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Abstract

Quantitative PCR (gPCR) has become a widely used technique for bacterial quantification. The
affordability, ease of experimental design, reproducibility, and robustness of gPCR experiments
contribute to its success. The establishment of guidelines for minimum information for publication
of gPCR experiments, now more than 10 years ago, aimed to mitigate the publication of
contradictory data. Unfortunately, there are still a significant number of recent research articles
that do not consider the main pitfalls of qPCR for quantification of biological samples, which
undoubtedly leads to biased experimental conclusions. qPCR experiments have two main issues
that need to be properly tackled: those related to the extraction and purification of genomic DNA
and those related to the thermal amplification process. This mini-review provides an updated
literature survey that critically analyzes the following key aspects of bacterial quantification by
gPCR: (i) the normalization of qPCR results by using exogenous controls, (ii) the construction of
adequate calibration curves, and (iii) the determination of gPCR reaction efficiency. It is primarily
focused on original papers published last year, where gPCR was applied to quantify bacterial
species in different types of biological samples, including multi-species biofilms, human fluids,
and water and soil samples.
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Introduction

Quantitative PCR (gPCR) has become a widely used technique for gene expression
assessment, as well as for bacterial quantification (Kralik and Ricchi, 2017). The
affordability, ease of experimental design, reproducibility, and robustness of g°PCR
experiments (Smith and Osborn, 2009) contribute to its success. In fact, qPCR is used in
many other research fields beyond bacteriology and is even considered the gold standard

in many applications (Pfaffl, 2010). While gPCR can be used to quantify DNA, RNA

and even proteins, in this mini-review, the focus will be given to bacterial quantification

in biological samples through genomic DNA (gDNA) amplification and quantification.
Despite its success and technological potential, qPCR is not without its caveats, and the
MIQE guidelines (Minimum Information for Publication of Quantitative Real-Time PCR
Experiments) were pivotal to improve reproducibility, data analysis, interpretation, and
overall transparency of gPCR experimental reports (Bustin et al., 2009). As we will show in
this mini-review, there are still a significant number of research articles that do not consider
the main pitfalls of gPCR for bacterial quantification, which undoubtedly leads to biased
conclusions (Bustin, 2010). The main objective of this mini-review is to perform an updated
survey of recent literature to critically analyze how researchers conduct and report gPCR
experiments for the quantification of bacteria in biological samples.

The general concept of gPCR beyond bacterial load quantification

When taking into consideration all required controls, the high reproducibility of a gPCR run,
associated with a very low limit of detection, allows the accurate quantification of bacterial
gDNA present in the initial biological sample (O’Connell et al., 2017a). As depicted in

Fig. 1A, by performing a calibration curve relating initial bacterial concentration (before
gDNA extraction) with the detection cycle threshold of a specific gene marker (present in
the processed gDNA sample), gPCR data interpretation allows accurate determination of the
initial bacterial load. However, the operative sentence here is “all the required controls.”

As detailed in the MIQE guidelines (Bustin et al., 2009), gPCR experiments have two main
issues that need to be properly addressed: those related to the extraction and purification

of gDNA (McKee et al., 2015) and those related to the thermal amplification process
(Ruiz-Villalba et al., 2017). While a lot of attention has been given to the latter, gDNA
extraction troubleshooting is often oversimplified, mainly focusing on the gDNA yield

and quality. However, it has been demonstrated by many studies that gDNA extraction
efficiencies can vary significantly between experiments (Greathouse et al., 2019; Marotz
etal., 2017; O’Connell et al., 2017b; Rezzonico et al., 2003). This can lead to biased
quantification, as we have recently shown (Cerca et al., 2022). In addition to the inherent
biological variability that occurs when growing in vitro cultures or collecting in vivo
specimens, sample processing for qPCR experiments involves several steps, all of which
can significantly contribute to variability (Caporaso et al., 2012; Greathouse et al., 2019;
Sousa et al., 2014). It has been pointed out that the nucleic acid extraction step is the

most important source of post-processing variability (Costea et al., 2017) as variation in the
efficiency of this process will be further amplified during subsequent gPCR steps.
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On one hand, if using in vitro technical replicates, with known bacterial concentrations,

the variability in the gDNA extraction process can easily be observed by the differences

in the total yield of gDNA obtained, as depicted in Fig. 1B. For example, after repeated
extractions, if the user can anticipate a 1 x 108 CFU/mL bacterial pure culture yielding

~ 100 ng/uL of total DNA, then the user might exclude for downstream processing one
extraction where only 5 ng/uL of total DNA was obtained and attribute this variation to some
experimental flaw. However, if gDNA is extracted from an uncharacterized sample, which
is often the goal of a qPCR experiment, DNA yield alone will not allow correct assessment
of the initial bacterial load. Without the introduction of key experimental controls, it will
not be possible to differentiate between a lower gDNA extraction efficiency and a lower
initial bacterial load, since the same sample can yield two different gDNA concentrations,
as depicted in Fig. 1C. This is even more relevant if human DNA is added to the mixture
(Greathouse et al., 2019), as total DNA quantification will not allow inference of bacterial
gDNA extraction yield. To tackle this issue, the addition of an exogenous DNA control
before DNA extraction procedures, at a known concentration, has been identified as the
best practice to normalize the inherent variations associated with gDNA extraction between
samples (O’Connell et al., 2017a).

