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Microbial abundance is central to most investigations in microbial ecology, and its accurate measurement is a challenging task
that has been significantly facilitated by the advent of molecular techniques over the last 20 years. Fluorescence in situ hybridiza-
tion (FISH) is considered the gold standard of quantification techniques; however, it is expensive and offers low sample through-
put, both of which limit its wider application. Quantitative PCR (qPCR) is an alternative that offers significantly higher through-
put, and it is used extensively in molecular biology. The accuracy of qPCR can be compromised by biases in the DNA extraction
and amplification steps. In this study, we compared the accuracy of these two established quantification techniques to measure
the abundance of a key functional group in biological wastewater treatment systems, the ammonia-oxidizing bacteria (AOB), in
samples from a time-series experiment monitoring a set of laboratory-scale reactors and a full-scale plant. For the qPCR analy-
sis, we tested two different sets of AOB-specific primers, one targeting the 16SrRNA gene and one targeting the ammonia mono-
oxygenase (amoA) gene. We found that there was a positive linear logarithmic relationship between FISH and the amoA gene-
specific qPCR, where the data obtained from both techniques was equivalent at the order of magnitude level. The 16S rRNA
gene-specific qPCR assay consistently underestimated AOB numbers.

Measurement, and its corollary quantification, is generally re-
garded as one of the most important defining features of the

natural sciences. Quantification lends objectivity to the sciences
and thus has unparalleled power and prestige in the modern world
(1). The quantification of microbial communities has always
proved very challenging (2, 3); however, the introduction of mo-
lecular methods in the last 20 years has brought forward new tech-
niques that can improve our ability to observe and predict the
composition of microbial communities in natural and engineered
systems. For instance, in biological wastewater treatment systems,
quantification can benefit both the researcher and the practitio-
ner. In research, quantification is essential for the determination
of microbial growth and substrate consumption kinetics (e.g., cell
yields and growth rates) and of the population size of specific
communities that is essential in theoretical modeling (e.g., re-
source ratio/Monod kinetics and island biogeography) and prac-
tical ecology. In real systems, quantification could enable practi-
tioners to monitor the abundance of key organisms and anticipate
and obviate failure.

Fluorescence in situ hybridization (FISH) was one of the first
quantitative methods of the molecular age which enabled the
identification and quantification of specific functional groups. In
essence a phylogenetic “stain,” FISH involves the detection and
enumeration of individual cells of specific microbial populations
(4, 5). It has been called the “gold standard” of quantification (6),
because it enables the direct counting of individuals, which is one
of the fundamental units of ecology, and can be readily converted
to other units, e.g., mass (5–7). For this reason, the accuracy of
FISH is thought to be superior to that of other conventional quan-
tification methods (6), such as cultivation-based methods (e.g.,
most probable number [8]), immunological methods (9), and
DNA amplification-based methods (10, 11). However, FISH suf-
fers from some disadvantages that limit its wider application. In

particular, it is slow, it has low throughput, and it requires the
use of expensive microscopes to obviate problems of background
fluorescence and resolution for accurate quantification in many
types of sample (12). In our experience, it takes a few days to
obtain statistically valid counts for a single type of microbe in just
a few samples. This is a clear obstacle to understanding the ecology
of organisms whose populations can change on an hourly basis. In
addition, the sensitivity of this technique is compromised in en-
vironments where microorganisms are not very active, since the
signal from the target cells is likely to be low and therefore
swamped by background fluorescence (12, 13). This problem can
be circumvented by the use of a variation on FISH: catalyzed re-
porter deposition fluorescence in situ hybridization (CARD-FISH
[14]), which greatly improves the detection and quantification of
target microbial communities but increases sample processing
time.

More recently, other faster quantification methods have been
developed. Most notably, quantitative real-time PCR (qPCR) has
greatly simplified the quantification of nucleic acids and has been
extensively used across a wide range of disciplines and environ-
ments (5, 10, 15, 16). Quantitative PCR offers many putative ad-
vantages beyond rapid sample processing, such as a linear range
exceeding 4 orders of magnitude (13, 15, 17), high precision
(�2% standard deviation [15]), and high sensitivity (�5 copies
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[15]). In addition, the specificity of the amplification reaction
(e.g., the domain level down to the species level) and the gene to be
targeted (e.g., a taxonomic or a functional gene) can be easily
controlled by the choice of oligonucleotides (12, 17, 18). Using
TaqMan probes instead of SYBR green further increases the spec-
ificity and sensitivity of qPCR (13, 17). However, the need for an
additional oligonucleotide complicates the design of primer and
probe combinations that target the sequence of interest and, in
some cases, can make it impossible to design such primer-probe
systems to target taxa at a broader resolution (16, 17).

