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Especially, anaerobic bacteria are harmful for papermaking processes utilizing recycled fibers.  

 

Bacteria of the class Clostridia comprise a very diverse group and have many different metabolic 

properties. Bacteria of class Clostridia can ferment different substrates, for example cellulose and 

starch, crucial in paper mills utilizing recycled fibers. Fermentation does not only decrease material 

efficiency, but also the acids produced during fermentation deteriorate papermaking processes. 
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Clostridia can also produce, for example, hydrogen which is an explosive gas endangering the safety 
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designed primers targeted the most harmful bacteria from the genera Clostridium, Ethanoligenens, 
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for the target bacterial group. Positive controls of each target bacterial genus was included and close 
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Kierrätyskuitujen käyttö paperiteollisuudessa on kasvanut viime vuosien aikana. Kierrätyskuitujen 

käyttö paperin valmistuksessa on kestävämpi vaihtoehto kuin ensikuitujen käyttö. Mikrobiologiset 

ongelmat kierrätyskuitutehtailla ovat suurempia kuin ensikuituja käyttävillä tehtailla. Erityisesti 

anaerobiset bakteerit ovat haitallisia paperinvalmistusprosesseissa, joissa hyödynnetään 

kierrätyskuituja. 

 

Clostridia-luokan bakteerit ovat hyvin monimuotoinen ryhmä muun muassa aineenvaihdunnallisesti. 

Clostridia-luokan bakteerit pystyvät hyödyntämään käymisprosesseissa erilaisia lähtöaineita, kuten 

tärkkelystä ja selluloosaa, jotka ovat välttämättömiä paperinvalmistuksessa. Käymisreaktion 

seurauksena muun muassa prosessien materiaalitehokkuus heikkenee, ja lisäksi käymisessä tuotetut 

hapot aiheuttavat haittoja. Haihtuvat rasvahapot ovat pahanhajuisia yhdisteitä, jotka aiheuttavat 

ongelmia sekä tehtailla että lopputuotteessa. Osa Clostridia-luokan bakteereista voi tuottaa myös 

esimerkiksi räjähdysherkkää vetykaasua, joka vaarantaa tehtaiden työntekijöiden turvallisuuden. 

 

Kvantitatiivinen PCR (qPCR) on käyttökelpoinen menetelmä mikrobien havaitsemiseksi. Tässä työssä 

kehitettiin qPCR-menetelmä niille Clostridia-luokan bakteereille, joita oli havaittu runsaimmin 

kierrätyskuitua hyödyntävillä tehtailla. qPCR-alukkeet suunniteltiin sukujen Clostridium, 

Ethanoligenens, Fonticella ja Ruminococcus  runsaimmille ja haitallisimmille edustajille, jotka 

kierrätyskuitutehtailta oli tunnistettu. Kaiken kaikkiaan kolme alukesettiä suunniteltiin tälle 

kohdebakteeriryhmälle. Jokaisesta kohdebakteerisuvusta valittiin menetelmälle positiiviset 

kontrollikannat. Lisäksi negatiiviset kontrollit valittiin Bacilli-luokan lähisukulaisista. Alukesettien 

tehokkuutta, tarkkuutta ja toimivuutta kierrätyskuitutehtaiden prosessinäytteiden kanssa vertailtiin, ja 

yksi alukeseteistä olikin potentiaalisin muihin verrattuna. Kaikki positiiviset kontrollit monistuivat, ja 

toisaalta mikään negatiivisista kontrolleista ei monistunut kehitetyllä qPCR-menetelmällä in vitro. 

Menetelmän toimivuus varmistettiin vielä testaamalla qPCR-menetelmää kierrätyskuitutehtailta 

kerätyillä prosessinäytteillä. Kehitetyn menetelmän tehokkuus ei ollut optimaalinen. Tästä huolimatta 

qPCR-menetelmä havaittiin käyttökelposeksi kohdebakteeriryhmän havaitsemiseen 

kierrätyskuitutehtailla, joissa bakteeritiheydet ovat muutenkin korkeita. 
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INTRODUCTION 
 
Paper production and microbial problems in papermaking 

Use of recycled fibers (RCF) in papermaking processes is significant in respect of 

sustainability and circular economy. The use of RCF reduces emissions and is crucial in 

terms of saving forests, for example. The production of packaging board and the 

consumption of RCF have been increased globally during recent years (EPN 2018; FAO 

2021).  

