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Variation in inhibitor effects on qPCR assays and

implications for eDNA surveys

Abstract: Aquatic environmental DNA (eDNA) surveys are sometimes impacted by polymerase chain reaction (PCR) inhibitors.
We tested varying concentrations of different inhibitors (humic, phytic, and tannic acids; crude leaf extracts) for impacts on
quantitative PCR (qPCR) assays designed for eDNA surveys of bighead and silver carp (Hypophthalmichthys nobilis and
Hypophthalmichthys molitrix). We also tested for inhibition by high concentrations of exogenous DNA, hypothesizing that DNA
from increasingly closely related species would be increasingly inhibitory. All tested inhibitors impacted qPCR, though only at
very high concentrations — likely a function, in part, of having used an inhibitor-resistant gPCR solution. Closer phylogenetic
relatedness resulted in inhibition at lower exogenous DNA concentrations, but not at relatively close phylogenetic scales.
Inhibition was also influenced by the qPCR reporter dye used. Importantly, different qPCR assays responded differently to the
same inhibitor concentrations. Implications of these results are that the inclusion of more than one assay for the same target
taxa in an eDNA survey may be an important countermeasure against false negatives and that internal positive controls may not,
in the absence of efforts to maximize inhibition compatibility, provide useful information about the inhibition of an eDNA assay.

Résumé : Les inhibiteurs de la réaction en chaine par polymérase (RCP) ont parfois un impact sur les études reposant sur ’ADN
environnemental (ADNe) aquatique. Nous avons vérifié si différentes concentrations de différents inhibiteurs (acides humique,
phytique et tannique et extraits bruts de feuilles) avaient une incidence sur des analyses quantitatives par RCP (RCPq) congues
pour des études d’ADNe de carpes a grosse téte et I'argentées (Hypophthalmichthys nobilis et Hypophthalmichthys molitrix). Nous avons
également vérifié si de fortes concentrations d’ADN exogene avaient aussi un effet inhibant, postulant que de ’ADN d’especes
de plus en plus étroitement apparentées serait de plus en plus inhibant. Tous les inhibiteurs examinés avaient un impact sur la
RCPq, mais seulement a de tres fortes concentrations, probablement dai au fait, en partie, de l'utilisation d'une solution
résistante aux inhibiteurs de la RCPq. Une parenté phylogénétique plus étroite se traduisait par une inhibition a de plus faibles
concentrations d’ADN exogéne, mais pas a des échelles phylogénétiques relativement proches. L’inhibition était aussi influencée
par le colorant rapporteur utilisé pour la RCPq. Fait important, différentes analyses par RCPq répondaient différemment aux
mémes concentrations d’inhibiteurs. Ces résultats indiqueraient que I'inclusion de plus d’une analyse pour les mémes taxons
cibles dans les études reposant sur ’ADNe pourrait étre une importante mesure pour éviter les faux négatifs, et que l'utilisation
de témoins positifs internes, en I'absence d’efforts pour maximiser la compatibilité de I'inhibition, pourrait ne pas fournir
d’information utile concernant I'inhibition dans une analyse d’ADNe. [Traduit par la Rédaction]|

Introduction

Over the last several years, there has been a growing interest in
the detection of plant and animal DNA in water samples (Ficetola
et al. 2008; Dejean et al. 2012; Goldberg et al. 2011; Jerde et al. 2011;
Fujiwara et al. 2016). The DNA obtained from these samples is
generally termed “environmental DNA” or “eDNA”. With typi-
cal eDNA sampling, free DNA, DNA-bearing particulates (e.g., clay
particles; Goring and Bartholomew 1952), or DNA containing mat-
ter (e.g., intact mitochondria) and other undissolved matter are
isolated from water samples by passing water through submicron
or micron-scale filters or by centrifuging the material and decant-
ing water away from the resulting pellet (Ficetola et al. 2008;
Goldberg et al. 2011). Next, eDNA samples are processed through
the following steps: (i) using one of many possible DNA extraction
protocols to isolate the DNA into an aqueous solution (or elution),
(i) applying an aliquot of the elution to conventional endpoint
polymerase chain reaction (PCR) or quantitative real-time PCR
(qPCR) with taxa-specific primers (and hydrolysis probes for some
variants of qPCR), (iii) viewing the PCR or qPCR results to see if

expected DNA amplicons are apparent, and sometimes (iv) se-
quencing the PCR amplicon to verify that it corresponds to the
targeted species’ DNA. In some cases, PCR is used to enrich the
eDNA sample for a subsequent next-generation sequencing assay
(e.g., DNA metabarcoding)