The simplicity and versatility of qPCR have made it an attrac-
tive option for the quantification of microbial populations and
have contributed to its widespread application. However, it suffers
from many of the biases associated with PCR, only measures gene
copy numbers (not cell numbers), and is relatively expensive (5,
10, 13, 15, 18, 19). In addition, and most importantly, the quality
and accuracy of the data are dependent on many factors other than
the amplification reaction, such as sample preparation, DNA ex-
traction procedure, quality of the standards, and the choice of
target gene and amplification primers and probes (15, 17). Guide-
lines have been developed to promote the accuracy and consis-
tency of qPCR data (20), but these guidelines are not always fol-
lowed. Therefore, qPCR data are often viewed with caution.

Validation of qPCR against a more widely acceptable quantifi-
cation method would be of great benefit to microbial quantifica-
tion in environmental samples, and yet research in this area is rare
(see, for example, references 21 and 22). In the present study, we
calibrated qPCR against FISH by using both methods to measure
the general community of ammonia-oxidizing bacteria (AOB) in
serial dilutions of two environmental samples from the biological
stage of a full-scale nitrifying wastewater treatment plant and in
random samples from a full-scale and laboratory-scale time-series
reactor study, looking at the effect of temperature variation on the
microbial communities treating predominantly domestic waste-
water. We then evaluated the nature of the correlation between the
qPCR and the FISH data.

MATERIALS AND METHODS
Origin of samples for this study. (i) Serial dilution samples. Serial dilu-
tions were performed on two samples— one collected in July 2011 and the
other one collected in February 2014 —from the biological stage of the
Tudhoe Mill wastewater treatment plant (WWTP) in County Durham,
United Kingdom, a full-scale nitrifying activated sludge plant treating
mostly domestic wastewater. For the sample collected in July 2011, four
different dilutions were prepared: neat, 10�1, 10�2, and 10�3. For the
sample collected in February 2014, nine different dilutions were prepared:
neat, 5 � 10�1, 10�1, 5 � 10�2, 10�2, 5 � 10�3, 10�3, 5 � 10�4, and 10�4.

(ii) Samples from time-series study. In this experiment, a total of 18
samples were collected from the reactors in a time-series study monitor-
ing the changes in the heterotrophic and AOB communities in the biolog-
ical reactor of a full-scale WWTP and a set of 12 laboratory-scale reactors.
The general AOB communities in these samples were quantified by using
FISH and qPCR.

The full-scale study took place between July 2011 and July 2012. Dur-
ing this time, samples were collected on a weekly basis from the aeration
basin (3,600 m3) of a conventional nitrifying domestic wastewater treat-
ment plant, situated at Tudhoe Mill, County Durham, United Kingdom.
The aeration basin had a mean hydraulic retention time of 10 h, a mean
sludge age of 12 days, and a mean mixed-liquor suspended solids (MLSS)
concentration of 2,700 mg liter�1. The mean compositions of the influent
with respect to COD, ammonium, nitrate, and phosphate were 230, 33,
3.6, and 12 mg liter�1, respectively. A sample was collected for FISH and

qPCR analysis every 4 weeks for the duration of the study (except for
January and February 2012), resulting in a total of 12 samples.

The 200-day laboratory-scale study was run between June and Decem-
ber 2011 and involved the operation and sampling of 12 identical contin-
uous flow bioreactors (CFBs). The CFBs, with a working volume of 950 �
26 ml and a sludge age of 4 days, were fed with settled sewage from Tudhoe
Mill WWTP at an average rate of 10.2 ml h�1, which is equivalent to a
hydraulic retention time of approximately 4 days. The CFBs were seeded
with activated sludge from the aeration basin of the Tudhoe Mill WWTP.
The mean concentrations of COD, ammonium, nitrate, and phosphate in
the influent were 218, 38, 1.3, and 19 mg liter�1, respectively, and the
mean MLSS concentration in the reactors was 134 mg liter�1. All CFBs
were initially operated under steady-state conditions for a period of 76
days, the acclimatization phase, during which the temperature was main-
tained at 14.5°C, which was the temperature of the Tudhoe Mill aeration
basin when the “seed” was collected. Once stable conditions were
achieved, the temperature in 6 reactors (“test reactors”) was varied in a
sine wave mode with temperatures ranging from 8°C to 21°C to mimic the
annual variation in the Tudhoe Mill WWTP. The temperature in the
remaining six reactors (“control reactors”) stayed constant at 14.5°C. All
other operational and environmental conditions in both sets of reactors
were identical during the entire study. Samples for FISH and qPCR anal-
ysis were collected every 4 weeks from a reactor chosen at random, result-
ing in a total of six samples.

