the average and

SD of the calculated absolute deviations, combining all

samples in that group.

Results

Evaluation of tissue correction factors

The experiment to evaluate the feasibility of using 50/

50 RCFs with mackerel as the control species revealed

several interesting trends (Fig. 2). First, there was a

positive relationship for all test species between the

mass percentage of the species in a tissue mix and the

DNA sequence percentage of that species (Fig. 2a)

However, the corresponding RCFs differed depending

on the tissue mass percentage of the test species

(Fig. 2b). In particular, when a species was present in

high proportion (i.e. >50% by mass), it was generally

underestimated by DNA sequence percentages relative

to when it was present at 50% (i.e. the correction factor

required was larger than the 50/50 RCF); and, con-

versely, when a species was present in low proportion

(i.e. <50% by mass), it was generally overestimated by

DNA sequence percentages relative to when it was

© 2015 John Wiley & Sons Ltd
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present at 50% (i.e. the correction factor required was

smaller than the 50/50 RCF).

Although the RCFs for a given test species were pro-

portion dependent, they were reasonably consistent for

input percentages between 40% and 60% (Fig. 2). More-

over, in all mixes, the ranked species bias was consistent,

that is herring was always the most overestimated, fol-

lowed by capelin, then atka (the least abundant based on

sequence percentages). These two factors suggest that

using 50/50 RCFs to correct sequence proportions from

unknown sample mixtures may still be reasonable.

Using mackerel as the control species, the 50/50 RCFs

(mean and SD of the two estimates) for the three test spe-

cies were herring (RCF = 0.18 � 0.00), capelin

(RCF = 0.64 � 0.03) and atka (RCF = 0.76 � 0.06).

Applying these correction factors to DNA sequence

counts from the pairwise tissue mixtures of these three

test species reduced the average estimate error from

21 � 15% (uncorrected) to 9 � 6% (50/50 RCF cor-

rected), averaging the errors of all pairwise combinations

and replicates (Fig. 3). For the two tissue mixtures that

combined all three test species, the RCFs improved esti-

mates even more than in pairwise mixtures: average esti-

mate error 19 � 8% (uncorrected) and 3 � 1% (50/50

RCF corrected) (Fig. 4).

We also explored the possibility of further correcting

the estimates using proportion-dependent RCFs. To do

so, we used the 50/50 RCF corrected sequence counts in

place of the original sequence counts in eqn (1) to calcu-

late new proportion-dependent RCFs (PRCFs) for each

test species. We found that the relationship between the

logarithm of the PRCFs and the input mass percentages

for a given test species could be well approximated by a

linear model (Fig. 5). Furthermore, the lines did not dif-

fer significantly between the three test species

(F-statistic = 0.37, d.f. = 4, 24; P-value = 0.83), with the

common line estimated to be:

log10ðPRCFpÞ ¼ �0:59þ 0:012p

) PRCFp ¼ 10�0:59þ0:012p

One replicate mixture of herring and mackerel

resulted in a clear outlier relative to all other mixtures;

this point was excluded from the consensus line calcula-

tion. We applied the appropriate PRCF as estimated

from this linear equation to the 50/50 corrected sequence

percentages. Specifically, if the 50/50 RCF corrected

sequence count and percentage for test species t were N̂t

and p̂t, respectively, then we calculated the proportion-

dependent corrected count ( ~Nt) as:

~Nt ¼ N̂t � PRCFp̂t

¼ N̂t � 10�0:59þ0:012p̂t

PRCFs mildly improved estimates for the pairwise

test fish mixtures, but increased relative variability: aver-

age estimate error = 9 � 6% (50/50 RCF corrected),

changed to 5 � 5% (proportion corrected) (Fig. 3). How-

ever, proportion-dependent correction substantially

reduced the accuracy of estimates for mixtures that

included all three species: average estimate

error = 3 � 1% (50/50 RCF corrected), changed to

8 � 5% (proportion corrected) (Fig. 4).

