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Abstract 

Accurate measurement of microbial population sizes in the environment is key towards developing 

quantitative and predictive models in microbial ecology. 

Quantitative PCR (qPCR) is a common technique for quantifying genes and transcripts, but is 

limited in its use due to reliance on an external standard curve as well as its susceptibility to 

inhibitors. Digital PCR (dPCR), on the other hand, is a more recently developed method that is 

unaffected by these issues. However, it possesses a lower dynamic range, higher cost per sample, 

and potential inaccuracies due to its use of endpoint analysis for the interpretation of results. 

This work aims to model the miscounting of hits in digital droplet PCR (ddPCR), one of the most 

common variants of dPCR, due to endpoint detection limitations, and to establish a correction 

factor to account for it. This is done in addition to the common Poisson distribution correction, 

which accounts only for the presence of multiple DNA templates in a droplet. 

To achieve this, the following in silico model was constructed: genomes containing a specific gene 

of interest (16S RNA) were randomly obtained from a public database, screened for quality, and 

then fragmented in a way that mimics real DNA extraction using a skewed normal distribution. The 

obtained fragments were then amplified via in silico PCR and the number of hits compared to the 

number of genes on the whole genome to quantify the mismatches. 

The results show a significant undercounting of the real number of templates by nearly 20%, 

depending on the amplicon length. Fortunately, the bias appears consistent over multiple runs, 

hence a correction factor for future ddPCR runs could be established.
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1. Introduction 

1.1 Bacterial cells 
Prokaryotes (bacteria and archaea) are unicellular organisms that are present in nearly all of 

Earth’s habitats. They are morphologically varied, with forms ranging from rods and spirals to 

spheres. Their length spans from 0.1 micrometers to 0.7 millimeters among the larger species 

[1]. In comparison to eukaryotic cells, prokaryotes lack a nucleus, mitochondria, and 

chloroplast. Their DNA is present within the cytoplasm as a single circular bacterial 

chromosome referred to as the nucleoid [2-4]. The DNA of prokaryotes is typically present as a 

single circular molecule (with the exception of plasmids, which function as additional circular 

DNA molecules within the cell and contain only non-essential genes). Due to this shape, the 

prokaryotic DNA replicates in a semi-conservative manner [5,6]. Additionally,  prokaryotic 

cells have the highest reproduction rate of any organism under beneficial conditions, with a 

doubling time of 17 minutes among the quickest species [7]. 

Thanks to the ease of manipulation, as well as the insight it offers into pathogens,  prokaryotic 

genomes represent one of the most popular targets of study, allowing for an abundance of their 

DNA to be used in research [8]. 

 

1.2 The small subunit of the ribosomal RNA as a marker gene (16S rRNA 

gene) 

The small subunit of the ribosomal RNA (16S rRNA in prokaryotes) is a component of the 30S 

subunit of a prokaryotic ribosome. Functionally, it provides most of the 30S structure and binds 

to the Shine-Dalgarno sequence (SDS), which is a portion of mRNA located approximately 8 

base pairs upstream from the start codon [9]. 

The 30S subunit itself is a part of the 70S ribosome found in prokaryotes and acts as an integral 

component for mRNA translation by binding to 3 prokaryotic initiation factors. The 16S rRNA 

directs the initiating start codon of the mRNA to the correct position using the SDS, thus 

ensuring that translation will begin from the correct location. The strength of the bond between 

the SDS on the mRNA and the 16S rRNA determines the efficiency of the translation that will 

take place [10-14]. 
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The 16S rRNA gene is commonly used as a phylogenetic marker for classifying bacteria and 

archaea. This is thanks to two attributes of the gene: 1. the gene is present in all living 

organisms. 2. due to its central function in protein synthesis it is highly conserved and diverged 

relatively little throughout evolution [15]. 

The small-subunit rRNA (16S and 18S) was used by Carl Woese to distinguish archaea from the 

remaining two domains by sequencing its nucleotide composition and comparing it among 

various eukaryotes and prokaryotes. This led to the current three-domain model of the tree of 

life (AKA the Woesian tree of life) [16]. 

Thanks to its universality the 16S rRNA gene is also used to identify and quantify 

microorganisms in the environment, However, because many species of bacteria possess 

variable copy numbers of the 16S rRNA gene a simple conversion of gene copies to cell 

numbers cannot be made. Hence, a correction factor is needed when trying to deduce genome or 

cell number from the number of 16S rRNA gene copies [17]. 