One of the most commonly cited confounding factors in eDNA
results is potential PCR inhibition (Goldberg et al. 2011; Jane et al.
2015; McKee et al. 2015b). PCR inhibition occurs when a constitu-
ent in a PCR reaction — usually an unwanted compound that
persists in solution through DNA extraction and isolation —
interferes with PCR at a molecular level and either completely pre-
vents the production of the target amplicon or substantially reduces
the amount of amplicon that is produced (Opel et al. 2010). Such
an effect is particularly worrisome for eDNA surveys, as intact
target DNA is typically a very minor, partly degraded constituent
of the overall environmental DNA sample. Because PCR inhibitors
can be difficult to completely eliminate or ameliorate, many
eDNA survey protocols call for internal positive PCR controls
(IPCs). IPCs are composed of a DNA template and PCR primers for
amplifying that template. In the case of hydrolysis probe qPCRs
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(e.g., TagMan qPCR), the IPC will also include a short dual-labeled
oligonucleotide (i.e., the probe) complimentary to a DNA se-
quence within the IPC amplicon. IPCs can be run in multiplex
PCRs (or qPCRs) with the actual eDNA assay (Schmidt et al. 2013;
Turner et al. 2014; Wilson et al. 2014) or as separate IPC-only PCRs
(or gPCRs). A reaction is considered inhibited if there is a failure to
either amplify the IPC or if an increase is observed in the qPCR Ct
(cycle number at which amplification threshold surpasses the back-
ground fluorescence threshold) relative to that observed in known
clean solutions (e.g., positive controls). This approach, however,
assumes that PCR of the IPC will be impacted by inhibitors in the
same manner as the eDNA assay. Other than exploring remedies
to PCR inhibition (McKee et al. 2015a; Williams et al. 2017) and the
somewhat standard employment of IPCs, there has been very lit-
tle effort among eDNA practitioners to better understand the
complexities and implications that different inhibitors bring to
bear on eDNA practice (but see Stoeckle et al. 2017).

Fortunately, some information on PCR inhibition can be ob-
tained from studies of forensic DNA, ancient DNA, water quality
science, soil metagenomics, etc. (Wilson 1997; Serensen et al. 2003;
Albers et al. 2013). It is known that PCR inhibitors usually affect
PCR through direct interaction with DNA or interference with the
DNA polymerase and (or) other PCR reagents. There is a large
variety of PCR inhibitory compounds that can be co-extracted with
DNA. For example, tannic acid may bind magnesium, which is a
co-factor affecting DNA polymerases, and thus inhibit polymerase
activity (Opel et al. 2010). Humic acids interact with the template
DNA and the polymerase, subsequently preventing the enzymatic
reaction even at low concentrations (Sutlovi¢ et al. 2005, 2008;
Opel et al. 2010). Recently, Stoeckle et al. (2017) identified humic
substances as particularly problematic inhibitors for eDNA sur-
veys. For qPCR methods utilizing double-stranded DNA-binding
dyes (e.g., SYBR Green I), humic substances may quench dye fluo-
rescence (Sidstedt et al. 2015). In the same study, hydrolysis probe
qPCR (e.g., TagMan qPCR) fluorescence was not quenched by hu-
mic substances. In both types of qPCR (DNA-binding dye and hy-
drolysis probe), assay results may be impacted when humic
substances inhibit PCR efficiency. Schrader et al. (2012) list exog-
enous DNA as a potential qPCR inhibitor, though very high con-
centrations are required to achieve inhibition (Kainz 2000). Such a
situation might arise in an eDNA survey when exogenous eDNA
from one or more relatively abundant and closely related taxa is
amplified due to sequence complementarity with assay primers, but
not detected due to mismatches with the hydrolysis probe sequence
(Kainz 2000).

Improved understanding of the fundamental, functional, and
quantitative effects of PCR inhibition on eDNA surveys has the
potential to greatly improve survey planning, data interpretation,
and model generation. Our aim is to contribute to this under-
standing by experimentally characterizing the interplay between
several known or suspected inhibitors with a suite of different
qPCR assays designed to detect macrobial aquatic species. In this
case, we focused on several different inhibitors that might be
expected to occur in environmental water samples and on qPCR
assays designed to detect silver carp (Hypophthalmichthys molitrix)
and bighead carp (Hypophthalmichthys nobilis). These two species
have established invasive populations in many areas of the world
and have been the subject of considerable eDNA development and
study (e.g., Jerde et al. 2011; Turner et al. 2014; Klymus et al. 2015).