Seal prey library

All fish species in the prey library tissue mix experiment

were successfully identified in the bioinformatic

sequence assignment pipeline. Within a prey species,
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there was generally little variability in the DNA

sequence percentages between biological and technical

replicate samples (Fig. 6). For example, the average devi-

ation between two replicate samples containing multiple

individuals was 2.6%, and the average deviation

between samples of individual fishes of the same species

was 3.9% (Fig. 6). By comparison, the average amount

that a species’ DNA sequences percentage deviated from
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rection factors based on mixtures with a

control species (mackerel), by applying

corrections to other pairwise species com-

binations. Displaying proportion of DNA

recovered from tissue mixes which did

not include the control species (a) herring

mixed with atka, (b) atka mixed with

capelin and (c) capelin mixed with her-

ring in pairwise ratios of 20/80, 40/60,

50/50, 60/40 and 80/20. Black dots indi-

cate the uncorrected sequence percent-

ages; red dots indicate DNA percentages

after the 50/50 relative correction factors

(RCFs) from mackerel mixtures have been

applied to both test species; and blue dots

indicate percentages after both 50/50

RCFs and the proportion-dependent RCFs

(Fig. 5) have been applied to both species.
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the tissue mix mass percentage (i.e. 50%) was 9.5% across

all species in the prey library (ranging from 0.1% for

whitebait smelt to 28.6% for juvenile walleye pollock).

The 50/50 RCFs calculated for each species in the

library using mackerel as the control ranged from 0.68 to

3.68. Grouping taxonomically, herrings, smelts, lingcod

and dogfish generally required minor correction relative

to mackerel: Pacific sardine (RCF = 0.87 � 0.03),

American shad (RCF = 0.98 � 0.05), juvenile Pacific

herring (RCF = 1.32 � 0.11), northern anchovy

(RCF = 1.13 � 0.03), whitebait smelt (RCF = 1.00

� 0.03), eulachon (RCF = 1.13 � 0.04), lingcod (RCF =
1.17 � 0.07) and spiny dogfish (RCF = 0.92

� 0.01). Rockfishes, English sole and cods (including

hake) were generally underestimated relative to mack-

erel, with juvenile pollock being the most underesti-

mated species: copper rockfish (RCF = 2.08 � 0.17),

quillback rockfish (RCF = 1.90 � 0.04), canary rockfish

(RCF = 1.26 � 0.07), English sole (RCF = 3.09 � 0.11),

Pacific hake (RCF = 1.56 � 0.23) and juvenile walleye

pollock (RCF = 3.68 � 0.06). The salmonids were vari-

able, with coho salmon being the most overestimated

species relative to mackerel: chum salmon

(RCF = 0.96 � 0.05), coho salmon (RCF = 0.68) and pink

salmon (RCF = 1.54 � 0.05). Only one cephalopod spe-

cies was tested, which was underestimated and exhibited

relatively high variability between replicates: market

squid (RCF = 2.90 � 0.58).

Applying 50/50 RCFs to seal scats

50/50 RCFs derived from the prey library were applied

to 10 wild harbour seal scat samples comprised of only

those prey species represented in the prey library

(Fig. 7). For individual samples, the average change in

diet % per species was 6.7 � 6.6% after applying 50/50

RCFs to all prey. The maximum amount that any prey

species diet percentage changed was 23.9% for walleye

pollock, which required significant positive correction

(Fig. 7: sample 5). By contrast, population-level diet per-

centages calculated by averaging each species’ DNA %

across all samples were less affected by 50/50 RCFs, with

the average change per species being 1.7 � 1.2%, and a

maximum change of 3.8% for walleye pollock (Fig. 7:

population average).

