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The presence of polymerase-chain-reaction (PCR) inhibitors in many environmental samples can make reliable
and repeatable quantitative-polymerase-chain-reaction (QPCR) analysis difficult without sample dilution. To
estimate an optimal sample dilution for qPCR and reduce effects of inhibition, a simple test based on multiple
dilution series of samples is presented that avoids the use of internal controls and standards reducing complexity

Polymerase-chain-reaction (PCR) inhibition occurs when a substance
interferes with DNA and polymerase interaction (Wilson, 1997). In-
hibitors, for example clays and humic substances, bind strongly to DNA
stopping the polymerase from completing amplification, or they can
denature the polymerase. As a result, inhibition is a potential problem
with DNA extracts from environmental samples such as sediments and
soils. With quantitative-polymerase-chain-reaction (QPCR), the presence
of inhibitors can impact the accuracy and repeatability of assays through
the introduction of stochastic error. Diluting samples offers a potential
solution but only where template concentration can be kept above the
limit of quantification (LoQ).

Accurate estimates of gene copy number, using qPCR, rely on a
doubling of the number of amplicons every cycle. The percentage effi-
ciency (E) of the qPCR assay can be calculated using the slope of the
standards' log-linear trendline, plotted using the log;y concentration
against the cycle threshold, Cy) value or quantification cycle (Cg), as in
Eq. (1). The C; value is the fractional amplification cycle where the as-
say's fluorescence, proportional to the concentration of dsDNA, is
greater-than the background. A well-designed and optimised assay will
have an E between 90 and 110% and the R? > 0.95 (Bustin et al., 2009).
If inhibition stops the doubling of the amplicon every cycle, it renders
the estimation of sample copy-number from comparison with standards,
through a log-linear trendline, unreliable.

qPCR efficiency calculation

E =105 —1 @

where E = Efficiency and the slope is derived from the log-linear
trendline plotted from the standards (see example: Fig. 2).

Many environmental laboratories using qPCR likely face issues with
inhibition, but no simple methodology has been published to help
overcome the problem. Previous work to control and understand inhi-
bition has included an internal recovery standard. This could take the
form of a multiplex reaction, i.e. with two targets and amplicons in one
reaction, for example the SPUD assay (Nolan et al., 2006), which adds
cost and complexity. The PREXCEL-Q (P-Q) program described by Gal-
lup and Ackermann (2008) sought to improve the reproducibility and
uniformity of qPCR assay design, unfortunately, the program has not
been maintained and is unavailable for use. Recently, a probabilistic
model of interpreting standards and low-concentration samples has been
published but this does not seek to control or predict inhibition during
gqPCR (Schmidt et al., 2023).

Another common approach is to dilute samples to the point where
inhibition is no longer affecting the assay. Reducing sample concentra-
tion in qPCR can lessen the impact of inhibitors during qPCR (Schneider
etal., 2009; Wang et al., 2017). However, diluting samples risks the gene
of interest being pushed to an undetectable level. To compound this
problem, inhibition can affect genes with low copy numbers to a greater
extent (Lindberg et al., 2007).

Reactions with either too little, or too much, target amplicon can
exhibit noise or scatter in their reported C; values. This is generated
through error both during setup, for example pipetting, and during the
gPCR assay. At high concentrations, inhibition will increase the varia-
tion in reported C; values. In the extreme, high concentrations can
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confuse baseline estimation and lead to imperfect amplification effi-
ciency. With low concentrations, limited target also leads to imperfect
efficiency, especially at the start of the assay; as the assay progresses
samples will reach the quantification threshold earlier if they amplified
well in the early cycles, compared to sample replicates that initially
amplified poorly. Cumulatively, this results in a sigmoidal curve when C;
is plotted against starting log copy-number as the scatter in reported C¢
values leads to a flattening in the expected log-linear trendline at the
extremes of concentration. Here, it is proposed that a dilution series is
used with difficult starting samples in a preliminary qPCR assay; Ct is
plotted against log-dilution and used to predict a log-linear trendline;
this is then used to estimate a usable dilution range for that sample set,
avoiding both under and over-dilution of samples.