Materials and methods

Inhibitors and inhibitor preparations
The effects on qPCR of two different general classes of PCR
inhibitors that may be co-extracted in aquatic eDNA samples were

investigated: (i) compounds derived from plants and (ii) high con-
centrations of exogenous DNA. In the case of compounds derived
from plants, we initially tested the inhibitory effects of discrete
compounds that may be released from decaying organic matter,
particularly plant material, in water bodies, namely humic acid,
phytic acid, and tannic acid. We further tested the inhibition of
gqPCR by crude extracts from red maple (Acer rubrum) and black
willow (Salix nigra) leaves. We selected these two species because
they are local (Vicksburg, Mississippi, USA) representatives of tree
genera that are typically abundant along river bottomlands where
invasive populations of Hypophthalmichthys are found in North
America and are thus representative of species that likely contrib-
ute decaying leaf biomass, and associated inhibitory substances,
into those aquatic systems. In the case of high-concentration DNA,
we further explore the influence of DNA sequence similarity on
PCR inhibition by investigating DNA from three sources of differ-
ing evolutionary distance from Hypophthalmichthys (closest to most
distant; refer to online Supplementary Material, Table S1?): golden
shiner (Notemigonus crysoleucas), salmon (Salmonidae), and the bac-
terium Escherichia coli. Golden shiners are confamilial (Cyprinidae)
with Hypophthalmichthys. The effects of increasing concentrations
of inhibitors on qPCR were measured as declines in the estimated
copy number of template DNA (concentration remained con-
stant), which we term, for the purposes of this study, as “declines
in sensitivity”. This approach to quantifying the effects of inhibi-
tors on qPCR assays of eDNA samples differs somewhat from the
common usage of ACq (i.e., change in quantification cycle) as a
measure of inhibition (Jane et al. 2015; Goldberg et al. 2016). Nor
do we use the common criterion of ACq = 3 as a threshold for
considering a sample as “inhibited” (Turner et al. 2015; Goldberg
et al. 2016). There is currently no standard criterion among eDNA
studies for describing levels of inhibition, and we believed that
expressing inhibition as changes in estimated copy number
would be both sufficient for those readers with qPCR expertise
and more meaningful to those readers lacking such expertise.

Humic acid sodium salt (Sigma-Aldrich, USA; product No. H16752),
phytic acid sodium salt hydrate (Sigma-Aldrich; product No.
P8810; CcH,50,,P¢), and tannic acid powder (Sigma-Aldrich; prod-
uct No. 403040; C,H;,0,,) were each serially diluted and incor-
porated into 20 pL qPCR solutions to test the effects of changing
inhibitor concentrations on different qPCR assays. Fresh maple
and willow leaves were collected locally and air-dried for 2 weeks
at room temperature, after which 10 g of dried leaf material were
boiled in 2 L of pure water for 1 h with agitation. A coloured aqueous
solution resulted — presumably containing qPCR inhibitors —
and was then serially diluted as described in Table 1 and then
included as 1 pL aliquots in 20 pL qPCRs to test the effects of
changes in these inhibitor concentrations (0.0004-0.05x dilution
relative to original leaf solution; Table 1) on the different qPCR
assays. An additional test of even more concentrated leaf solu-
tions was conducted by drying 1, 5, 25, and 50 pL of original
undiluted solutions in the wells of 384-well plates and then
running qPCR assays in those wells (i.e., 0.25x dilution, 1.25x
concentration, and 2.5x concentration relative to the original
leaf solution; Table 1).

Total genomic DNA (gDNA) was extracted from golden shiner
tissues using the DNeasy Blood and Tissue Kit (Qiagen, USA) using
a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
USA). A dilution series (Table 1) with nine concentration classes
was then generated. A 10 mg-mL~"! pure stock of salmon sperm
DNA was purchased from Life Technologies (Life Technologies;
product No. 15632011), and a dilution series (Table 1) with eight
concentration classes was generated. Whole gDNA from over-
night culture of E. coli strain K12 ER2738 (New England Biolabs,

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2018-0263.
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Table 1. PCR inhibitors used in tests of several Hypophthalmichthys
molitrix and Hypophthalmichthys nobilis eDNA markers, with details on
tested concentrations (within 20 pL qPCR solutions).

Table 2. The qPCR markers (i.e., primers and probes) for bighead carp
(BHC) and silver carp (SC) that were used to characterize the effects of
different PCR inhibitors on qPCR.

Dilution and concentration series

Inhibitor Unit Concentration

Humic acid ng-ul-' 250,125, 50, 25, 5, 2.5, 0.5

Phytic acid ng-pL? 2500, 1000, 500, 250, 50, 12.5, 2.5, 0.5

Tannic acid ng-pL-t 750, 500, 250, 125, 50, 12.5, 2.5, 0.5

Red maple X 2.5,1.25, 0.25, 0.05, 0.01, 0.002, 0.0004

Black willow X 2.5, 1.25, 0.25, 0.05, 0.01, 0.002, 0.0004

Golden shiner  ng-pL-' 900, 600, 300, 100, 47.5, 31, 16.8, 8.4, 4.2
DNA

Salmon DNA ng-pL-t 1500, 1000, 500, 250, 125, 50, 25, 5

E. coli DNA ng-pL-1 3250, 1625, 975, 530, 265, 115, 50, 25

Note: X = multiplier for change in concentration of leaf extract in qPCR
solution relative to original solution.