Sample collection and storage. All full-scale samples destined for
qPCR analysis were collected into 50-ml sterile polypropylene vials, trans-
ported to the laboratory at approximately 4°C and stored at �20°C until
DNA extraction was carried out, which happened no later than a week
after sample collection. Samples for FISH analysis were collected into
50-ml sterile polypropylene vials containing absolute ethanol. The vol-
ume of sample collected was such that the ratio of the volume of sample to
volume of absolute ethanol was 1:1. Samples were transported to the lab-
oratory at approximately 4°C and fixed immediately as briefly described
below for FISH, after which they were stored at �20°C for up to 6 months.
For the laboratory-scale reactors, 15 ml of mixed liquor was collected for
qPCR analysis, centrifuged at 13,000 � g for 15 min, and frozen at �20°C
until further processing which, as for the full-scale samples, happened no
later than a week after sample collection. One milliliter of sample was
collected for FISH analysis, immediately fixed, and stored at �20°C.

DNA extraction. For the full-scale WWTP, DNA was extracted from
250 �l and, for the reactor samples, 15 ml were collected and centrifuged
at 3,392 � g for 15 min, and the supernatant was removed down to a
volume of 250 �l, which was then used for the DNA extraction. A volume
of 244.5 �l of sodium phosphate buffer and a 30.5-�l portion of MT
buffer from the FastDNA Spin kit for soil (Qbiogene, Cambridge, United
Kingdom) were added to the samples, which were subsequently trans-
ferred to a Lysing Matrix E tube (also from the kit). Samples were then
lysed in the FastPrep instrument (MP Biomedicals, Santa Ana, CA) at 6.5
ms�1 for 30 s, after which they were centrifuged at 14,000 � g for 15 min.
DNA purification was carried out automatically in a MagNA Pure LC 2.0
(Roche, Burgess Hill, United Kingdom) using a MagNA Pure LC DNA
isolation kit III (Bacteria, Fungi). Thus, 250 �l of the supernatant from
the centrifuged samples was transferred to a Roche sample plate, and the
instrument was set up with plasticware and reagents according to the
manufacturer’s instructions.

Quantitative PCR. Two different sets of primers were used in the
analysis of the general AOB communities in the samples: one specific to
the 16S rRNA gene (CTO189f and CTO654r [23]) and the other specific to
the ammonia monooxygenase (amoA) gene (amoA-1F* [24] and
amoA-2R [25]). The reaction conditions used for the 16S rRNA gene-
specific primers were: 98°C for 3 min for 1 cycle; and 98°C for 5 s, followed
by 64°C for 5 s for 49 cycles. The conditions used for the amoA gene-
specific primers were identical, except that the annealing temperature was
56°C. For simplicity, qPCR data generated using the set of primers specific
to the 16S rRNA gene are referred to here as 16S qPCR data, and those
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generated using the set of primers specific to the amoA gene are described
as amoA qPCR data.

Each sample contained 3 �l of template DNA, 0.5 �l of forward and
reverse primer (10 pmol/�l), 5 �l of SsoFast EvaGreen Supermix (Bio-
Rad, Hemel Hempstead, United Kingdom), and 1 �l of molecular-grade
water. Sample preparation was carried out in a biosafety level 2� class II
microbiological safety cabinet (Envair, Lancashire, England) in order to
minimize contamination of the samples. PCR amplification reactions
were performed using a CFX96 real-time PCR detection system (Bio-
Rad). Samples were run in triplicate. Every qPCR included a set of stan-

dards with concentrations ranging between 102 and 108 fragment copies
per �l and a blank (where the sample was replaced with water), both run
in triplicate. Standards were generated from circular plasmids containing
the target fragment of DNA. Most of the AOB in the full-scale and the
laboratory-scale reactors were Nitrosomonas-like organisms (unpub-
lished data) and, therefore, we assumed that our AOB communities con-
tained, on average, one copy of the 16S rRNA gene and two copies of the
amoA gene (10, 26). All qPCRs had an R2 of 0.99. The efficiencies of the
amoA qPCRs for the serial dilution and the time-series samples were
103% (standard curve: slope � �3.26; intercept � 40.7) and 102% (stan-

TABLE 1 Description of the oligonucleotide probes used for the FISH analysis

Probe Positiona Probe sequence (5=–3=) Target Reference(s)

