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a b s t r a c t

Quantitative real-time PCR (qPCR) analysis for accurate quantification of targeted microbial genes is
compromised by the presence of co-extracted inhibitors from soil samples. Dilution of DNA extracts is a
commonly-used method to reduce levels of inhibition. However, the applications of dilution method are
mostly empirical, and need to be further elaborated. Here, we propose a dilution model to re-evaluate
dilution as a method to eliminate qPCR inhibition. We found that DNA extracts without dilution or
with a minor dilution (e.g., 10-fold) resulted in qPCR inhibition for most of studied soils. However,
excessive dilution (e.g., 200- or 400-fold) caused an overestimation of the quantified gene copy numbers.
Only under a moderate dilution range could qPCR inhibition be efficiently eliminated, which has been
well captured by our proposed dilution model. The pre-testing of qPCR inhibition for determining the
appropriate dilution range for extracted DNA samples aids accurate quantification of nucleic acids in
soils.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Quantitative real-time PCR (qPCR) enables quantification of
taxonomic or functional abundance for specific organisms or or-
ganism groups (in particular for those with functional similarity,
e.g., denitrifying bacteria). For environmental samples, such as
poultry manure, digester material, wastewater, or soil, when
associated with co-extracted qPCR-inhibitors during DNA extrac-
tion process, the concerns about assay sensitivity of qPCR have not
been adequately addressed (Albers et al., 2013; Lebuhn et al., 2004).
Inhibitory components in qPCR reaction cause complete or partial
inhibition of the amplification of target DNA fragments. The con-
sequences of this may include decreased detection accuracy (when
estimating copy numbers of target DNA fragments) or increased
numbers of false negatives (when estimating presence/absence)
(McKee et al., 2015; Opel et al., 2010). Even a slight inhibition
during qPCR has been demonstrated to cause a substantial shift in
quantified gene copy numbers in environmental samples (Bustin
et al., 2009).
During DNA extraction of soil samples, inhibitory components

such as humic substances are co-extracted along with nucleic acids.
To overcome the inhibitory effect on qPCR reaction, strategies
including qPCR-reaction modifications and pre-qPCR treatments
have been established. Modifications of qPCR-reaction involve al-
terations of the qPCR recipe, including the addition of performance-
enhancing additives, e.g. bovine serum albumin (BSA), and the
selective use of high-fidelity thermostable DNA polymerases
(Kreader, 1996). Pre-qPCR treatments, such as purification and
dilution of DNA extracts have also been adopted for alleviating or
eliminating qPCR inhibition (LaMontagne et al., 2002; McKee et al.,
2015).

Dilution of DNA extracts can lower the concentration of co-
extracted inhibitory components in soils, and thus improve qPCR
amplification (Schneider et al., 2009). Certain researchers normally
seem to have diluted DNA extracts in a relatively empirical way. For
example, 10-fold dilution is commonly used. Other researchers
spiked exogenous standards into DNA extracts to estimate the ef-
fects of dilution. These exogenous standards are chosen so as not to
interfere with any naturally occurring DNA fragments in the sam-
ples (Daniell et al., 2012; Lindberg et al., 2007; Moran et al., 2013;
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Schneider et al., 2009). A simple protocol for quantifying inhibitory
effects on qPCR involves a serial dilution of the DNA extracts, and
then a fixed amount of the exogenous standard is spiked into these
diluted DNA extracts individually (Schneider et al., 2009). The aim
is to find a proper dilution point where qPCR inhibition could be
minimized. In these tests, only inhibitory substances in DNA ex-
tracts were assumed to be diluted. However, one concern is that the
target DNA fragments and inhibitory components are always
simultaneously alteredwhen diluted (Fig. 1, comparing A to C). That
is, accompanied by the dilution of co-extracted inhibitory compo-
nents, the target DNA fragments were also diluted, which increases
quantification uncertainties. However, to our knowledge this “co-
dilution” issue has never been explored. Moreover, inhibition levels
are highly dependent on the concentration of the target gene in the
DNA extracts. Stronger inhibition may occur when quantifying
genes with low copy numbers compared to those with high copy
numbers (Lindberg et al., 2007). For genes with low copy numbers,
dilution may further lead to increases in gene susceptibility to in-
hibitors (Albers et al., 2013; Lindberg et al., 2007; McKee et al.,
2015). The combined influence of co-diluted inhibitors and target
genes on qPCR inhibition is currently unknown.