Inc., Ipswich, Massachusetts, USA) was extracted using the DNeasy
Blood and Tissue Kit and quantified using the Nanodrop 1000. A
dilution series of the E. coli DNA (Table 1) with eight concentration
classes was then generated.

All dilutions of the inhibitors were carried out using Ambion
nuclease-free purified water (Thermo Fischer Scientific, USA). All
inhibitor dilution series used in these trials were based on prelim-
inary range-finding tests that identified the minimum compound
concentrations at which qPCR assays were completely inhibited
(data not shown). The tested levels of humic, phytic, and tannic
acids, which are all classes of dissolved organic carbon (DOC),
were very high (about 10°-103x) compared with some of the high-
est published DOC concentrations (Sobek et al. 2007; Osburn et al.
2011; Mostofa et al. 2013). We assume that these high concentra-
tions were, in large part, required due to our use of Environmen-
tal Master Mix 2.0 (Life Technologies) for all assays. Environmental
Master Mix 2.0 is well known to provide robust qPCR results in the
presence of inhibitors (Jane et al. 2015; Verhaegen et al. 2016) and
is likely the most commonly used component in eDNA assays that
utilize hydrolysis probe qPCR (e.g., TagMan gPCR; Turner et al.
2014; Jane et al. 2015; Sigsgaard et al. 2015). As hydrolysis probe
qPCR is the recommended (Goldberg et al. 2016) and, likely, most
common PCR method utilized for eDNA surveys, and as even
qPCRs utilizing Environmental Master Mix 2.0 can be inhibited
(Doi et al. 2015; Sigsgaard et al. 2015; Turner et al. 2015), our results
are particularly relevant to current eDNA practice. We would also
surmise that inhibition may be a function of multiple co-acting
substances, which may each individually contribute to inhibition
while occurring at lower concentrations than we had to use for
our trials. We also note that the concentrations of exogenous DNA
used in our inhibition trials are very high (about 10-10%x) com-
pared with DNA concentrations typically found in total DNA ex-
tracts from water samples (Deiner et al. 2015; Djurhuus et al. 2017;
Shahraki et al. 2019), and even about 3-10x the concentrations
that might be expected from a typical PCR yield. In any case, a
primary focus of this study was to explore a general trend in how
different qPCR assays interact with the same inhibitors, not to
detail precise quantitative relationships between particular as-
says and different inhibitory substances. A key objective then was
to simply achieve qPCR inhibition, regardless of the concentra-
tions of inhibitors required to achieve it.

Hypophthalmichthys eDNA assays and qPCRs

Several published qPCR assays designed for detecting
Hypophthalmichthys carps were used to test how the effects of in-
hibitors might vary among different assays (Farrington et al. 2015).
Descriptive metrics (Table 2; Table S1! in the Supplementary Ma-
terial) for each assay and its associated amplicon were determined
using Geneious R8 (Biomatters, New Zealand). Commercial syn-
thesized G-block fragments (IDT, USA) matching the qPCR ampli-

Target Primer and Amp Amp Amp
Marker species  probe GC% Tm BP GC% Tm
SC-TM4 SC 50.0 56.1 169 46.2 79.8
SC-TM5 SC 47.6 58.3 99 43.4 75.9
BH-TM1 BHC 46.6 56.4 145 44.1 78.4
BH-TM2 BHC 50.0 60.2 97 45.0 77.0
AC-TM1 Both 46.7 60.2 146 47.3 79.7
AC-TM3 Both 46.8 56.6 134 45.5 78.5

Note: Primer and probe GC% details the mean percent GC nucleotide content
of the forward primer, reverse primer, and hydrolysis probe. Tm and Amp Tm
detail the melting temperatures (°C) of the primer-probe set (mean value) and
resulting amplicon, respectively. Amp BP and Amp GC% detail the length (in
DNA base pairs) and percent GC nucleotide content, respectively, of the result-
ing amplicons. Amplicon statistics are based on National Center for Biotechnol-
ogy Information GenBank (Benson et al. 2013) DNA sequence accessions
KR756343.1 and KJ729076.1 are for BHC and SC, respectively.