Bac338I 338–355 GCTGCCTCCCGTAGGAGT Domain Bacteria (positive control) 28, 32
Bac338II 338–355 GCAGCCACCCGTAGGTGT Domain Bacteria (positive control) 32
Bac338III 338–355 GCTGCCACCCGTAGGTGT Domain Bacteria (positive control) 32
Anti-Bac338 338–355 ACTCCTACGGGAGGCAGC None (negative control) 32
Nso1225 1225–1244 CGCCATTGTATTACGTGTGA Ammonia-oxidizing betaproteobacteria 29
NEU 653–670 CCCCTCTGCTGCACTCTA Halophilic and halotolerant members of the genus Nitrosomonas 30
CTE 659–676 TTCCATCCCCCTCTGCCG Competitor probe for NEU, unlabeled 30
6a192 192–212 CTTTCGATCCCCTACTTTCC Nitrosomonas oligotropha lineage 31
c6a192 192–212 CTTTCGATCCCCGACTTTCC Competitor probe for 6a192, unlabeled 31
a Position in the 16S rRNA of E. coli (42).
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FIG 1 Mean AOB cell abundances (cells/ml) obtained using FISH, amoA qPCR, and 16S qPCR for serial dilution (a) and time-series (b) samples.
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dard curve: slope � �3.27; intercept � 40.3), and those for the 16S qPCRs
were 96% (standard curve: slope � �3.42; intercept � 38.2) and 100%
(standard curve: slope � �3.79; intercept � 45.8), respectively. Melting-
curve peaks for the standards and samples amplified using the amoA gene-
specific primers and 16S rRNA gene-specific primers occurred at temper-
atures ranging between 83.0 to 85.5°C and 85.5 to 86.5°C, respectively,
with no other minor peaks being detected indicating the absence of non-
specific binding.

Fluorescence in situ hybridization. AOB cells were fixed using a 4%
paraformaldehyde (PFA) solution as described by Amann et al. (27). After
fixation, samples were stored at �20°C in a suspension of 1 volume of
phosphate-buffered saline to 1 volume of absolute ethanol until they were
hybridized. Whole-cell hybridization was carried out on the PFA-fixed
samples as described by Amann et al. (28), except in solution (6), using the
AOB-specific probes Nso1225, NEU, and 6a192 and the competitive
probes CTE and c6a192 (29–31). Hybridizations were carried out at 46°C
for all of the probes. The hybridization buffer used is the one described by
Amann et al. (28). The hybridization buffer for probes NEU and CTE
contained 40% formamide, while the hybridization buffers for all other
probes contained 35% formamide. Each sample was divided into four
subsamples: a negative control, to which no probe was added with the
purpose of checking for autofluorescence in the sample; a second negative
control, where a nonsense probe (Anti-Bact338) was added with the pur-
pose of checking for nonspecific binding in the sample; a positive control,
consisting of a mixture of the three universal bacterial probes (Bact338I,
Bact338II, and Bact338III), added to check the validity of the technique to
be used in the samples from the present study and to obtain a measure of
the total number of bacterial cells in the sample; and a fourth sample,
where the bacterial probes in the positive control, AOB-specific probes
Nso1225, NEU, and 6a192 and the competitive probes CTE and c6a192
were added to obtain an estimate of the number of AOB cells in the
sample. All oligonucleotide probes were purchased from Thermo Scien-
tific (Thermo Electron Gmbh, Ulm, Germany). Table 1 provides infor-
mation on the probes used for the different subsamples. The fixed and
hybridized samples were visualized at �630 magnification (�63 objective
lens) using a Leica TCS SP2UV confocal laser scanning microscope
(CLSM; Leica Microsystems [UK], Ltd., Milton Keynes, United King-
dom), and images were captured and analyzed with the aid of the LEICA
TCS software version 2.00 build 0770. Images of each randomly selected
field of view (FOV) were acquired using a transect method across an
image spot (33), and they were collected at 1-�m intervals on the z axis.
Ten FOV were acquired per sample.

Most AOB cells occurred in spherical or elliptical colonies, but some
were present as individual cells. For the AOB colonies, the long and short
diameters of every colony present in a FOV were registered and converted
to AOB cell numbers using the relationship described in Coskuner et al.
(6). For the quantification of individual cells, the number of cells present
in each FOV was registered. For every sample, the numbers of cells in each
of the 10 FOV were checked for normality and the number of cells per ml
was calculated using the following formula:

Number of cells ml�1 �
average number of cells � A � vf

Af � v � dil � v0
(1)

where the average number of cells refers to the average number of cells per
field of view, A is the area of sample spot, Af is the area of the field of view,
dil is the sample dilution in ethanol upon collection (i.e., 1/2, as we col-
lected our samples in ethanol at a 50:50 ratio), v0 is the starting volume of
sample used in the hybridization, vf is the final volume of sample at the end
of the hybridization step (prior to application onto the slide), and v is the
volume of sample applied to the slide.