 

1.3 Quantitative PCR (qPCR) 

PCR (polymerase chain reaction) is a molecular biology technique that is used to make millions 

to billions of copies from scarce amounts of target DNA [18]. It was invented in 1983 by 

American biochemist Kary Mullis and has since become one of the main molecular laboratory 

research techniques for numerous applications including criminal forensics and biomedical 

research [19]. It functions by using two components, first a DNA oligonucleotide (primer) 

complimentary to the beginning of the target sequence, and then a thermostable DNA 

polymerase for the replication [20,21]. Using these two components, the system starts the 

temperature cycle at 95-100 °C in order to split the double stranded DNA into singular strands, 

which is also known as the denaturation or melting step, and then the temperature drops to 45-

55 °C to allow the primers to anneal the singled stranded DNA (ssDNA). In the final step of the 

cycle, the new strand is synthesized via the DNA polymerase enzyme at approximately 75 °C 

[22]. 

The laboratory technique called qPCR, also known as real-time PCR, utilizes the principle of 

PCR but also monitors the amplification of the desired DNA molecule in real time. This method 

is useful for deducing the bacterial load in a sample since bacteria only contain one DNA and 
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the DNA count can be directly correlated to the cell quantity [23]. It does so by either using a 

sequence-specific DNA probe made up of oligonucleotides and labelled with a fluorescent 

reporter, or a non-specific fluorescent dye that will intercalate with any double-stranded DNA 

(typically SYBR Green) [24,25]. One drawback of the method utilizing the fluorescent dye can 

result in the dye binding to unwanted components of the PCR process such as primer dimers or 

genomic DNA, while the fluorescent reporter will only be detected following the hybridization 

of the DNA probe with its complimentary sequence [26]. Real-time PCR has a wide variety of 

applications in the laboratory, most commonly within diagnostic and basic research [27,28]. 

Industrially, the technique is typically used for the quantification of microbial load in foods, the 

detection of GMO’s (Genetically modified organisms), and in quantification and genotyping of 

human pathogens [29-31]. 

 

1.4 Digital PCR (dPCR) 

 

Digital PCR (dPCR) is a type of digital PCR where a DNA sample is distributed into numerous 

individual partitions (from hundreds to even millions in advanced systems) [32]. The sample is 

either separated in thousands of water-in-oil droplets in one tube using a combination of 

microfluidics and proprietary surfactant chemistries (in which case the method is called digital 

droplet PCR, or ddPCR), or distributed into nanowells on a chip. In both cases, the result is several 

thousand PCR reactions occurring in parallel for one sample. The data is then analysed by the 

system and the fraction of PCR positive droplets in the original sample is calculated [33]. 
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Since the number of templates in each droplet is random, the Poisson distribution formula can be 

applied to make a prediction of how many of the positive droplets contained multiple templates, 

and thus attempt to predict the target DNA template concentration within the original sample. The 

equation for the Poisson distribution formula can be found below: 

 

(Where “p” represents the number of positive droplets and “λ” refers to the amount of target copies 

per droplet) [34]. 

 

Compared to qPCR, ddPCR boasts many advantages, such as no reliance on an external standard 

and reference samples, improved performance for applications requiring higher sensitivity and 

precision, as well as a higher resistance to inhibitors, and a lower coefficient of variation.  However, 

ddPCR also possesses a lower sample throughput than qPCR, as well as a higher cost per sample, 

and a smaller dynamic range [35,36]. Currently, the preparation of a sample for ddPCR involves the 

extraction of DNA from a cell. This process typically results in the DNA being fragmented in 

lengths of 2K – 20K Base pairs that may result in one of the two following situations. Firstly, since 

as previously mentioned many bacterial species may contain multiple copies of the 16S rRNA gene 

(up to 15 !), more than one copy may end up on one fragment but be counted only once. This is 

because ddPCR uses an endpoint detection method to quantify results (either a positive or negative 

response) and does not account for the signal strength (which is positively correlated with the 

number of copies in the droplet, but also negatively correlated with the presence of PCR inhibitors) 

[34]. The second more likely situation is that the DNA might be fragmented in the region of a 16S 

rRNA gene resulting in an underestimation of the total gene count due to a reduced number of 

viable targets. This shows the need for a correction factor to be calculated for ddPCR, accounting 

for instances where multiple complete target sequences, or incomplete instances of the target 

sequence are falsely registered as an individual or incomplete hit rather than their number of 

occurrence. 
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2. Aim 

The aim of this study is to establish a correction factor for ddPCR, accounting for instances of the 

target sequence’s occurrences being miscounted due to endpoint detection limitations. 