The effective use of RCF is relevant in papermaking processes. RCF pulp 

produced from recovered paper can be used as raw material in the production of recycled 

paper as such, or mixed with virgin pulp made from wood. Recycled pulp is processed back 

into individual cellulose fibers and it goes through many steps of, for example, cleaning and 

washing procedures. Common contaminants in recovered paper are for example starch, 

calcium carbonate, different adhesives, metals and coating particles. All the components 

that can not be used in paper production are removed during the process (Bajpai 2013; 

Ekman 2022, verbal communication). The obtained pulp is mixed with water to form a slurry 

and reused in the papermaking process. Additives, for example starch, are added to the 

slurry to improve the properties of the paper or board (Flemming et al. 2013). Recycled fibers 

become shorter during each recycling round, which limits the reuse of paper ranging from 

five to seven times (Bajpai 2013).  

Paper mills are continuously exposed to microbes, for example through water 

and raw materials. Conditions in papermaking processes are favourable for microbial growth. 

Paper machines are aqueous systems with optimal temperature for growth of mesophilic 

and thermophilic microbes. Nutrients are continuously provided in large quantities 

(Flemming et al. 2013). Traditionally, the problems caused by microbes in paper mills using 

virgin pulp are related to biofilm formation and are well recognized. For example, the 

formation of biofilms or slimes can lead to plugging in different stages of the production. 

Thick slimes can detach from the machine surfaces and ultimately physically break the 

paper web. Microbes can also be corrosive for the metal parts of the machines. As a 

consequence, the various microbiological problems result in economical losses. Microbial 

activity can also cause hygiene issues in the final products (Blanco et al. 1996; Flemming et 

al. 2013). Microbial deposits can be detrimental as such when ending up in the final product, 

leaving spots or holes on the paper or board (Ekman et al. 2007).   
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Microbiology of RCF machines is less studied than that of the machines using virgin fibers, 

but some general characteristics have been recognized. Generally, based on the found 

literature, RCF mills have more microbiologically related issues compared to mills using only 

virgin fibers. Recovered paper as a raw material already is a substantial source of 

microbiological contamination. Furthermore, recovered paper is a good resource of various 

organic nutrients for the microbes (Blanco et al. 1996; Flemming et al. 2013). Closed water 

cycles in paper production are pursued in terms of sustainability but pose a risk of yet 

increased microbiological problems in paper mills. Together with usage of RCF pulp, the 

closure of water cycles leads to anaerobic conditions in the mills due to the high oxygen 

demand caused by the high abundance of nutrients (Flemming et al. 2013). Growth of 

anaerobic bacteria is one major cause of the various problems especially in RCF paper mills. 

Volatile fatty acids (VFAs) are produced during anaerobic fermentation. VFAs are odorous 

compounds problematic both in the surroundings of the mills and in terms of the quality of 

the end products. VFAs have been reported abundant especially in RCF paper mills with 

100% closed water systems (Oqvist et al. 2008). Acid production and pH drop due to 

anaerobic fermentation is problematic also during the papermaking processes. pH drop in 

the process leads to dissolution of calcium carbonate which in turn leads to higher 

conductivity. High conductivity has various detrimental effects in paper machines, leading to 

for example scale formation, deposits or strength loss (Xu et al. 2017). Additionally, since 

cellulose and various additives such as starch are used as the substrates of fermentation 

by the anaerobic bacteria (Flemming et al. 2013) material efficiency is decreased. An 

ultimate example of the hazardous problems in RCF mills is the explosive gas production 

by some microorganisms, which is a serious threat for mill employees (Blanco et al. 1996; 

Flemming et al. 2013). 

 

Monitoring microbial growth in paper industry and qPCR principles 

Monitoring microbial activity in the paper mills is crucial in terms of effective control of 

microbial growth. For example different chemicals, such as biocides, are used to prevent 

growth of different microbes. The effective use of these growth controlling agents requires 

knowledge of the microbial population in the paper mills (Blanco et al. 1996). Conventional 

cultivation methods as well as adenosine triphosphate measurements are generally used 

for monitoring the number of microbes in the paper processes, but these methods have 

disadvantages regarding the identification of microbes. Adenosine triphosphate 

measurements are only used to enumerate bacteria. With cultivation based methods, 
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bacteria can be identified based on the phenotypic features on a certain selective culture 

media, which is a rather inaccurate method compared to genotypic identification. Major part 

of microbes in environmental samples are yet unculturable. Additionally, conventional 

cultivation is laborous and may take several days to obtain results (Maukonen et al. 2003).  