Impact of not assessing gDNA loss in bacterial quantification

Using a mock in vitro triple-species bacterial consortium, we recently demonstrated that

the impact of not quantifying gDNA extraction efficiency in each reaction can significantly
impact bacterial quantification (Cerca et al., 2022). As shown by others (Barton et al.,

2006; Davis et al., 2019; Greathouse et al., 2019), at lower bacterial concentrations,

the quantification error was significantly higher. Without considering gDNA extraction
efficiency, we could find up to 46-fold under-representation of a particular species in the
triple-species consortia. At higher bacterial concentrations, the quantification error was
significantly lower, with no more than sixfold under-representation observed (Cerca et al.,
2022). However, when we factored in the efficiency of gDNA extraction of each sample,

as measured by the recovery rate of the exogenous control added before extraction, we

were able to accurately (with less than 10% error) quantify each triple-species consortium
with ~ 3 x 108 CFU/mL total bacterial load. When testing a consortium with only ~ 3 x

108 CFU/mL of total bacterial load, assessing gDNA extraction efficiency allowed no more
than twofold under- or threefold over-representation of each species, which was significantly
more accurate than the calculations excluding gDNA losses. Interestingly, different bacterial
species incurred distinct gDNA losses.

Why determining qPCR reaction efficiency is not enough for accurate

bacterial quantification?

One of the most basic rules of any gPCR experiment is the need to determine the gPCR
reaction efficiency (Bustin et al., 2009). This is achieved by performing serial dilutions of a
specific DNA sample (Svec et al., 2015). However, this is often mistakenly considered as a
calibration curve for bacterial concentration determination. It is incorrectly assumed that the
same linear response observed in the qPCR reaction efficiency mimics a linear calibration
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curve for total bacterial load and gPCR cycle threshold of a specific bacterial species. As
depicted in Fig. 1A, the relationship between a known DNA concentration and qPCR cycle
threshold is only able to accurately assess the initial concentration of the DNA present in the
processed sample, but this is hardly the same as assessing the initial bacterial concentration
of the unprocessed sample (before gDNA extraction) to be analyzed. So, while determining
gPCR reaction efficiency is mandatory for accurate bacterial quantification, as described in
the MIQE guidelines, this does not replace the need to perform a proper bacterial gDNA
extraction calibration curve.

In this regard, Longin and co-workers pointed out important recommendations to

perform accurate bacteria quantification using qPCR (Longin et al., 2016). One of the
recommendations included (i) the use of a bacteria as a spike in control added to the
unprocessed sample before starting the DNA extraction. There are already a few studies
that have successfully used this strategy as exogenous controls (Scarsella et al., 2021;
Stoeckel et al., 2009). In these studies, bacteria were incorporated into the culture right
before the centrifugation step to account for biomass losses during centrifugation. It is
important to highlight that the selected exogenous bacterial species should be absent from
the target samples under study. In most cases, this is possible to predict. However, if

not, an alternative strategy could be the utilization of a genetically manipulated strain
containing a synthetic sequence. Furthermore, attention should be given to differences in
cell wall composition, since Gram-positive and Gram-negative bacteria can have different
lysis efficiency (Ketchum et al., 2018; Mahalanabis et al., 2009; Wang et al., 2020), mainly
due to a thicker peptidoglycan layer in Gram-positive bacteria (Auer and Weibel, 2017).
Furthermore, when studying complex samples that might include both Gram-positive and
Gram-negative bacteria, a mixture of Gram-positive and Gram-negative exogenous bacterial
controls should be used, as recently proposed (Scarsella et al., 2021).

Other important recommendations indicated by Login et al. was (ii) the use of calibration
curves constructed with gDNA isolated form pure cultures prepared at different bacterial
concentrations, as gDNA extraction efficiency depends on initial bacterial concentration. In
addition, (iii) dilution of pure cultures to construct calibration curves should include the
biological matrix of the samples.

Is bacterial quantification by gPCR being properly performed and reported?

A recent literature review

To perform this review, we focused on the analysis of the Materials and Methods sections
of original papers published last year, from a wide range of research fields, by performing
a PUBMED search with the key words “bacterial gPCR quantification,” “qPCR exogenous
control,” and “bacterial g°PCR normalization”. We found 95 research papers (Table 1).