In the present study, using the co-dilution scenario, we spiked
an artificial target gene into our soil DNA extracts, and then eval-
uated the inhibitory effect of co-extracted inhibitors on the quan-
tification of this target gene. The soil samples were collected
covering a large area of China, and varied with soil type and organic
matter content. Therefore, we had the opportunity to evaluate
dilution effects on soils that differed widely in organic matter
content. The artificial gene was spiked to each soil sample at two
distinct concentrations (i.e., 3.64 � 105 and 3.64 � 103 gene copies
per qPCR reaction, respectively) in order to find out whether there
are big differences in inhibition levels when genes with distinct
copy numbers were quantified. After spiking, DNA extracts were
diluted stepwise to 400 times. Ct values for target gene along
dilution ranges were quantified using qPCR. By comparing these Ct
values to controls, we can provide a proper evaluation of the
dilution method to explore the following four aspects (Fig. 2): (i) to
judge whether dilution is necessary and whether it is an efficient
approach in reducing or eliminating qPCR inhibition; (ii) to find out
whether genes with low copy numbers are more susceptible to
inhibitors when diluted than with high copy numbers; (iii) when
dilution is feasible, to determine the appropriate dilution ranges in
which qPCR inhibition could be minimized; (iv) to test the appli-
cability of this dilution method.

2. Materials and methods

2.1. Soil collection and DNA extraction

The collected soil samples cover a wide range of soil types and
have varied water status and organic matter contents according to
Web Reference Base (Table S1). Soils belonging to “Histosols” (1#)
and “Chernozems” (2#) have the highest organic matter contents
(230 and 121 g/kg, respectively). “Vertisols” (3#), “Gleysols” (4#),
and “Fluvisols” (5#) are waterlogged soils. “Leptosols” (6#), “Luvi-
sols” (7#) are soils collected in mountain-slope deposits, and
“Anthrosols” (8#) are manipulated paddy soils. Other soils, such as
“Ferralsols” (9#), “Solonchaks” (10#), and “Arenosols” (11# and
12#) are iron/aluminum-rich or quartz-rich soils, and thus have the
lowest organic matter contents (ranging from 19.3 to 4.93 g/kg).

Six cores within A horizon (and O horizon if present) were
randomly taken for each soil (Table S1) by using cutting ring
samplers (7 cm in diameter and 5 cm in height). These cores were
mixed to obtain a homogeneous and representative sample for
each soil, and passed through a 2.5-mm sieve to removed large
debris. The six aliquots (approx. 0.15e0.30 g of fresh soils) for each
soil were stored at �80 �C.

DNA extraction for each aliquot was performed according to the
method of Miller et al. (1999). DNA was extracted using SDS-
chloroform chemical treatment combined with low-speed bead
mill homogenization, and then precipitated by 75% ethanol. After
precipitation, DNA extracts were re-suspended in pure water. In
this mentioned protocol, only some classic/basic steps were
involved. We used pure water rather than TE solution here to avoid
any potential inhibition of qPCR by TE. Before extraction, a
phosphate-buffered Triton X-100 solution (100 mmol/L Tris,
100 mmol/L Na4PO7, 100 mmol/L Na2EDTA, 1.0% PVP, 100 mmol/L
NaCl, 0.05% Triton X-100, pH 10.0) was used to wash soil samples
thrice to remove as many humic components as possible. To reduce
incomplete cell lysis, we pooled three successive extracts using the
protocols suggested by Feinstein et al. (2009), who showed that
combination of three supernatants after cell lysis can maximize
DNA yields and reduce bias due to the incomplete DNA extraction.
For some samples, we further handled them by silica-based puri-
fication or using certain commercial kit for DNA extraction.

The concentration of extracted DNA was determined using a
spectrophotometer (NanoDrop ND-2000c, Thermo, USA). To
calculate the concentration of co-extracted inhibitory components,
the absorbance at 230 nm (A230) of the DNA extracts was first
measured spectrophotometrically as a proxy for humic-like com-
ponents (LaMontagne et al., 2002). Thereafter, the A230 value for
each DNA extract was compared to that of a known-concentration
humic acid sodium salt solution (Aldrich, Milwaukee, WI).