Statistical analysis of the qPCR and FISH data. All statistical analysis
was performed on AOB abundance data logged to the base 10, because
previous studies have established that these types of data are log-normally
distributed (see, for example, references 6 and 34). The best-fit models for
all of the data, and associated R2 values where applicable, were generated

using R (R Foundation for Statistical Computing, Vienna, Austria [http:
//www.R-project.org]). All quantification data sets for the serial dilution
samples and for the time-series samples were compared using a standard
linear model routine from R. The quantification data sets combining the
serial dilution and the time-series samples were compared using the
mixed-effects model routine (35) in R. The software produced estimates
for the equation coefficients and intercepts, as well as the standard errors,
P values, and 95% confidence intervals associated with the estimated val-
ues. Two-sample t tests were used for the comparison of the expected and
observed quantification data for the serial dilution samples and were per-
formed using Minitab software (Minitab, State College, PA). Expected
AOB abundances were generated for each quantification data set by taking
the AOB abundance in the undiluted samples and multiplying by the
dilution factor. Analysis of variance (ANOVA), also performed with
Minitab, was used to compare the ratios of AOB abundances obtained
using the 16S qPCR with the other two methods.

RESULTS
Serial dilution data. The AOB were quantified in two different
serially diluted samples using the qPCR assays and FISH (Fig. 1a).
The sample collected in July 2011 is referred to as the “first dilu-
tion,” and the one collected in February 2014 is referred to as the
“second dilution.”
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FIG 2 Fitted versus observed log AOB abundances in the serial dilution sam-
ples for comparison of the dilution factor with FISH, amoA qPCR, and 16S
qPCR. Fitted values were calculated by using equations 2, 3, and 4.
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Linear regression analysis of the three AOB abundance data
sets versus the dilution factor had an R2 � 0.99 and produced the
following three best-fit equations:

log qPCR 16S � 0.92 � log dil � 8.0

� 1.6 � second � � (2)

log qPCR amoA � �1.4 � 0.53 � second� � log dil � 9.8

� 1.4 � second � � (3)

log FISH � 1.1 � log dil � 8.8 � 0.6 � second � � (4)

The variable “second” is 0 for the “first dilution” data and 1 for the
“second dilution” data; ε is the error term. The slopes of the rela-
tionships between the AOB abundance data sets and the dilution
factor (Fig. 2 and Table 2) were statistically indistinguishable from
1 for the FISH data sets and for the qPCR amoA “second dilution”
data set but not for the others, corroborating the credibility of
FISH as a quantification technique. Comparison of the expected
(as described in Materials and Methods) and observed AOB abun-
dance values for each of the three analytical methods showed that
they were statistically indistinguishable (two-sample t test; 0.75 �
P � 0.88), although the gap between the expected and observed
abundance values generally increased with the dilution factor.
In addition, the differences between expected and observed
values were smallest for FISH and largest for 16S qPCR, al-
though these differences were not statistically significant
(ANOVA; P � 0.44).

The AOB abundance data sets obtained from the three quan-
tification methods were compared using statistical regression, re-
sulting in three best-fit models: one for the comparison of the two
qPCR assays (equation 5, R2 � 0.99), one for the comparison of
16S qPCR with FISH (equation 6, R2 � 0.99), and one for the
comparison of the amoA qPCR with FISH (equation 7, R2 � 0.95;
Fig. 3; Table 3), as shown below.

log qPCR 16S � �0.68 � 0.29 � second�
� log qPCR amoA � 1.4 � 3.27 � second � � (5)

log qPCR 16S � 0.86 � log FISH

� 0.39 � 1.2 � second � � (6)

log qPCR amoA � 0.99 � log FISH � 0.45 � � (7)

The 95% confidence intervals for the slope coefficient and the
intercept of the equation describing the relationship between the
amoA qPCR and the FISH data included 1 and 0, respectively,
implying that the logged AOB cell numbers obtained using these
two quantification methods were comparable for both serial dilu-
tion samples. Comparison of the 16S qPCR data to that of the
other two quantification methods produced relationships with
slope coefficients significantly less than 1, suggesting that 16S
qPCR underestimates AOB numbers in the serial dilution sam-
ples. In addition, the equations describing the relationship of the
16S qPCR data with the data from the other two quantification
methods were different for each serial dilution sample, while the
comparison of the amoA qPCR and the FISH data produced a
single equation for both samples.

Time-series data. Laboratory-scale and full-scale samples were
collected over a period of six and 12 months, respectively, and the
abundances of the AOB communities were analyzed using the
three quantification methods described above (Fig. 1b). Separate
analysis of the abundance data sets for the laboratory-scale sam-
ples and for the full-scale samples did not produce significant
regressions (the P values for all intercepts and slope coefficients
were 	0.05). However, analysis of both sets of samples in com-
bination produced significant regressions for all comparisons
(Fig. 4; Table 4).