Discussion

DNA metabarcoding is a powerful tool for the simulta-

neous characterization of multiple species in an environ-

mental sample, with a seemingly endless range of

potential applications. However, to fully take advantage

of the data produced by next-generation sequencing plat-

forms in metabarcoding studies, a practical method is

needed to control the biasing factors that are known to

affect DNA sequence read abundance. Our testing of

species-specific correction factors from tissue mixtures of

the target organisms (fish tissue homogenates) produced

several results that will likely be of interest to researchers

using sequence read abundance to quantify relative pro-

portions of species. First, we found that increasing a spe-

cies mass proportion results in a consistently greater

proportion of DNA sequences, supporting the idea that

sequence read abundance can be used as a measure of

relative mass composition. There was, however, a strong

proportion-dependent effect on sequence read abun-

dance, such that when a species was present as a low

mass proportion its relative counts tended to be inflated

compared to those in the 50/50 mix, and the opposite

when the species was at a high mass proportion. A simi-

lar finding was reported by Kembel et al. (2012) while

applying gene copy number corrections to empirical

environmental data sets. They noted that gene abun-

dances (microbial 16S sequence reads) were generally

higher for the rarest taxa, and lower for the most abun-

dant taxa relative to estimated organism abundances.

Our combined results suggest that the observed

phenomenon may be inherent to the data produced by

next-generation amplicon sequencing, and should be

considered in future metabarcoding studies.

One potential explanation for the observed propor-

tion-dependent bias is that template DNA available in

high copy number during PCR may be more likely to
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Fig. 5 Linear equation for the log-transformed proportion-

dependent relative correction factors (PRCFs), plotted against

the 50/50 RCF corrected sequence percentages of all pairwise

mixtures combining test fishes (herring, capelin, atka) with the

control fish (mackerel). This equation can be used to derive the

proportion-dependent correction factor for any species, using

the 50/50 RCF corrected sequence % for that species in a mix-

ture. PRCFs can then be applied in a final correction step to

account for proportion-dependent biases (see Results section for

details).
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self-anneal rather than binding to PCR primers, which

would partially inhibit amplification. By contrast, tem-

plate DNA available in low concentration has a much

lower probability of self-annealing because the single

stranded fragments are more likely to encounter primers

instead of the complimentary DNA strand. Thus, in our

simple pairwise mixtures of two fish species DNA, it is

conceivable that the PCR for the high abundance species

is less efficient than the same reaction for the low abun-

dance species. Our observation that this bias was less

apparent in more complex mixtures (>2 species) is also

consistent with this explanation, as we would expect the

problem of self-annealing to be limited to instances

where there is an overwhelming difference between spe-

cies template DNA concentration during PCR.

A proportion-specific relationship between DNA

sequence % and biomass % could pose a significant chal-

lenge to bias correction efforts; however, we did find that

the magnitude of the bias was highly predictable and

consistent between species mixtures. The linear

equation from the log-transformed PRCFs enabled us to

calculate the level of correction would be required for

any resulting DNA sequence % after the initial 50/50

RCFs had been applied to sequence counts. The second-

stage correction factor based on that relationship mildly

improved estimates for the pairwise species mixes, but it

increased variability and worsened proportional esti-

mates for mixtures of more than two species. Given that

most mixtures contain more than two species and pro-

portional improvement with PRCFs was minimal, our

findings suggest that proportion-based correction is

likely not worth pursuing for application to field-col-

lected samples.

Although correction factors were influenced by spe-

cies input proportion, we did not find strong evidence of

an interactive effect between co-occurring species in mix-

tures. For example, when both species in the pairwise

mixtures were corrected with 50/50 RCFs (generated

using a common control fish species), the resulting pro-

portional estimates were highly consistent (Fig. 3: 50/50
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Fig. 6 Proportions of DNA sequences

counted after Illumina amplicon sequenc-

ing of tissue samples that contained 50%

of each test species by mass and 50% chub

mackerel (the control species). Purple and

blue dots indicate replicate samples of

those species for which individual fishes

were sequenced (indicating biological

replicate variation). Black dots and error

bars (SD) are samples from multiple com-

bined individual fish of the test species

(indicating technical replicate variation).
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RCF corrected). This implies that the magnitude of bias

for a particular species does not change depending on

the other species present in the mixture, and indicates

that 50/50 RCFs created by combining test and control

species are a viable means of correcting for the majority

of species-specific bias.