2.2. Preparation of the exogenous standard

The exogenous standard used in this study was kindly provided
by T. J. Daniell. An artificial DNA fragment was first generated
through in-situ mutation of an E. coli 16S ribosomal gene, in which
the three 30 terminal recognition bases were altered to the requisite
complementary bases (Daniell et al., 2012). Such a mutated DNA
fragment can be amplified with Mut-F
(50eCCTACGGGAGGCACGTC-30) and Mut-R (50-ATTACCGCGGCTG-
GACC-30) primers. Thereafter, this DNA fragment was cloned into
pGEM-T Easy (Promega, Southampton, UK) and then transformed
into E. coli DH10B cells. Plasmid from transformants with the cor-
rect insert (the mutated DNA fragment) was extracted using Axy-
Prep™ Plasmid Midiprep Kit (Daniell et al., 2012). After
linearization with NotI (Promega, Southampton), the linearized
mutant plasmid was further purified and then quantified by ab-
sorption at 260 nm using NanoDrop ND-2000c.

The initial concentration for this plasmid was 64 ng/ml. After
dilution, we spiked it into our DNA extracts as an exogenous
standard with a final concentration of 1.11 � 108 gene copies/dry
soils (equivalent to 3.64 � 105 gene copies per qPCR reaction) and
1.11� 106 gene copies/dry soil (equivalent to 3.64� 103 gene copies
per qPCR reaction), respectively. These concentrations (i.e., low and
high) were chosen because they are generally within the same
order of magnitude as the observed abundance of total microor-
ganism, and as the observed abundance of specific functional
groups (e.g., denitrifying bacteria) in soils, respectively (Martins
et al., 2011).

To confirm the specificity of Mut-F and Mut-R primer set which
was artificially designed to amplify the mutated DNA fragment
(which served as the target gene in qPCR reaction), we used this
primer set to test each soil sample individually, and found no
amplification for any endogenous DNA fragments in extracts. We
further confirmed that such a mutated DNA fragment cannot be
amplified by the normal primer set used to target the 16S ribosomal
gene. Moreover, due to its short length, it would not interfere with



Fig. 1. Dilution models for illustrating qPCR inhibitory effects of DNA extracts on a spiked exogenous standard. A) & B) A serial dilution was conducted on the DNA extracts
(from 2-fold to 400-fold). Thereafter, a fixed amount of exogenous standard was spiked to each diluted DNA extract individually. C) & D) The exogenous standard was spiked into the
original DNA extracts. Thereafter, DNA extracts and the exogenous standard were co-diluted (from 2-fold to 400-fold). Quantified Ct values of the target gene inserted in the
exogenous standard spiked into DNA extracts are represented by white circles. Those of standards spiked into pure water are represented by black circles. The qPCR inhibition is
given by the differences in their Ct values (delta Ct values).
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naturally occurring DNA fragments, allowing the spiked DNA ex-
tracts to be further used for normal qPCR analysis (Daniell et al.,
2012).
2.3. Inhibition test using 10-fold diluted DNA extracts

Many researchers reduce qPCR inhibition through 10-fold
dilution of DNA extracts. Here, we spiked our exogenous standard
at high (3.64 � 105 gene copies per qPCR) and low (3.64 � 105 gene
copies per qPCR) concentration into 10-fold diluted DNA extracts,
and also into pure water with the equivalent volume (controls). Six
replicates (DNA extracts, n ¼ 6) for each soil were performed for
this test.

The qPCR reaction was carried out in a Biorad CFX96 system
(Bio-Rad, Munich, Germany) using the following protocol: 95 �C for
30 s followed by 40 cycles of 95 �C for 7 s and 60 �C for 20 s. Each
20 ml qPCR reaction contained 10 ml of iQ™ SYBR Green Supermix
(Bio-Rad, Munich, Germany), 0.4 ml each of 10 mM forward and
reverse primers (Mut-F and Mut-R), 7.2 ml of pure sterile water, and
2.0 ml of soil DNA extracts. It should be noted that the soil DNA
extracts were already spiked with the exogenous standard, which
served as the template here. All qPCR reactions were run in tripli-
cate for each DNA extract. For each run, three no-template controls
(NTCs) were included.