The best-fit regression models generated for the abundance
data obtained from the 16S rRNA qPCR and amoA qPCR (equa-

TABLE 2 Comparison of 16SrRNA-specific qPCR data, amoA-specific qPCR data, and FISH data with dilution factors for the serial dilution
samplesa

Model parameter Estimate SE P
95% CI
(maximum, minimum)

First dilution
16S rRNA-specific qPCR

Intercept 8.0 0.078 0.000*** 7.8, 8.2
Coefficient of log qPCR 16S 0.92 0.029 0.000*** 0.86, 0.98

amoA-specific qPCR
Intercept 9.8 0.14 0.000*** 9.5, 10
Coefficient of log qPCR amoA 1.4 0.077 0.000*** 1.3, 1.6

FISH
Intercept 8.8 0.097 0.000*** 8.6, 9.0
Coefficient of log FISH 1.1 0.036 0.000*** 0.98, 1.1

Second dilution
16S rRNA-specific qPCR

Intercept 6.4 0.079 0.000*** 6.2, 6.5
Coefficient of log qPCR 16S 0.92 0.029 0.000*** 0.86, 0.98

amoA-specific qPCR
Intercept 8.4 0.18 0.000*** 8.0, 8.8
Coefficient of log qPCR amoA 0.92 0.089 0.000*** 0.75, 1.1

FISH
Intercept 8.2 0.098 0.000*** 8.0, 8.4
Coefficient of log FISH 1.1 0.036 0.000*** 0.98, 1.1

a Coefficients and corresponding standard errors, P values, and 95% confidence intervals (CI) for the model parameters of a comparison of 16S rRNA-specific qPCR data, amoA-
specific qPCR data, and FISH data with dilution factors for the serial dilution samples are shown. ***, highly significant P value.
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tion 8; R2 � 0.63), 16S qPCR with FISH (equation 8; R2 � 0.70),
and amoA qPCR and FISH (equation 10; R2 � 0.84) are given
below:

log qPCR 16S � 0.46 � log qPCR amoA � 2.3 � � (8)

log qPCR 16S � 0.43 � log FISH � 2.2 � � (9)

log qPCR amoA � 0.81 � log FISH � 0.60 � � (10)

The slope coefficients for regressions of 16S qPCR with the other
two methods (equations 8 and 9) were significantly lower than 1,
suggesting that the AOB abundances obtained using 16S qPCR
were generally significantly lower than the abundances obtained
using the other two methods. The regression of the amoA qPCR
data on the FISH data produced an equation with an intercept and
a slope coefficient that were not statistically different from 0 and 1,
respectively, indicating that the AOB abundances obtained using
these two methods were comparable.

Combination of the serial dilution and time-series data. We
thought it would be important to incorporate the differences be-
tween the four sets of samples in the statistical analysis of our data.
Simple linear regression could not be used for the statistical anal-

ysis of the data, as the model residuals were not normally distrib-
uted (the model assumes a normal distribution). The data were
analyzed using the mixed-effects model routine in R, which is a
hierarchical linear model that takes into account the different
times and locations samples were collected from. The models gen-
erated for the comparisons between the three data sets using this
statistical method are shown in Fig. 5 and are given by the follow-
ing equations for the comparison of the two qPCR data sets (equa-
tion 11), of the 16S qPCR and FISH (equation 12), and of the
amoA qPCR and FISH (equation 13), respectively:

log 16S qPCR � �0.97 � 0.51 � scale � 0.29 � first�
� log amoA � 1.8 � 4.1 � scale

� 3.3 � first � u�group� � � (11)

log 16S qPCR � 0.86 � log FISH � 0.74 � 0.59

� labscale � 0.62 � fullscale

� 1.2 � first � u�group� � � (12)

log qPCR amoA � 0.98 � log FISH � 0.53 � 0.86

� labscale � 1.3 � fullscale

� u�group� � � (13)

The variable u(group) is a measurement of the error between dif-
ferent groups of samples (serial dilutions, laboratory-scale sam-
ples, and full-scale samples), which accounts for variation in the
quantification data due to different sampling times and locations.
The error term, ε, is the residual error associated with each indi-
vidual measurement. Both these variables were normally distrib-
uted with a mean of 0. The variable “labscale” is 1 for the lab-scale
data and 0 for the full-scale data, while the variable “fullscale” is 0
for the lab-scale data and 1 for the full-scale data. The values,
standard errors, and P values for the parameters for the three
models are given in Table 5.

The mixed-effects models provided a very good fit to the data,
despite the inherent variability in the measurements obtained
from the different groups of samples, substantiating the inclusion
of the different sampling times and locations in the comparative
models as a random effect. Comparison of the amoA qPCR and
the FISH data generated a model with a slope coefficient indistin-
guishable from 1 with intercepts that were not statistically signif-
icant from 0, indicating that the AOB abundances obtained using
both methods were equivalent. The slope coefficients for the com-
parison of the 16S qPCR data with the other two methods were
generally lower than 1 and, furthermore, different slope coeffi-
cients and intercepts were obtained for different sample groups,
suggesting that 16S qPCR underestimates AOB numbers in an
inconsistent manner across sample groups. In fact, there is a sig-
nificant difference (ANOVA; P � 0.001) between the ratios of the
mean AOB abundances obtained using the 16S qPCR and either of
the other two methods for each group of samples, where the ratios
for the first serial dilution are highest and those for the second
serial dilution are lowest.