 

2.1 Objectives 

• Data sets are extracted from the number of genes of interest present in the downloaded 

genomes 

• Data sets are compiled from the in silico fragmented genomes showing whether the 16S 

RNA gene was maintained. 

• Data from both sets will be compared to establish a correction factor for differing values. 
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3. Code 

3.1 Code Process 

Below is the flowchart that describes the process executed by the written code (Fig. 1). 

 

Figure 1. Code diagram for modelling ddPCR underestimation. 

 

A full version of the source code for the wrapper, calculation and plotting scripts are available in the 

Appendix, as well as online on GitHub. 

The algorithm performs as follows: 

1. First, basic parameters such as nTIMES (number of runs), nGENOMES (number of genomes), and 

nFRAGS (number of fragments) are set and the paths to the necessary directories are created. 

2. Next, prokaryotic genomes are downloaded from theGenBank database (NCBI) randomly until the 

number of downloaded genomes equals the specified parameter in the first step. The program also 
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keeps track of the index numbers of each downloaded genome to avoid selecting the same genome 

twice. 

3. The genomes are then scanned for the presence of the 16S gene using the tool barrnap. Once the scan 

is completed, the genomes that have less than 80% of the 16S gene present are removed, and new ones 

downloaded in their place and the process repeated until no genomes need to be removed. 

4. Once the previous process has been completed, the number of genomes containing the 16S gene 

(nGenomesW16S) and the number of total hits within those genomes (nGenome16Shits) are saved. 

5. The script then runs in silico PCR on the genomes using primers designed to amplify the target gene, 

saving the results in a separate folder. The genomes are then read and cross-referenced with the hit 

positions from the PCR results to check for mismatches. If a genome has no PCR match it is removed 

from the genome pool and the in silico PCR is performed again until all genomes have a PCR match. 

6. The total number of PCR hits, as well as the number of genomes containing at least one PCR hit are 

counted, and the fraction of total PCR hits to total 16S (nGenome16Shits) is calculated. 

7. Once the values are calculated, the genomes are fragmented in silico using SIPSim and the number 

of 16S genes in the fragments counted. The fragments then also undergo in silico PCR and the number 

of hits in both cases are saved. This last step mimics ddPCR. 

8. The results are then summarized, and the data exported to a CSV table for analysis. 
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4. Results 

The program was run 100 times, each with 1000 genomes (mimicking a complex environmental 

community) and each genome was fragmented to 1000 pieces. The model therefore screened a total of 

100 × 10^6 fragments. Figure 2 illustrates the resulting fragmentation from 2 out of the 100 runs to 

show the variability in taxonomy and G+C content of the selected bacteria. 

 

Figure 2. An example of the distribution of genome taxonomy, DNA fragment lengths and G+C 

contents of 1000 genomes obtained in two different model runs. 

The following data was obtained with Table 1 containing the values obtained prior to the digital PCR, 

and Table 2 contains the results after the digital PCR. A select number of runs from the results was 

extracted and compiled in the tables below to demonstrate the format of the programs output. 
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Table 1. Results of 10 different runs 

Mean 16S 

rRNA genes 

per genome 

Frags w. 

16S 

P frags w. 

16S 

Frags w. PCR 

(ddPCR 

outcome) 

P frags w. 

PCR 

Frags w. multi 

16S 

P frags w. multi 

16S 

4.4 10443 0.0104 8950 0.857 287 0.0275 

4.4 10596 0.0106 9020 0.8513 242 0.0228 

4.4 10784 0.0108 9244 0.8572 238 0.0221 

4.4 10791 0.0108 9256 0.8578 201 0.0186 

4.5 10503 0.0105 9030 0.8598 227 0.0216 

4.4 10396 0.0104 8947 0.8606 223 0.0215 

4.3 10437 0.0104 8923 0.8549 207 0.0198 

4.6 10760 0.0108 9226 0.8574 269 0.025 

4.3 10437 0.0104 8923 0.8549 207 0.0198 

4.5 10428 0.0104 8936 0.8569 192 0.0184 
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Table 2: 

Frags w. multi 

PCR 

P frags w. multi 

PCR 

ddPCR correction 

factor 

Corrected ddPCR 

value 

213 0.0238 1.191 10663 

159 0.0176 1.193 10758 

140 0.0151 1.182 10926 

146 0.0158 1.182 10943 

168 0.0186 1.182 10672 

142 0.0159 1.178 10541 

 

Frags w PCR (ddPCR outcome) is the number of hits expected to be returned from a standard ddPCR 

procedure. Frags w. multi 16S represents the number of fragments that contain more than one 16S gene 

(or gene fragment) while Frags w. multi PCR refers to fragments with multiple 16S genes where the 

16S fragments are long enough to be amplified using PCR with the chosen primers. 