The Ct values for the quantified exogenous standard spiked to
the DNA extracts were compared to those that had been spiked to
pure water. The differences in the Ct values were used to determine
whether there is qPCR inhibition or not.
2.4. A proposed model for co-dilution of the exogenous standard
and DNA extracts

As illustrated in Fig. 1, a model for co-dilution of the exogenous
standard and DNA extracts is proposed. Three replicates (DNA ex-
tracts, n ¼ 3) for each soil were randomly chosen for this test. For
each soil, we first fine-adjusted the concentration of each replicate
to give equal concentrations through the addition of pure water.
Thereafter, we spiked the exogenous standard (with either high or
low concentration) into each DNA extract, and then diluted it
stepwise to 400 times (i.e., no dilution, 2-fold, 4-fold, 10-fold, 20-
fold, 30-fold, 40-fold, 60-fold, 100-fold, 200-fold, and 400-fold).
The target gene in the exogenous standard was amplified using the
qPCR protocol described above. At each dilution, Ct values observed
were compared to that of the control (standard spiked to pure
water). We used the following criterion to indicate there is no in-
hibition: the absolute value of delta Ct values < 0.5 and Student's t-
test p-value > 0.05. When no amplification or each Ct value falls
within the 95% confidence intervals of the Ct value determined for
NTCs, it indicates a full inhibition (complete inhibition). If therewas
no qPCR inhibition for three or more successive dilution (e.g., from
20- to 40-fold), a linear range could be identified. In this case, we
would consider that the dilution method is robust enough to be a
feasible approach to eliminate or reduce inhibition. Otherwise, it
indicates failure of the dilution method.

Overall, in each qPCR mixture, a “high” concentration of the
spiked exogenous standard has copy numbers of 3.64 � 105,
1.82� 105, 9.09� 104, 5.45� 104, 3.64� 104, 2.73� 104, 1.82� 104,
9.09 � 103, 3.64 � 103, 1.82 � 103, and 9.09 � 102 per qPCR reaction
under serial dilution (Fig. 3). A “low” concentration of the spiked
exogenous standard has copy numbers of 3.64 � 103, 1.82 � 103,



Fig. 2. The framework linking the raised questions/assumptions to the data. The Ct values detected for exogenous standards added to the DNA extracts (white circles) are
compared to those for standards added to pure water (black circles), and their differences (delta Ct values) were used to address the questions asked in this study. The three
scenarios include: (i) if Delta Ct values > 0.5 (“Larger”), we consider that there is qPCR inhibition (i.e., an underestimation of gene numbers); (ii) if Delta Ct values < �0.5 (“Smaller”),
we consider that there is an overestimation of gene numbers; (iii) if the absolute value of delta Ct < 0.5, and there is no significant (p > 0.05) difference between these two Ct values
(“Similar”), we consider that there is no inhibition (and also no overestimation) of the amplification of the target genes.
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9.09� 102, 5.45� 102, 3.64� 102, 2.73� 102, 1.82� 102, 9.09� 101,
3.64 � 101, 1.82 � 101, and 9.09 per qPCR reaction under serial
dilution (Fig. 4).

2.5. Calculating DNA recovery efficiency using diluted soil samples

Most microbial studies have focused on the relative abundances
of the taxa without estimating biomass, although the latter is vital
to understanding microbial contributions to ecological function
(Pointing et al., 2016). In soils, estimates for microbial biomass
inferred from genetic data are commonly limited by unavoidable
DNA losses during extraction protocols. The addition of exogenous
standards has been reported to correct for such DNA losses. How-
ever, in our opinion, the added standards must be accurately
quantified to achieve this. That is, the inhibitory effects on quan-
tification should be eliminated through dilution (Fig. S1). We used a
DNA extraction protocol (Fig. 5) modified from Hariganeya
(Hariganeya et al., 2013), to test the applicability of the dilution
method. We first pooled three successive extracts to reduce bias
due to the incomplete cell separation from the soil matrix (Fig. S1).
The pooled supernatants were divided into two subsamples
(Sample A and Sample B) as shown in Fig. 5. To Sample A, 6.32� 109

copies of the exogenous standard were spiked. Thereafter, both
Sample A and Sample B followed the DNA extraction protocol
mentioned above. After DNA extractions, equivalent amounts of
exogenous standard were also spiked to Sample B. Then, we diluted
Sample A and Sample B to minimize qPCR inhibition (Fig. S1), and
quantified the Ct values of the target gene in the samples by qPCR.
Copy numbers of the target gene were calculated by interpolation
of the experimentally determined Ct from the standard curve of the
exogenous standard. DNA recovery efficiency was expressed as the
ratio of the quantified copy numbers for Sample A and Sample B,
respectively. After that, the “exact” DNA concentrations per gram
dry soil was normalized by this recovery efficiency. Six replicates
(DNA extracts, n ¼ 6) for each soil was performed in this test. The
coefficient of variation (CV) for measured DNA concentrations
among replicates for each soil was calculated both with and
without normalization. A comparison of CV revealed whether
dilution has been properly performed to achieve accurate
quantification.