In all instances, 50/50 RCFs improved the relation-

ship between DNA sequences % and tissue mass %

when applied to DNA sequence counts. After applying

50/50 corrections to DNA sequences of the pairwise mix-

tures, the average estimate error was reduced from 21%

(uncorrected) to 9% (50/50 RCF corrected). Most of the

remaining error after 50/50 RCF correction was due to

deviation in the high and low mass proportions (Fig. 3).

The effectiveness of the 50/50 RCFs was much more pro-

nounced in the mixtures of all three test species, reduc-

ing the average estimate error from 19% to 3% (a sixfold

reduction in average error) (Fig. 4). This consistent accu-

racy improvement from 50/50 RCFs, and the apparent

lack of an interactive effect between species, suggests

that 50/50 RCFs could be a useful approach for increas-

ing the accuracy proportional biomass estimates in field-

based DNA metabarcoding studies.

In order to apply 50/50 RCFs in a metabarcoding

study with field-collected samples, a tissue library of

potential target organisms would need to be generated

such as the seal prey library created in our study. As

anticipated, sequencing of the 50/50 prey library
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resulted in substantial variation in the percentages of

sequences recovered between different fish species, indi-

cating a range of species-specific biases (Fig. 6). The fact

that there was very little variability between replicate

samples suggests that the biases detected (i.e. deviation

from 50%) are indicative of a true species-specific biases,

and not due to individual variation or experimental

error. Species of a common family tended to have similar

correction factor values, supporting the notion that there

is some phylogenetic structure to the biases detected

(Angly et al. 2014).

We demonstrated how the 50/50 RCF approach can

be used in a field study by applying our prey library-

derived RCFs to sequence data from wild harbour seal

scat samples. Our results indicated that the average mag-

nitude of improvement from 50/50 RCFs for any indi-

vidual species in a sample was approximately 7% per

diet species—although this will depend largely on the

number of species in the sample and the species propor-

tional differences. For example, the magnitude of

improvement from 50/50 RCF correction would be lar-

ger if a sample contained equal proportions of two spe-

cies, compared to a sample containing equal proportions

of three species. The degree of change to sample percent-

ages can be substantial when co-occurring species pre-

sent in large proportions require opposing correction

factors.

The impact of 50/50 RCF correction was far less pro-

nounced when samples were aggregated to create a pop-

ulation-level diet estimate (Fig. 7). The average change

due to 50/50 RCF correction to any individual species in

the population diet estimate was <2%, indicating that

there is a strong bias-mitigating effect of averaging sam-

ples when generating population diet estimates. These

results imply that the choice of whether or not to apply

50/50 RCFs in metabarcoding studies will likely be dri-

ven by the level at which proportion information is

needed (i.e. individual samples vs. aggregate estimates),

and the degree of accuracy required to effectively answer

the research questions.

While 50/50 RCFs may provide a solution to multiple

sources of bias in a single correction, there are other

sources of bias that are not accounted for using this

approach that require consideration. Most notably are

biases introduced by differential degradation of species

DNA due to either digestion (in the case of diet studies),

or other degenerative processes responsible for degrad-

ing environmental DNA. A metabarcoding diet study

with penguins suggested that differential DNA degrada-

tion due to digestion was the most significant cause of

bias in the study system (Deagle et al. 2010). In those

cases, additional bias correction efforts (e.g. lipid correc-

tion; Thomas et al. 2014) may be needed in order to

achieve a highly accurate representation of mass

proportion from DNA sequence counts of environmental

samples.