The P prefixing some columns refers to the proportion, or fraction of the genomes or fragments, to their 

total number.   

For the ddPCR correction factor the equation x was used: 

 

 

 

The correction factor was then used to provide the data in the column labeled Corrected ddPCR value. 

The averages of the obtained values from 100 runs were compiled and are listed below in Table 3: 
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Table 3: 

 Average Standard deviation 

16S per Genome 4.407 0.085582 

Frags w. 16S 10508.11 225.7658 

P. frags w. 16S 0.010502 0.000229 

Frags w. PCR (ddPCR outcome) 8996.15 199.0591 

P. frags w. PCR 0.85611 0.003635 

Frags w. multi 16S 230.71 25.75302 

P. frags w. multi 16S 0.02195 0.002372 

Frags w. multi PCR 158.04 20.81808 

P. frags w. multi PCR 0.017558 0.002236 

ddPCR correction factor 1.18616 0.005281 

Corrected ddPCR value 10670.79 232.5848 

 

 
 

5. Discussion 

The use of ddPCR in molecular biology labs is rapidly increasing with optimization to accuracy and 

the user-friendly improvements being developed [37]. 

As a relatively new technology brought to the market in 2012 not all biases and caveats are known, 

and with its rising popularity it is imperative to optimize the process by eliminating potential 

inaccuracies in data, as these could affect a large amount of research that makes use of this tool. 

This holds especially true for the field of environmental microbiology, which is moving towards 

more quantitative research that would therefore require the highest possible accuracy. 

Here we presented and modelled a persistent bias caused by the end-point detection system, namely 

the occurrence of partial, or multiple template molecules within one droplet being miscounted as 0, 

or 1 ddPCR hit. As previously stated, the aim of this study was to establish a correction factor for 

ddPCR, which would account for this persistent bias. An example of this would be with malaria 

parasites where late trophozoites and schizonts contain several genomes or in general cases where 

DNA is fragmented during sample preparation so that the genome of interest is split [36]. The 
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current solution to this issue is the application of a Poisson model to calculate the number of times 

multiple fragments are present within a single droplet but doesn’t estimate the overall occurrence of 

this miscount or partial template molecules not being counted [38]. The data that was obtained in 

this study yielded an average ddPCR correction factor of 1.18616, showing an approximately 

18.6% deficit in the number of hits. Since the deficit exceeds 10% the correction factor can be 

considered significant regarding data interpretation, impacting the obtained results. With this data 

the accuracy, robustness, and reproducibility of ddPCR can hopefully be increased to ensure that it 

sees more common application in clinical trials and testing [38]. This could impact research in areas 

where ddPCR is used for quantitative analysis, such as in the identification of mixed meat products 

and quantification of their constituents, or the accurate quantification of parasites where the need 

for an external standard curve would make it difficult to compare research [36, 39]. 

 

5.1 Limitations 

Although the results show a sizeable deficit in the number of hits in ddPCR results, the study only 

performs the fragmentation and PCR in silico, which could potentially mean that actual 

fragmentation and ddPCR would be impacted by the miscounting of hits to a different degree from 

what was determined. However, the size of the deficit does show the need for such a correction 

factor to be established, which will hopefully be supported by in vitro research contributions in the 

future. 

The effect also depends on: DNA extraction method (i.e. DNA fragmentation), gene of interest and 

the primers used (or more correctly the length of the amplicon). 
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6. Conclusion 

In conclusion, the task was to establish a correction factor for ddPCR caused by endpoint detection 

limitations. This was achieved via in silico fragmentation of genomes confirmed to contain the 16S 

RNA gene before being fractured, and then comparing the number of ddPCR hits from the 

fragments with the number of genes of interest in the whole genomes. Using the data obtained, a 

correction factor could be established which would account for the number of miscounted genes of 

interest among the fragments. The obtained correction factor had a value of 1.18616 which shows a 

hit deficit of over 18%, therefore having a significant impact on obtained data. This correction 

factor can assist in bolstering the reliability of quantitative ddPCR research or applications in the 

future, and hopefully allow ddPCR as an analytical method to see more application in the field with 

increased reproducibility. 
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8. Appendices 

Link to GitHub: https://github.com/roey-angel/ddPCR-simulation  

 

9. Shell script 

These are the screenshots of the used scripts. 
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10. R Script 

 