3. Results

When the exogenous standard was added to the 10-fold diluted
DNA extracts with “high” concentration, all samples showed sig-
nificant qPCR inhibition (Table 1). Among them, the exogenous
standard spiked to sample 2# was fully inhibited. With “low”

concentration (i.e., 3.64 � 103 gene copies per qPCR reaction), eight
samples showed significant inhibition, and full inhibition was
found in samples 1#, 2#, and 3# (Table 1). Taking all samples as a
whole, the average inhibition coefficient (assuming 100% amplifi-
cation efficiency) was 73.6% and 12.0% when high and low con-
centrations of standard were added respectively, which is
equivalent to only 26.4% and 88.0% of the target gene being quan-
tified. For many samples, the CV value was much larger (>15%),
indicating great inhibition variation within replicates (Table 1).
Furthermore, in two samples (5# and 8#) with low concentrations
of standard, the delta Ct values were negative (Table 1), indicating
an overestimation of gene copy numbers. These pre-analyses sug-
gest that even with 10-times dilution, inhibition is still common in
soil DNA samples. Checking the inhibition levels of soil DNA sam-
ples is a prerequisite before downstream analyses.

For the co-dilution model, the quantified Ct value for each soil
along dilution gradients is illustrated in Fig. 3 (high concentration
of standard spiked) and Fig. 4 (low concentration of standard
spiked). With high concentration, nearly all soil samples (except for
12#) showed partial or complete inhibition when without dilution
or with only minor dilution (e.g., 2-fold dilution) (Fig. 3). For soils
belonging to Chernozems (2#) and Luvisols (7#), the qPCR reaction
of exogenous standard was inhibited until the DNA extracts were
diluted 40 times (Fig. 3). For soils belonging to Ferralsols (9#) and
Arenosols (11#), within 4- to 200- (400-) fold dilution ranges, the
qPCR inhibition was completely eliminated. Meanwhile, for soils
belonging to Anthrosols (8#) and Solonchaks (10#), within 60- (or
30-) to 400-fold dilution ranges, the qPCR inhibition was
completely eliminated. However, for samples belonging to Fluvisols
(5#), Leptosols (6#), and Luvisols (7#), excessive dilution caused a
lower Ct value, equivalent to an overestimation of target gene copy
numbers (Fig. 3). In these samples, both too-low or too-high di-
lutions were inappropriate. For example, the dilution from 40- to
100-fold were optimal for sample 7#. With low concentration
(Fig. 4), inaccuracies in quantification of the target gene increased
along dilution gradients. For samples 1#, 2#, 3#, 4#, 6#, and 7#,
absence of qPCR inhibition was found only under one or two
dilution (no dilution ranges can be identified), suggesting failure of
the dilution method in these cases. Moreover, excessive dilution
caused consistent overestimation of target gene when compared to
Fig. 3. Taking sample 8# as an example, six dilution showed no
inhibition with a high concentration of target gene (Fig. 3)
compared to only three with a low concentration (Fig. 4). Addi-
tionally, the CV of Ct values among replicates under low concen-
tration (Fig. 4) was generally higher than those under high
concentration (Fig. 3), which indicates increased uncertainties
when quantifying target gene with low copy numbers along dilu-
tion gradients. Overall, 40- to 60-fold dilution is optimal based on
our DNA extraction protocols and when integrating all samples. To
reduce uncertainties, we took sample 7# as an example to test
improvements for this dilutionmethod by (i) further purifying DNA
extracts; (ii) modifying the qPCR recipe with the addition of BSA;
(iii) extracting DNA using a PowerSoil DNA Isolation kit (MO BIO
laboratories) under their patented Inhibitor Removal Technology®

(IRT). We found that silica-based further purification of DNA ex-
tracts significantly reduced qPCR inhibition (Fig. S2), however this
also caused a drop in DNA concentration in sample 7#
(30.6e8.69 ng/ml). Using a commercial kit can also reduce qPCR
inhibition along dilution ranges when inhibitors were intentionally
removed. Addition of BSA improved Ct values; however excessive
dilution (100- to 400-fold) still led to an overestimation of gene
copy numbers, indicating BSA-based improvement was also sen-
sitive to low copy numbers of the target gene.