con sequences were used as DNA templates. A ViiA 7 Real-Time
PCR System (Thermo Fisher Scientific) was used for all qPCR trials.
The qPCR assays were multiplexed in the following pairs: BH-TM1
and BH-TM2; SC-TM4 and SC-TM5; and AC-TM1and AC-TM3 (Table 2).
Within each multiplex, one primer set would bear the fluorescent
reporter dye 6FAM and the other would bear the fluorescent re-
porter dye VIC (Life Technologies). Farrington et al. (2015) found
no substantial decline in assay sensitivity when these assays were
used in multiplex. Additionally, these multiplex qPCRs provide
insight into eDNA assays that are multiplexed with IPCs. All gPCR
reactions contained 10 pL of 2x TagMan Environmental Master
Mix 2.0, 0.5 pmol-L- of each primer, 0.125 p mol-L-* of probe, 1 pL
of DNA template (1000 copies-u.L™1), 1 nL of select inhibitor solu-
tion (except trials with dried-down leaf extract already in PCR
plate wells), and ultrapure water to a final volume of 20 pL. DNA
template concentrations were calculated based on manufacturer-
provided stock concentrations and subsequent dilution factors.
Thermal-cycling profiles for the qPCR tests were as follows: tem-
perature cycling began with an initial denaturation step at 95 °C
for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for
1 min. Four replicate qPCRs were run for each combination of
assay, inhibitor, and inhibitor concentration. A minimum of four
negative controls (water blanks) and at least eight positive con-
trols (no added inhibitor) were run for each assay. Positive con-
trols were run to provide a robust baseline for expected copy
number estimates in uninhibited qPCRs. Sixfold 5x dilution series
(10-31250 copies-pL) of each G-block DNA template were used as
quantitation standards. Finally, four no-template qPCRs containing
inhibitors, at all tested concentrations, were run for each type of
inhibitor to determine whether inhibitory substances caused any
changes to background fluorescence.

Statistical analysis

For quality control purposes, any qPCR demonstrating a thresh-
old cycle (Ct) outside of the first standard deviation of the mean Ct
for the four replicate reactions for each trial (inhibitor concentra-
tion + assay) was eliminated from the data set. For each type of
inhibitor, the distribution of qPCR estimates of DNA copy number
(CN) were plotted against increasing inhibitor concentrations. The
differences in how assays responded to various concentrations of
inhibitor were assessed using an analysis of variance (ANOVA) model
with log(CN) as a function of inhibitor concentration and assay,
with interaction effects between inhibitor concentration and as-
say included in the model. CN values of 0 were adjusted to mini-
mal nonzero values (e.g., 0.0001) to linearize data using a log(10)
transformation. The potential influence of the fluorescent qgPCR
reporter dyes (6Fam, Vic; Thermo Fisher Scientific; Table S1') as
co-factors in our results were likewise assessed using ANOVA,



Fig. 1. The effects of increasing concentrations of humic acid on qPCR estimates of original DNA template copy number (CN; calculated at
1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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Fig. 2. The effects of increasing concentrations of phytic acid on qPCR estimates of original DNA template copy number (CN; calculated at
1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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Fig. 3. The effects of increasing concentrations of tannic acid on qPCR estimates of original DNA template copy number (CN; calculated at
1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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with log(CN) as a function of inhibitor concentration and dye,
with interaction effects between inhibitor concentration and dye
included in the model. For each inhibitor we explored the influence
of primer—probe attributes (%GC content, melting temperature;
Table 2) on inhibition using analyses of covariance (ANCOVAs),
where the regression coefficient determined earlier for each assay
in the preceding ANOVAs comprised the dependent variable. Sim-
ilar analyses were conducted for amplicon attributes (length, %GC
content, melting temperature; Table 2) as well. All statistical anal-
yses were conducted using R version 3.4.3 (R. Core Team 2017).

Results

Inhibitors by themselves did not induce any detectable change
in background fluorescence levels in any qPCR assay conducted
during the study.

Humic, phytic, and tannic acids

Humic acid, phytic acid, and tannic acid all inhibited qPCR at
some concentration (Figs. 1-3), but patterns of inhibition differed
considerably among inhibitors and to some degree among qPCR
assays. Clear inhibition of qPCR, where at least some mean CN
estimates were significantly lower than those of control reactions,
was observed at 50 ng-pL-! with humic acid, at 500 ng-pL~! with
phytic acid, and at 250 ng-pL~! with tannic acid (Figs. 1-3). With
humic acid (Fig. 1), qPCR sensitivity appeared to be unaffected
over several dilution classes and then rapidly dropped for some
assays at a concentration of 50 ng-pL~, with absolute inhibition of
all qPCR assays observed at 125 ng-pL-1. With phytic acid (Fig. 2),
there was an immediate increase in inhibition (decline in esti-
mated CN) at 0.5 ng-pL~%, followed by a leveling off of inhibitor
effect until absolute inhibition of all assays at between 500 and

1000 ng-p.L-1. Tannic acid inhibition (Fig. 3) exhibited the most
extreme pattern, with most assays having very rapid declines into
absolute inhibition between 125 and 500 ng-p.L~! tannic acid.