We centered our analyses on (i) the normalization of gPCR results by using exogenous
controls, (ii) the construction of adequate calibration curves, and (iii) the determination of
reaction efficiency, which are key steps for both DNA extraction and thermal amplification
normalization steps. Surprisingly, (82%) of the surveyed manuscripts did not include

a normalization strategy to account for bacterial loss and to tackle gDNA extraction
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variability (Fig. 2). Among the studies where controls were included (8%), only 1% used
proper exogenous controls, and the remaining 9% performed a normalization of gDNA
concentration among samples. Regarding reaction efficiency, 53% of the studies did not
consider this critical aspect, 25% did not determine the efficiency correctly, and thus,

only 22% of the reports determined reaction efficiency properly. In the last aspect that we
analyzed, the construction of calibration curves, we verified that only 4% of the studies
performed proper calibration curves. In 45% of the studies analyzed, the calibration curves
were constructed using dilutions of gDNA obtained from a single sample, a strategy
routinely used to determine primer efficiency, instead of using gDNA obtained from
samples with different bacteria concentrations, as discussed above. A large number (37%)
of studies constructed calibration curves by cloning a gene into a plasmid, in order to
determine absolute copy numbers. However, again, the calibration curve was constructed by
performing dilutions of the same DNA sample. The most common errors found for each
critical aspect of the qPCR are described in Fig. 3. It is important to highlight that none

of the studies analyzed performed well in the three critical aspects evaluated. In this sense,
we constructed a flowchart, Fig. 4, that summarizes the critical steps for absolute bacterial
quantification by qPCR.

Concluding remarks

Our review of recent literature clearly shows that the use of qPCR for bacteria quantification
is not properly described, with a lack of clarity to what concerns the description on how
quantification was performed. Although the publication of MIQE guidelines were pivotal

to improve scientific literature on the use of qPCR for a multitude of applications, they

have focused on RNA extraction experiments and fail to mention the need to include the
utilization of an exogenous control to determine gDNA extraction efficiency. However, this
is of utmost importance to guarantee proper bacterial quantification by gDNA amplification.
The inadequate use of gPCR for bacterial quantification will bias the results obtained,
leading to the publication of inconsistent data and, consequently, misleading and erroneous
conclusions. As such, it is vital to alert the scientific community of the pitfalls associated
with the quantification of bacteria by gPCR and to establish guidelines on how to proceed to
properly address the limitations of these assays and, this way, obtain reproducible, reliable,
and meaningful data.
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Key points
. gPCR is a widely used technique used for absolute bacterial quantification.
. Recently published papers lack proper gPCR methodologies.

. Not including proper qPCR controls significantly affect experimental
conclusions.
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A. General principle of qPCR bacterial quantification
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B. In vitro polymicrobial bacterial cultures technical
replicates will inevitably yield some level of variability
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C. How to determine the relationship between extracted
gDNA and initial bacterial load in unknown samples?
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General concept and pitfalls behind bacterial load quantification by qPCR. Bacterial
quantification by gPCR requires the preparation of a calibration curve, which includes
gDNA isolated from samples with different concentrations of the bacterial species under
study (A). However, due to the variable efficiency of the gDNA extraction procedure, each
extraction, even from technical replicates, has inherent variability that can lead to biased
bacterial load quantification (B). When the starting bacterial amount is known, gDNA loss,
due to technical issues, can be easily detected. However, when the initial quantity of bacteria
is unknown, it cannot be differentiated whether the variation detected was introduced by
technical issues or if it was due to the initial bacterial load (C). As such, the addition of an
exogenous control is imperative
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Fig. 2.
Graphical representation of the percentage (%) of studies presented in Table 1 that

considered the three critical aspects for bacterial quantification by gPCR. The caption is
the same as described in the Table 1 footer section
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Fig. 3.
Common flaws when quantifying bacterial load using gPCR. In most of the studies

surveyed, (A) DNA extraction normalization was not performed (or described) or was
normalized by total gDNA concentration, which can bias the results. Often (B), the gPCR/
bacterial load calibration curve is performed by diluting a known gDNA sample, but this
fails to consider the different extraction efficiencies at different bacterial concentrations.
Also (C) some studies failed to consider the gPCR reaction efficiency that needs to be
determined for each primer set and varies according to reagent and equipment used
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Prepare pure cultures with .

. ) . Bacterial
different bacterial concentrations |
for calibration curve construction N

Add an exogenous control }7

Normalize the gDNA
concentration between samples

gDNA
extraction

Dilute gDNA only from 1 sample

to construct calibration curve
Dilute gDNA from 1 sample to ’
determine gPCR reaction efficiency J To use dilutions of a plasmid
carrying the gene of interest for
calibration curves or reaction
efficiency

Add the exogenous control

gPCR run

in the qPCR plate

Normalize target Ct values ‘ Normalize target Ct

Ct values control Ct values

through exogenous control 4{ Data analysis —‘ values through internal

Fig. 4.
Flowchart highlighting the “do’s” and “don’ts” of procedures in bacterial quantification

by gPCR. This scheme represents our recommended actions to perform a proper bacterial
quantification by gPCR (green lines). It also includes common errors that are generally made
(red lines) and should be avoided
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