As one application of the dilution method, we determined the
“exact” DNA contents stored in soils. Following the flow chart given
in Fig. 5, we quantified the Ct values of the exogenous standard
spiked to the DNA extracts before and after purification to account
for the DNA losses in a series of purification processes (for example,
protein removal and DNA precipitation). For the accurate quanti-
fication of the Ct values, we added this exogenous standard with a
high concentration and then diluted our samples by 60 times to
minimize qPCR inhibition (Fig. S2). We found that the recovery
efficiency ranges from 12.9% (7#) to 31.6% (11#, Fig. S3). Dividing
the NanoDrop-measured DNA concentrations (Fig. 5B) by the re-
covery efficiency, we obtained the real amounts of DNA present in
the soils (Fig. 5C). When accounting for DNA losses, the CV value
among replicates for each sample was much lower (comparing
Fig. 5B to C). This reduced variation allows a more precise estima-
tion of microbial population size in a given amount of soil samples,
and also implies the success of reduced inhibition through the
dilution method. However, for a more accurate measurement of
DNA concentrations in the presence of humic substances,
fluorescence-based methods (such as PicoGreen assay) should be



Fig. 3. Ct values of the target gene inserted in exogenous standard spiked to DNA extracts (sample 1# to 12#) along a dilution gradient (no dilution to 400-fold). The spiked
exogenous standard was at a copy number of 3.64 � 105 per qPCR reaction (high concentration). The DNA concentrations and humic acid (HA) contents in the original DNA extracts
are given for each plot. The Ct values of the exogenous standard spiked into DNA extracts (white circles) are compared to those spiked into pure water (black circles). “N” indicates
there is no inhibition of the amplification of the target gene (Criterion: the absolute value of delta Ct < 0.5 and Student's t-test p-value > 0.05). If there is no white circle above or
below the black circle, it indicates no amplification (i.e., full inhibition).
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Fig. 4. Ct values of the target gene inserted in exogenous standard spiked to DNA extracts (sample 1# to 12#) along a dilution gradient (no dilution to 400-fold). The spiked
exogenous standard was at a copy number of 3.64 � 103 per qPCR reaction (low concentration). The DNA concentrations and humic acid (HA) contents in the original DNA extracts
are given for each plot. The Ct values of the exogenous standard spiked into the DNA extracts (white circles) are compared to those spiked into pure water (black circles). “N”
indicates there is no inhibition of the amplification of the target gene (Criterion: the absolute value of delta Ct < 0.5 and Student's t-test p-value > 0.05). If there is no white circle
above or below the black circle, it indicates no amplification (i.e., full inhibition).
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Fig. 5. The normalization of DNA losses during DNA extraction for twelve soil samples. A) Flow-chart showing the normalization process of DNA losses. From this flow-chart, the
DNA recovery efficiency was determined. B) NanoDrop-measured DNA concentration (ug/g dry weight) for each soil sample (with six replicates, n ¼ 6) without normalization. C)
Using calculated DNA recovery efficiency, the “exact” DNA concentration (ug/g dry weight) was determined. The coefficient of variance (CV %) among these replicates for each
sample is given above the error bars.

Table 1
qPCR inhibition of the exogenous standard spiked to 10-fold diluted DNA ex-
tracts. The exogenous standard was spiked at the copy numbers of either 3.64 � 105

(High) or 3.64 � 103 (Low) per qPCR reaction. The difference in Ct values (Delta Ct)
from the DNA extracts and the pure water (controls) was calculated. Each sample
(1# to 12#) has six DNA extracts as replicates (n ¼ 6), and the corresponding co-
efficient of variable (CV %) in delta Ct values for these replicates is shown.