A subset of the samples is diluted with ultra-pure water down to
1:10,000 in 12 increments (Fig. 1). The diluted sample series are used in
a qPCR assay of the 16S rRNA gene before the main analysis, which may
include other qPCR assays targeting different genes. Samples can be run
in triplicate, for each dilution, if a lot of variation is anticipated. Average
C; values for each dilution are generated using the C; values from all
samples and replicates. A complete set of standards for the 16S rRNA
gene assay is also run (10 to 108 copies pl™1), plus a no template con-
trol. The samples' C; values are grouped (Fig. 1) and an E and R? value is
produced for each grouping. Each grouping covers a 100-fold dilution
range. These E and R? values are compared to those of the standards. The
grouping with an E value closest to that of the standards is considered
usable. qPCR assays of the whole sample set can be completed after
dilution to highest concentration in that grouping.

An example of this approach is from a gravel rich, clayey-sand soil
containing low organic matter. Samples were from a field site adjacent
to a river which flooded the site seasonally. Soil DNA extractions were
completed using FastDNA™ Spin kit (MP Biomedicals, USA-CA), using
the manufacturer's protocol. Dilutions and qPCR were completed as
described above. The qPCR assay, for the 16S rRNA gene, used a 341f (5
CCTACGGGAGGCAGCAG-3") and 543r (5’-ATTACCGCGGCTGCTGG-3")
primer set (Juck et al., 2000; Nossa et al., 2010), to produce a 202 bp
product. Thermocycling conditions consisted of an initial denaturation
at 98 °C for 120 s, followed by 35 cycles of denaturation at 98 °C for 10s,
annealing at 64 °C for 30 s and extension at 72 °C for 10 s, before a final
extension stage at 72 °C for 120 s. SSoAdvanced™ Universal Inhibitor-
Tolerant SYBR® Green Supermix (Bio-Rad, USA-CA) was used.

The average C; value for each dilution was used for analysis. When
plotted, C; values plateau at the higher concentrations (Fig. 2). The fitted
trendline to the group starting as undiluted has a clearly shallower slope
than the other two trendlines provided (E = 191.74%, R? = 0.86). The
group starting with a 10-fold dilution (E = 103.37%, R? = 0.99) was the
closest to the standard series (E = 101.68%, R2 = 0.99). Using a 10-fold
dilution with the samples will allow the samples to amplify in a similar
manner to the standards, increasing the reliability and repeatability of
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results.

From the analysis of the example sample set, an understanding of the
limit of quantification can also be gained. The optimum C; change be-
tween a ten-fold dilution should be 3.3, between x1000 and x10000
dilution the C; change is 2.51 (C; values of 20.37 and 22.88 respectively)
suggesting a flattening of the trendline and the end of linear amplifi-
cation. Using the 16S rRNA gene standards, at x10 dilution the samples
had a mean 3.10 x 10° copies pl ™1 (1 SD + 1.09 x 10°) of the 165 rRNA
gene. Therefore, when using qPCR on this sample set, diluted at x10,
where an assay estimates an uncorrected copy number below 3 x 103
copies pl ™%, i.e. around three orders of magnitude less than the copy
number at a x10 dilution, the result should be used with caution as they
are likely outside of LoQ suggesting that repeatability and accuracy may
be limited, and that overestimation of copy-number may occur due to
erroneously low C; values and increasing scatter in reported values. That
said, qPCR will still detect those genes, if present, and may predict which
samples have greater copy numbers of the target gene. When working
with genes that are believed to have a low copy number, between 10>
and 10° copies, this technique could be repeated with that specific assay,
to estimate its quantifiable range with the sample set.