The decline in sensitivity with increasing concentrations of hu-
mic acid (Fig. 1) significantly fit an exponential decay curve (R? =
0.867, p < 0.001) with no significant variance among assays, but a
significant interaction between inhibitor concentration and assay
ACTM3 (p = 0.015). The decline in sensitivity with increasing con-
centrations of phytic acid (Fig. 2) also significantly fit an exponen-
tial decay curve (R? = 0.779, p < 0.001) with no significant variance
among assays nor any significant inhibitor concentration-assay
interactions. The decline in sensitivity with increasing concentra-
tions of tannic acid (Fig. 3) significantly fit an exponential decay
curve (R? = 0.799, p < 0.001) with a significant variance among
assays (p = 0.050), but no significant inhibitor concentration-assay
interactions. Of note, SCTM4 was absolutely inhibited at lower
concentrations than all other assays for all three inhibitors, with
the exception of BHTM1 and tannic acid, for which both assays
were absolutely inhibited at a lower concentration than other
assays.

Red maple and black willow extracts

Extracts from the leaves of both red maple and black willow
inhibited qPCR, but at different levels of dilution (Figs. 4-5). Inhi-
bition with the maple leaf extract appeared to cause a more rapid
decline from no observable effect to complete or nearly complete
inhibition for all assays than was observed for the willow leaf
extract. The decline in sensitivity with increasing concentrations
of red maple leaf extract fit an exponential decay curve (R? =0.691,
p < 0.001) with no significant variance among assays (p = 0.411) and
no significant inhibitor concentration-assay interactions. The



Fig. 4. The effects of increasing concentrations of maple leaf extract on qPCR estimates of original DNA template copy number (CN;
calculated at 1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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Fig. 5. The effects of increasing concentrations of willow leaf extract on qPCR estimates of original DNA template copy number (CN;
calculated at 1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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Fig. 6. The effects of increasing concentrations of golden shiner DNA on qPCR estimates of original DNA template copy number (CN;
calculated at 1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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decline in sensitivity with increasing concentrations of willow
leaf extract significantly fit an exponential decay curve (R? =
0.659, p < 0.001) with a significant variance among assays
(p < 0.001), particularly SCTM4 (p < 0.001), but no significant in-
hibitor concentration-assay interactions. With the black willow
trial, a significant variance was found between the two reporter
dyes (p = 0.010), with 6FAM-labeled assays appearing to be more
inhibited than VIC-labeled assays (Fig. S1'). There were no signifi-
cant inhibitor concentration-dye interactions observed in this
assay.

Golden shiner, salmon, and E. coli DNA

All three DNA types inhibited qPCR, with inhibition and ab-
solute inhibition with golden shiner and salmon DNA (Figs. 6-7)
occurring at much lower concentrations (largely by 600-
1000 ng-nL~?) than with E. coli DNA (at ~3250 ng-pL~! or greater;
Fig. 8). The decline in sensitivity with increasing concentrations
of golden shiner gDNA significantly fit an exponential decay curve
(R? = 0.736, p < 0.001) with a significant variance among assays
(p = 0.025) and significant interactions effects for inhibitor con-
centration and assays (p < 0.001), including with BHTM2 (p < 0.001)
and SCTMS5 (p < 0.001). The decline in sensitivity with increasing
concentrations of salmon sperm gDNA significantly fit an expo-
nential decay curve (R? = 0.596, p < 0.001) with no significant
variance among assays (p = 0.115) nor any significant interactions
effects for inhibitor concentration and assays (p = 0.998). The de-
cline in sensitivity with increasing concentrations of E. coli gDNA
significantly fit an exponential decay curve (R = 0.707, p < 0.001)
with a significant variance among assays (p < 0.001), including
BHTMI1 (p < 0.001), BHTM2 (p < 0.001), and SCIM5 (p < 0.042).
Significant interactions effects for inhibitor concentration and
assays occurred with BHTM1 (p < 0.001), BHTM2 (p < 0.001), and
SCTMS (p < 0.001). In all three trials there were no significant dye
effects (p = 0.217-0.814), but for each there were significant inhib-
itor concentration-dye interactions (p < 0.001). In all three cases,

6FAM-labeled assays were more inhibited at higher exogenous
DNA concentrations than VIC-labeled assays (Fig. S21).