When to use 50/50 RCFs

In many DNA metabarcoding studies, the primary chal-

lenge is simply to detect all species present in an envi-

ronmental sample, such as when samples consist of

many phylogenetically dissimilar taxa that require multi-

ple degenerate primers to achieve amplification of most

species. In those circumstances, it is likely unrealistic to

expect accurate estimates of species proportion based on

DNA sequence read abundances (e.g. Clarke et al. 2014;

Elbrecht & Leese 2015), and correction factors are likely

not worth pursuing in that stage of methodological

development. However, in study systems focused on a

limited number of species which have conserved barcode

priming regions, 50/50 RCFs offer potential to improve

proportional estimates by accounting for multiple

sources of bias. The 50/50 RCF approach will be particu-

larly useful when biases to sequence read abundance are

substantial and the resulting species correction factor

magnitudes are large. Even when it is not possible to

generate a complete tissue library, a 50/50 RCF library

consisting of a subset of key species could be used to

screen for large species-specific biases and aid in the

interpretation of sequencing results.

For metabarcoding diet studies, the goal is often to

generate a population diet estimate from multiple indi-

vidual diet samples, and the diet proportions of any indi-

vidual sample are not especially important. Based on our

results, the accuracy improvement to population diet

estimates from 50/50 RCFs is subtle, and prey library-

derived 50/50 RCFs may not be worth the effort unless

high diet accuracy is needed. Small differences in

population diet estimates can however lead to drastically

different ecological conclusions. For example, over a 3-

month period a difference of 2% Chinook salmon in the

diets of 40 000 harbour seals in British Columbia could

equate to a difference of ~15 million juvenile Chinook

salmon being consumed by the seal population (Olesiuk

1993, 2010). This implies that accurate population-level

diet information may be very important in this study

system.

The benefits of 50/50 RCFs will be most apparent

when it is important to provide accurate proportional

information for a single environmental sample, or when

multiple replicate samples from a single location are

used to characterize species composition. Here, it is

worthwhile to distinguish between aggregates of repli-

cate samples such as those often employed in eDNA

studies vs. population averages of many individual sam-

ples taken from separate animals or different sampling

locations. Characterization of a single sampling site
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using DNA metabarcoding will be more vulnerable to

bias because estimates are less affected by the bias-miti-

gating effects of averaging. Thus, 50/50 RCFs will likely

prove beneficial for researchers using DNA sequence

read abundances to characterize species composition

from a single environmental sample or collection loca-

tion.

It should be emphasized that the species-specific cor-

rection factors calculated using this approach are also

specific to the experimental conditions of the method-

ological protocol. For example, one could not expect to

produce the same RCF values we calculated if the block-

ing oligo was excluded from the PCRs (Pi~nol et al. 2014,

2015). Therefore, the control materials used to produce

RCFs should be resequenced each time an alteration is

made to the methodological protocol, such as a change

in PCR conditions or the transfer of protocols between

laboratories.

Conclusion

Quantitative inference based on DNA sequence counts is

commonplace in the microbial ecology literature;

although recent studies recognize the need to account for

species differences in gene copy number that can largely

impact estimates of relative abundance. Factors biasing

sequence read proportions in most metabarcoding stud-

ies have until now limited analyses to descriptions of

biodiversity, or at best, semi-quantitative estimates of the

relative proportions of species. In this study, we outline

a method by which researchers can control for many of

the biasing factors involved in DNA metabarcoding

using 50/50 mixtures of the target species and a control

species. Although this method does not account for all

biases, the correction factors generated from the 50/50

tissue library greatly improved the relationship between

DNA sequence read abundance and mass percentage,

and could facilitate quantitative inquiry in future studies.

The usefulness of 50/50 RCFs as a tool in DNA metabar-

coding studies will ultimately be dictated by the feasibil-

ity of creating tissue mixtures for the target species, and

the level of accuracy needed to answer the research ques-

tions of interest.
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