DISCUSSION

We conclude that qPCR targeting the ammonia monooxygenase
gene can reliably detect order-of-magnitude differences in AOB
cell abundances. We base this conclusion primarily on analysis of
amoA qPCR data with FISH (equation 13): the slope being 
1
(implying correspondence of both methods over the measure-
ment range), the intercept being 
0 (implying neither over- nor
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FIG 3 Fitted versus observed log AOB abundances in the serial dilution
samples for the comparison of 16S and amoA qPCR, 16S qPCR and FISH,
and amoA qPCR and FISH. Fitted values were calculated using equations 5,
6, and 7.
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underestimation), and the positive correlation (implying most,
but not all, of the variation in qPCR is explained by FISH). This
finding increases our confidence in qPCR with these primers in
this particular setting and, potentially, in qPCR in general. The
need for caution is illustrated by the inferior agreement between
FISH and the qPCRs targeting the 16S rRNA gene; the intercept
was consistently significantly different from 0 and the slope was
�1. It would appear that the 16S rRNA qPCR is not ideal for
monitoring AOB communities in the environments tested here.

Robust evaluations of qPCR in microbial ecology are rare. An
analogous study carried out by Einen et al. (21) found good agree-
ment between qPCR and quantitative fluorescence microscopy in
bacterial and archaeal communities in the glassy rind of seafloor
basalts. Negative results tend to go unpublished (see, for example,
reference 36). However, Matturro et al. (22) used qPCR and cat-
alyzed reporter deposition-fluorescence in situ hybridization
(CARD-FISH) to quantify Dehalococcoides mccartyi in the field,
which contain a single copy of the 16S rRNA gene and were pres-
ent as dispersed cells. These researchers found that qPCR under-
estimated cell concentrations by at least an order of magnitude.

It seems likely that qPCR protocols should be judged on a case
by case basis. Moreover, in the absence of explicit corroboration,
the results of a given protocol should be treated with circumspec-
tion. A wide range of factors can affect the accuracy of any given
quantitative method, including qPCR. In the present study, the
importance of the choice of gene is highlighted by the discrepancy
in the abundance data obtained using primers targeting different
genes, i.e., 16S rRNA gene-specific and amoA gene-specific prim-
ers. Functional genes are often thought to be better suited for the
quantification of specific populations performing a defined func-
tion (25), a view which is corroborated by our data.

The 16S rRNA gene-specific primers underestimated abun-

TABLE 3 Comparison of 16S rRNA-specific qPCR data with amoA-specific qPCR data, 16S rRNA-specific qPCR data with FISH data, and amoA-
specific qPCR data with FISH data for the serial dilution samplesa

Model parameter Estimate SE P
95% CI
(maximum, minimum)

First dilution
16S rRNA-specific qPCR

Intercept 1.4 0.31 0.001** 0.83, 2.0
Coefficient of log qPCR amoA 0.68 0.040 0.000*** 0.60, 0.76

16S rRNA-specific qPCR
Intercept 0.39 0.30 0.22 �0.20, 0.98
Coefficient of log FISH 0.86 0.042 0.000*** 0.78, 0.94

amoA-specific qPCR
Intercept 0.45 0.43 0.32 �0.39, 1.3
Coefficient of log FISH 0.99 0.060 0.000*** 0.87, 1.1

Second dilution
16S rRNA-specific qPCR

Intercept –1.8 0.41 0.000*** �2.6, �1.0
Coefficient of log qPCR amoA 0.97 0.051 0.000*** 0.87, 1.1

16S rRNA-specific qPCR
Intercept –0.78 0.12 0.000*** �1.0, �0.54
Coefficient of log FISH 0.86 0.042 0.000*** 0.78, 0.94

amoA-specific qPCR
Intercept 0.45 0.43 0.32 �0.39, 1.3
Coefficient of log FISH 0.99 0.060 0.000*** 0.87, 1.1

a Coefficients and corresponding standard errors, P values, and 95% confidence intervals (CI) for the model parameters of the comparison of the 16S rRNA-specific qPCR data with
the amoA-specific qPCR data, 16S rRNA-specific qPCR data with the FISH data, and amoA-specific qPCR data with the FISH data for the serial dilution samples are shown. **, very
significant P value; ***, highly significant P value.
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dances in all of the samples, and these underestimations were in-
consistent between locations and sampling events (i.e., the first
and second serial dilutions, laboratory-scale reactors, and full-
scale plant). These inconsistencies are likely to be a result of the
different coverages of the primers and probes used. The amoA
gene-specific primers and the FISH probes used target organisms
belonging to all known AOB betaproteobacterial lineages (5, 37,
38), while the set of primers targeting the 16S rRNA gene amplifies
a few non-AOB sequences and misses some members from the
Nitrosomonas communis and the Nitrosomonas oligotropha clus-
ters (37, 39, 40). The fact that members from the N. oligotropha
cluster were detected in the lab-scale and full-scale reactors sam-
pled in the present study (sequencing data not shown) could have
contributed to the lower cell numbers we obtained using these
primers compared to the other two methods; additionally,
members of both clusters have been previously detected in bi-
ological wastewater treatment plants in the United States, Ger-
many, and Japan (41). If these groups of AOB were present at
different abundances in the different sample groups, it would
explain the different degrees of underestimation by these prim-
ers across sample groups.