Sample ID High Sample ID Low

Delta Ct CV (%) Delta Ct CV (%)

1# 10.7 34.7 1# N.A.
2# N.A. 2# N.A.
3# 11.5 10.8 3# N.A.
4# 7.19 17.2 4# 4.71 8.97
5# 1.08 1.05 5# �1.73 1.86
6# 5.51 26.2 6# 3.39 12.7
7# 1.57 2.28 7# 0.791 1.26
8# 0.97 0.258 8# ¡0.363 1.14
9# 1.16 3.54 9# 0.370 2.71
10# 4.83 14.5 10# 3.25 8.59
11# 0.938 0.859 11# 0.424 5.44
12# 0.853 0.222 12# 0.025 0.555

Notes: The lower detection limit was determined by running three no-template
controls (NTCs) in each 96-well plate. If the determined Ct value fell within the
95% confidence intervals (CIs) of the lower detection limit, full inhibition was
assumed. Samples with full inhibition are denoted here as “N.A.”. Samples not
inhibited by co-extracted substances (Criterion: the absolute value of delta Ct < 0.5
and Student's t-test p-value > 0.05) are shown in bold.
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used instead of ultraviolet-based methods (such as NanoDrop
assay).
4. Discussion

4.1. Linking key findings to our assumptions

Dilution is an efficient way to relieve qPCR inhibition; however
of great concern is that dilution of DNA extracts to reduce inhibitory
components will simultaneously reduce the target gene concen-
tration (Bustin et al., 2009; Lebuhn et al., 2004; Lindberg et al.,
2007; McKee et al., 2015). For target genes with low concentra-
tion, dilution may even cause the copy numbers to fall below the
limit of detection (Jane et al., 2015; Lindberg et al., 2007). Given
these uncertainties, the effect of dilution on reduced qPCR inhibi-
tion should be re-evaluated from several aspects, as shown in Fig. 2.
Ten-fold dilution of DNA extracts is used empirically by some re-
searchers to reduce qPCR inhibition (McKee et al., 2015); however
our study shows that there is still significant inhibition for most
samples at this dilution, and qPCR inhibition could only be effec-
tively reduced after 40- to 60-fold dilution when integrating all
samples. On the other hand, excessive dilution is also worrying,
indicating that soil DNA samples should be properly diluted in an
informed way, neither too little (resulting in an underestimation of
the gene copy numbers) nor too much (resulting in an
overestimation).
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4.2. The effect of dilution on qPCR inhibition

To illustrate how inhibition changes along dilution series, we
summarized four types of inhibition patterns from these soils
(Fig. S4). In a Type I inhibition pattern (Fig. S4 A), dilution succeeds
in eliminating inhibition after a certain amount of dilution
(Schneider et al., 2009). Inhibitors usually bind to the polymerase
and/or block other necessary reagents, such as Mg2þ and dNTP at
the very beginning of the reactions (Opel et al., 2010; Swango et al.,
2007). Previous studies showed that dilution could substantially
reduce the binding capacity of inhibitors to the polymerase or other
reagents in a single qPCR reaction (Albers et al., 2013; Opel et al.,
2010). Therefore, the inhibition exerted by inhibitors should be
reduced.

However, in a Type II inhibition and Type IV inhibition (Fig. S4
B&D), biased qPCR amplification is observed. That is, after a
certain amount of dilution, amplification efficiency increases rather
than decreases with increasing dilution, which is quite contrary to
our expectations. Increased amplification efficiency suggests, be-
sides target genes, other non-specific genes may have been
amplified in the exponential phases of primer extension, leading to
an abnormally high amplification efficiency (Elnifro et al., 2000;
Hartman et al., 2005). Under low concentrations due to excessive
dilution, the desired target gene may also be outcompeted by the
more efficient amplification of the primer dimer, leading to de-
creases in Ct values (Hartman et al., 2005). As a result, dilution
finally gives an overestimation of the copy numbers of the target
gene. In Type II inhibition (Fig. S4 B), a proper dilution range can be
identified in which the inhibitory effects have been eliminated.
However, in Type IV inhibition (Fig. S4 D), no linear ranges could be
identified throughout the whole dilution series, suggesting failure
of the dilutionmethod. This wasmainly observed in soils associated
with high organic matter content (Figs. 3 and 4).