Discussion

In our study we found, not unexpectedly, that qPCR assays had
a strong tendency for exponential decay in sensitivity to target
DNA with increasing concentrations of different inhibitors. Inter-
estingly, we found that the two different reporter dyes used for
our assays seemed to influence apparent levels of inhibition when
leaf extract from black willow was applied to qPCR. This finding
contrasts, to some degree, with Sidstedt et al. (2015), who found
that though humic substances inhibited qPCRs, the tested humics
did not actually impact the fluorescent properties of the hydrolysis-
probe dye. It may be that the willow leaf extract we prepared con-
tained particular compounds that act to quench 6FAM to a greater
degree than VIC. The lack of any significant effect of red maple
extract on reporter dyes, along with similar lack of effect from the
other organic carbon inhibitors (humic, tannic, and phytic acids),
reinforces the observation that inhibitor effects on qPCR-based
eDNA assays are complex and difficult to anticipate.

High concentrations of exogenous DNA proved to be inhibitory
to qPCR assays, though at concentrations that may be rarely, if
ever, encountered with eDNA samples. This inhibition is likely a
function of PCR constituent saturation similar to what occurs
with PCR amplification plateaus (Kainz 2000). The observation
that qPCR assays were inhibited to different degrees at different
concentrations of fish and E. coli DNA indicates that sequence
similarity (Table S1!) can play a role in exogenous DNA inhibition
of PCR. Given this observation, it is clear that the development of
assays that not only do not fluoresce but also do not amplify DNA
from related taxa that co-occur with target taxa, especially if these
nontarget taxa are more abundant, should be a critical concern.
We further note that, contrary to our expectation, we did not
observe a clear difference between inhibition levels resulting from



Fig. 7. The effects of increasing concentrations of salmon DNA on qPCR estimates of original DNA template copy number (CN; calculated at
1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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Fig. 8. The effects of increasing concentrations of E. coli DNA on qPCR estimates of original DNA template copy number (CN; calculated at
1000 copies across all treatments). Lines represent trends in mean estimated CN for each marker.
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high concentrations of golden shiner and salmon DNA (Figs. 6-7). It
may be that sequence mismatch levels between golden shiner and
salmon DNA at loci homologous to bighead carp eDNA assays (i.e.,
primers and probes) were small enough that high concentrations
of gDNA from the two species had similar inhibitory effects on
those bighead carp assays. In any case, the degree of phylogenetic
relatedness that must be considered when designing new assays
may have to reach beyond the level of genera and families. We
observed such a phenomenon during the design and testing of
conventional, endpoint PCR assays for bighead carp, silver carp,
and the black carp (Mylopharyngodon piceus; R. Lance and X. Guan,
personal observation). Also of note, based on the inhibition of our
assays by E. coli gDNA, even temporary binding interactions between
qPCR oligonucleotides (i.e., primers and probes) and exogenous
DNA template with which PCR primers have poor complementa-
rity can reduce the rate at which assay oligonucleotides bind to
target loci (Kainz 2000). We also found that inhibition resulting
from high exogenous DNA concentrations was influenced by DNA
concentration-reporter dye interactions. We do not know why
this effect emerged in our trials, but, again, such observations
reflect the challenge of conducting molecular-level analyses on
complex environmental samples. In any case, considering the
very high levels of exogenous DNA required, as a single factor, to
bring about detectable qPCR inhibition in our trials, it may be that
exogenous DNA either only functions as co-factor in eDNA assay
inhibition or is almost never an issue.

In terms of eDNA surveys, at a basic level, inhibitors can cause
false negative results in eDNA surveys and result in misinformed
management decisions. Models of the relationships between tar-
get organism presence (or abundance or biomass) and the proba-
bility of eDNA detection or eDNA copy number (e.g., Schmidt et al.
2013; Schultz and Lance 2015; Chambert et al. 2018) would also be
confounded by inhibition. Currently, one way the problem of PCR
inhibitors in eDNA samples is dealt with is by attempting to select
DNA extraction-isolation kits and protocols that are compara-
tively more effective in removing inhibitory substances (Goldberg
et al. 2015; McKee et al. 2015a; Eichmiller et al. 2016). However, the
typically low and highly variable DNA yields obtained from envi-
ronmental samples using most kits and protocols make it very
difficult to surmise whether PCR suffers from inhibition or from
little or no template DNA. Other approaches include either dilut-
ing DNA elutions in hopes that dilution of inhibitory substances
will minimize their impacts on PCR or incorporating a second
DNA clean-up (e.g., spin column purification) in an attempt to
further minimize the concentration of inhibitors in the final DNA
elution (Pilliod et al. 2013; McKee et al. 2015a; Eichmiller et al.
2016). However, as target eDNA tends to be a very scarce constit-
uent of eDNA samples (there are often fewer than five copies of
target DNA per microlitre of elution; R. Lance, personal observa-
tion), additional dilutions could result in qPCR aliquots lacking
target DNA template and, thus, false negative results (McKee et al.
2015a). Additional cleaning steps also can lead to false negatives,
as such steps nearly always fail to recover all the DNA — and often
result in the loss of a majority of DNA — in the original elution
(Serensen et al. 2003; McKee et al. 2015q; R. Lance, personal obser-
vation). In some cases, inhibitor effects may be ameliorated using
measures such as optimizing PCR component concentrations
(e.g., MgCl,), amending PCR with compounds that can reduce in-
hibitor effects (e.g., bovine serum albumin; Dejean et al. 2012;
Schmidt et al. 2013; Deiner et al. 2015), utilizing DNA polymerases
that are more robust in the presence of inhibitors, etc. These PCR
modifications, however, often do not completely ameliorate in-
hibitor effects, and their utility varies with the type of inhibitors
present (Albers et al. 2013). Furthermore, water chemistries of
systems from which eDNA samples are obtained typically are not
characterized and samples may contain a mixture of different
inhibitor classes.