The choice of a suitable statistical tool for data analysis is an-
other crucial aspect in the development of a successful quantifica-
tion protocol. Here, simple linear regression was used for most
comparisons, but the combined data sets incorporating the serial
dilution and the time-series data did not fit the model assump-
tions, requiring the use of another statistical tool whose assump-
tions could be met by our data and that produced a good fit. The
mixed-effects model was found to be an appropriate choice, since
it took into account the variations in AOB abundance caused by
the different times and locations that the samples were collected
from.

Despite the good agreement between the abundance data ob-
tained using amoA gene-specific qPCR and FISH, linear regres-
sion analysis showed there was no correlation for the laboratory-
scale reactor samples and for the full-scale reactor samples, which
would suggest that at least one of the quantification methods was
not accurately detecting AOB cells in those samples. However, the
fitted amoA qPCR logged data for the laboratory and the full-scale
reactor samples, calculated using the mixed-effects model equa-
tion, differed from the observed values by no more than a factor of

TABLE 4 Comparison of 16S rRNA-specific qPCR data with amoA-specific qPCR data, 16S rRNA-specific qPCR data with FISH data, and amoA-
specific qPCR data with FISH data for the time-series samplesa

Model parameter Estimate SE P
95% CI
(maximum, minimum)

Comparison of 16SrRNA-specific qPCR data with the amoA-specific qPCR
Intercept 2.3 0.47 0.000*** 1.4, 3.2
Coefficient of log qPCR amoA 0.46 0.075 0.000*** 0.31, 0.61

Comparison of the 16S rRNA-specific qPCR data with the FISH data
Intercept 2.2 0.45 0.001** 1.3, 3.1
Coefficient of log FISH 0.43 0.064 0.000*** 0.30, 0.56

Comparison of amoA-specific qPCR data with the FISH data
Intercept 0.60 0.59 0.794 �0.56, 1.8
Coefficient of log FISH 0.81 0.097 0.000*** 0.62, 1.0

a Coefficients and corresponding standard errors, P values, and 95% confidence intervals (CI) for the model parameters of the comparison of the 16S rRNA-specific qPCR data with
the amoA-specific qPCR data, the 16S rRNA-specific qPCR data with the FISH data, and the amoA-specific qPCR data with the FISH data for the time-series samples are shown. **,
very significant P value; ***, highly significant P value.
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FIG 5 Graphic representation of the fitted versus the observed log abundance
data obtained using the random effects models routine for all the samples for
the 16S qPCR against the amoA qPCR data, the 16S qPCR against the FISH
data, and the amoA qPCR against the FISH data. Fitted values were calculated
using equations 11, 12, and 13.
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1 (mean variation � 0.30), which means that the qPCR values
predicted using the model equation differed from the observed
values by no more than an order of magnitude. This further illus-
trates the importance of selecting an appropriate statistical tool
when developing a quantification protocol. The nature of the
biases encountered in the present study highlights the importance
of producing a calibration curve using samples collected at differ-
ent times and/or locations and to include abundance data that
spans several orders of magnitude (e.g., by using serial dilutions).
Routine analysis of biological replicate samples might also be re-
quired for finer resolution, such as comparing samples from the
same environment collected over a short period of time.

All quantification techniques have their inherent biases. FISH
and other methods involving cell staining and microscopy remain
the most unequivocal since they involve the direct detection and
quantification of cells. However, the cost and time of such meth-
ods preclude their use for routine quantification of large numbers
of samples. Moreover, microscopic methods have relatively high
detection limits and may be subject to observer bias. Thus, the
most suitable quantification strategy for a particular situation is
dependent on the level of accuracy we are ready to accept. None-
theless, the approach used here, involving the use of two quanti-
fication techniques— one for routine use and the other one to be
tested on random samples—proved to be successful. The rigorous
evaluation of quantification protocols may appear to be arcane,
even boring. However, the complexities of the microbial world are
unlikely to be elucidated by a qualitative approach. Moreover, any
quantitative approach will never yield the nuanced and predictive

understanding we require, if it is undermined by inadequate
methodologies.
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