The soil samples discussed were used in further qPCR assays using
the sample diluted x10. To estimate relative copy number of the target
gene in the bacterial population, qPCR on all samples was completed for
both 16S rRNA gene and the genes of interest. Final data was presented
as relative abundance, derived from the division of the gene of interest's
copy-number by the 16S rRNA gene copy-number, with errors presented
as the propagated standard deviation derived from both datasets. Using
relative abundance can help overcome issues with differing DNA re-
covery levels and varying levels of inhibition between samples. This can
enable direct comparison between samples by normalising the copy
number of the gene of interest against an indicator of recovered and
quantifiable DNA, in this case the 16S rRNA gene as a proxy for the total
bacterial population.

To reduce time and cost, where multiple field samples from the same
site and medium (soil, sediment etc.) are to be analysed, a subset can
used. In the example, three of 18 collected samples were used in the
inhibition test: these were selected to form a transect across the field
with the aim of capturing any soil variability. Selecting samples can also
be based upon a knowledge of the sample site, for example selecting
samples with suspected inhibition or low DNA recovery.

There are limitations with this approach. Principally, it assumes that
inhibition will impact all qPCR assays equally. To improve the likelihood
that the inhibition test accurately reflects inhibition in other qPCR as-
says a 16S rRNA gene target of a similar amplicon length could be used.
Inhibition becomes more likely with increasing amplicon length due to
the increasing probability that the DNA polymerase will encounter
competitively bound material on the target DNA strand. Therefore,
using a 16S rRNA gene target with of a similar length to the target
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Fig. 1. Dilutions and the groupings used to calculate E values. Dilutions are in the top row. The greyscale horizontal bars indicate five groups of five dilutions which
were used for efficiency calculations. These determined the appropriate dilution ranges for field samples.
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Fig. 2. Example plot of C; against dilution with three example trendlines. Trendlines are generated using groups of five dilutions; here only three dilution groups are
shown for clarity. The legend refers to the range of dilutions used in the series to produce the trendline. This sample is showing inhibition: the undiluted assay does
not fit the expected trend with a higher C; value (13.17) than the x10 dilution (12.42). Mean C; values are plotted from three soil samples, from the same site. Error

bars are +1 SD.

amplicons in latter qPCR may increase the reliability of dilution esti-
mates. The 16S rRNA gene is principally used in this technique as it
should be the most abundant bacterial gene maximising the likelihood of
amplification in difficult samples however the availability of different
primers for this gene and subsequently different amplicon lengths is also
a benefit. Furthermore, the use of 16S rRNA gene and this method can
highlight issues with quantifiable DNA recovery which quantification
and quality measurements might struggle to achieve by demonstrating
the concentration of DNA that is detectable in PCR.

Previous approaches have also used an assay and dilution steps to
understand PCR inhibition (Schneider et al., 2009; Wang et al., 2017).
These authors used an internal standard to assess how inhibition and
subsequently amplification changes with dilution. Wang et al. (2017)
spiked DNA extracts with an internal standard and diluted the extracts,
then compared the C; values against the standard when it was amplified
in pure water and diluted along the same gradient. Differences in C;
value highlighted the presence of inhibition, in some samples the tech-
nique could highlight a linear range of usable dilutions. Their approach
enables a clear and statistically robust measure of inhibition, enabling a
suitable dilution to be found and could be used to understand DNA re-
covery losses during sample cleanup. However, the approach is
considerably more complex and requires greater time and cost than the
method proposed here. Furthermore, the method proposed here can be
applied to any qPCR assay.

Cumulatively, this simple approach enables a rapid understanding of
inhibition within environmental samples. It provides an estimation for a
suitable dilution to prepare samples for qPCR and a potential quantifi-
cation limit for low copy number targets. This method is particularly
useful for soil and sediment samples, where high DNA yields can be
expected alongside the presence of inhibitors, but it also useful to
identify suitable dilutions where DNA recovery is poor. The small
additional cost is paid off in improved reliability and confidence in re-
sults and through the avoidance of over- or under- diluting the samples.
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