A recurring pattern in our study was considerable variance in
how different qPCR assays respond to the same inhibitor. Though
not widely discussed in the eDNA literature, other studies have
observed that different inhibitors impact eDNA assays in different
ways (McKee et al. 2015a). Given the complexities in inhibitor
constituencies that are likely to be found in environmental ma-
trices (e.g., water, sediment), the variance in how different gPCR
assays are affected is likely to be quite large. Under such condi-
tions, if multiple assays targeting the same species are used in an
eDNA survey, it may be that one or more assays are considerably
inhibited, while other assay(s) may not be — providing detections
that might otherwise be missed. This strategy, currently employed in
eDNA monitoring for Hypophthalmichthys carps in the US (USFWS
2018), reduces the risk of false negative results due to qPCR inhi-
bition. Multiple assays could be run either in a multiplex qPCR or
in separate qPCRs.

To save on sample processing time and costs, and the losses of
DNA, associated with additional sample treatments or sample
dilution, researchers often incorporate IPCs into qPCR to identify
those samples that are likely inhibited. Typically, a single gPCR
IPC assay, either purchased from a commercial provider or
designed in-house, is employed for some or all assays. A major
implication arising from the observation that assays may vary
considerably in how they are affected by inhibitors is that, in
some cases, the expectation that qPCR eDNA assays and associated
IPCs are responding to inhibitory factors in the same fashion, and
that IPCs are providing useful information about assay inhibition,
may be unfounded. For example, considering the apparently rapid
shift from no significant inhibition to notable levels of inhibition
for some inhibitor-assay combinations (Figs. 1-8), there will be
situations where an IPC may show no notable inhibition, while
the assay of interest is strongly inhibited and vice versa. This
problematic issue had been noted previously in fields outside of
eDNA. For example, Huggett et al. (2008) conducted a series of
experiments demonstrating that different assays responded dif-
ferently to inhibitors associated with human urine samples. These
researchers noted, “If two different PCR reactions are to be com-
pared, or one is to be used as a reference reaction for the other...,
it is important that the two reactions are affected by potential
inhibitors to the same extent.” An IPC would be a clear instance of
one assay being used as a “reference reaction for the other”.
Huggett et al. (2008) further coined a term, “inhibition compati-
bility”, as a way of describing how well matched two or more
assays are in their responses to the same inhibitor (and to the
same concentrations of the same inhibitors). Until now, however,
and to the best of our knowledge, the issue of inhibition compat-
ibility, and its implications for IPCs, have not been explicitly ad-
dressed in the field of eDNA surveys and monitoring.

Huggett et al. (2008) also state, “Recognition of the importance
of assessing inhibition compatibility should contribute to reduc-
ing error and increasing accuracy in both gene expression studies
and PCR-based molecular diagnostics.” Likewise, it seems impor-
tant then that more effective IPC strategies be developed among
eDNA practitioners. Methods for designing IPC assays that maxi-
mize inhibition compatibility between eDNA assays and IPCs will
need to be devised. Our study results indicate that simply taking
into account amplicon lengths, GC contents, and (or) primer, probe,
and amplicon melting temperatures will be insufficient. These find-
ings reflect those of Huggett et al. (2008), who also found no correla-
tions between inhibition and several other primer and amplicon
features (e.g., secondary structure). Likewise, common expecta-
tions for how IPCs are vetted and tested for use in eDNA surveys
will need to emerge. If nothing else, it is advisable that eDNA
studies utilizing IPCs compare the performances of IPCs and
planned assays in the presence of some classes of inhibitors ex-
pected to be present in eDNA samples. In summary, the field of
aquatic macrobial eDNA monitoring is rapidly evolving and be-
coming an increasingly important tool for ecologists. New ap-



proaches for minimizing assay inhibition and for accounting for
its effects on survey results will considerably advance the role of
eDNA surveys in conservation and natural resources manage-
ment.
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