In a Type III inhibition pattern (Fig. S4 C), inhibition is not
eliminated despite dilution, and the level of inhibition remains
constant. This inhibition patternwas only observed once, in sample
1# (Fig. 3). The underlying mechanisms remain unclear. We guess
that most inhibitors could bind to DNA templates, and thus the total
amount of DNA available for the subsequent qPCR reaction is
consistently reduced throughout dilution series. However, further
verification of this is necessary.

4.3. Implications for the accurate estimation of gene abundance

This study covered awide range of soil types with varied organic
matter content (Table S1). Since humic acid is an operationally
defined fraction of soil organic matter, the measured humic acid
content also varied greatly from 1.73 to 48.0 ng/ml in extracted DNA
samples. Therefore, there are great implications for soil DNA ana-
lyses. Soils with lower organic matter content, such as those
belonging to Solonchaks and Arenosols, generally showed lower
levels of inhibition when compared to soils belonging to Histosols,
Chernozems, and Vertisols. Moreover, humic acid content was
negatively correlated with the number of dilution points where
inhibition has been eliminated, and there was a sharp increase in
dilution efficiency when humic acid content decreased (Fig. S5).
Therefore, co-extracted humic acid is likely to have been respon-
sible for a great deal of the inhibition in qPCR reaction (LaMontagne
et al., 2002; Opel et al., 2010), and may further interfere with
dilution efficiency.

Further purification significantly reduced qPCR inhibition and
also increased dilution efficiency (Fig. S5). Alternatively, use of
certain commercial DNA extraction kits has also proven effective in
the reduction of qPCR inhibition (Fig. S2 C). However, if the target
genes are already in extremely low abundances (i.e., further
purification may cause them to be barely detectable), a recom-
mended method for dealing with qPCR inhibition could involve
modifying the qPCR recipe. Adding BSA to qPCR reactions has
previously been found to reduce inhibition caused by inhibitory
components, given its interaction effects with DNA polymerase
(Kreader, 1996). In this study, we found that the addition of BSA can
also be applied in the dilution model to increase the dilution effi-
ciency (Fig. S2 B). Furthermore, using a polymerase with high fi-
delity, such as the TaqMan@ Environmental Master Mix (Applied
Biosystems) has been shown to be efficient in reducing inhibition
given the reduced interaction between inhibitors and the poly-
merase (Strand et al., 2011). However, even when improvements
were performed as above, if added exogenous genes with a “low”

concentration were quantified, no or slight dilution still led to
strong inhibitory effects (Fig. S2), demonstrating the great impor-
tance of dilution before downstream analyses.

It has been suggested previously that the application of an in-
hibition coefficient (correction factor) to the qPCR results when
inhibition exists might improve results. However, generalization of
the inhibition coefficient is a concern because inhibition levels may
vary unexpectedly if target genes are irregularly amplified.
Furthermore, the great variability in the level of inhibition observed
among the different replicates within the same soil (error bars,
Figs. 3 and 4) also implies that a generalized inhibition coefficient
may not be applicable (Daniell et al., 2012; Mumy and Findlay,
2004). Only samples for which the inhibition effects have been
eliminated should be used for downstream analyses, otherwise, the
quantification of genes for interpretation of the abundance of
specific microbial groups within a soil environment could be seri-
ously biased when inhibition exists (Gruntzig et al., 2001; Martins
et al., 2011).

With the technology available today, a large number of samples
(i.e., >100 samples) may be simultaneously processed. It is not
possible to test every sample for the effect of dilution on qPCR in-
hibition since it is very time-consuming. Moreover, there may be a
source of error if each sample is differently diluted. However, here
we show that dilution efficiency is substantially improved when
inhibitory substances are removed as much as possible, from the
original DNA extracts (Fig. S5 A). More specifically, a sharp increase
in dilution efficiency was evident when humic acid content drop-
ped lower than a certain value, regardless of whether genes with
“low” or “high” abundances were quantified (Fig. S5 B). PCR was
shown to have a very high sensitivity, and could detect as few as
nine copy numbers per PCR reaction in this study. As a result, the
success of dilution may increase enormously when inhibitory
substances have been minimized. Although our proposed method
provides a reliable option for the accurate estimation of gene copy
numbers, a disadvantage of this approach is the increased
complexity of assay designwhen handing toomany samples, which
then requires more optimized work to determine how to dilute and
how many samples should be diluted. This may depend greatly on
the degree of researchers’ effort and seriousness.
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