Molecular identification methods for microbes are generally more accurate 

compared to cultivation for example. Quantitative polymerase chain reaction (qPCR) as a 

genetic method is accurate and rapid for microbial identification and enumeration. In qPCR 

a specific fragment of DNA is amplified during PCR cycling. The amplification is monitored 

in real-time using a fluorescent dye binding to double-stranded DNA. The increased 

fluorescence signal of a sample is detected during qPCR if target DNA is present. The copy 

number of the target DNA in an unknown sample can be calculated against a standard with 

known copy number of the target DNA amplicon. The standard is usually serially diluted and 

the copy number of the target DNA is known in each dilution. In an optimal qPCR assay, the 

target DNA amplicon is doubled after each cycle meaning that the amplification proceeds 

exponentially until plateau phase. The point where fluorescence of a sample is detectable 

from the background noise, is defined as the quantification cycle (Cq) and the quantity of 

target genes in the sample can be calculated based on that Cq value (Kralik and Ricchi 2017). 

16S ribosomal RNA gene (16S rRNA) is a common target for qPCR amplification for 

environmental samples. 16S rRNA gene is feasible since it has been extensively studied 

and good-quality sequence data is available in many databases such as SILVA (Quast et al. 

2013). It is also conserved in all organisms (Maukonen et al. 2003). 

 

Primer design principles 

Primer design is the most critical step in qPCR assay design. Primers define the specificity 

of the qPCR assay. Primers must be designed such that only the DNA of the defined target 

organisms will be amplified in the qPCR (Bustin and Huggett 2017; Kralik and Ricchi 2017). 

Mismatches between primers and the DNA template affect qPCR efficiency. Especially 

mismatch in the 3’ end (last 5 bases) of the primer has been shown to deteriorate the 

efficiency of a qPCR reaction whereas multiple 3’ end mismatches blocked amplification 

totally (Stadhouders et al. 2010). In an optimal qPCR assay the efficiency is high, close to 

100%, which corresponds to doubling of the target DNA amplicon after each PCR cycle 

(Bustin and Huggett 2017; Kralik and Ricchi 2017). Additionally, primer dimers, self-dimers 

or hairpin structures should not be formed. The melting temperatures (Tm) and G/C content 
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of all primers in an assay should be close to each other (Bustin and Huggett 2017; Ye et al. 

2012).  

Locked nucleic acids (LNAs) are synthetic nucleotides which can be 

incorporated to oligonucleotides to increase the Tm. LNAs are nucleic acid analogs in which 

a methylene bridge connects the 2’ oxygen and the 4’ carbon atoms of the ribose moiety. 

This increases the affinity of LNA nucleotides. The Tm of the primers can be increased from 

2 °C to 8 °C per LNA nucleotide (Lundin et al. 2013). Short LNA containing primers have 

been reported to be more successful than corresponding primers without LNA substitutions 

(Latorra et al. 2003). Unequivocal design guidelines for LNA containing primers were not 

found. Some general design rules have been demonstrated considering the number and 

position of LNAs. Optimal results have been obtained with 1-3 LNA substitutions per primer. 

LNAs located in the 5’ end of the primer (Levin et al. 2006) as well as centrally in the primer 

(Latorra et al. 2003) have been shown to lead to the most efficient qPCR assays. The Tm 

predictions for LNA nucleotides are rather complex since the neighboring nucleotides affect 

the binding strength of an LNA nucleotide (McTigue et al. 2004). Some evidence show that 

LNA adenine stabilizes the LNA containing oligonucleotide the least (Levin et al. 2006). 

 
Introduction to the thesis project 

The aim of this thesis project was to design a qPCR method for the detection of a relevant 

problematic group of bacteria identified in the RCF processes. Thesis work was done for 

Kemira Oyj. The microbial communities in RCF processes had been studied previously in 

Kemira by carrying out a comprehensive 16S rRNA gene sequencing analysis from RCF 

mills worldwide. The obtained sequence data was classified against SILVA database. The 

most abundant bacteria in the RCF processes belonged to the phyla Bacteroidota, 

Firmicutes, Proteobacteria and Actinobacteria according to the studies done by Kemira 

(unpublished). These observations are in line with previous studies done of microbial 

communities in RCF mills. Granhall et al. (2010) found representatives of seven different 

phyla in RCF processes which included Actinobacteria, Bacteroidetes, Fibrobacteres, 

Firmicute, Proteobacteria, Spirochaetes and Tenericute. In a study done by Oqvist et al. 

(2008) most of the bacteria belonged to the phylum Firmicutes in the two RCF mills studied.  

The target bacterial group for the qPCR designed in this thesis project 

comprised of anaerobic bacteria belonging to the phylum Firmicutes, including several 

genera from three bacterial classes: Clostridia, Thermoanaerobacteria and Negativicutes, 

classification based on SILVA. From these three classes, bacteria belonging to the class 
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Clostridia were the most abundant in RCF mills. The aim was to develop a qPCR assay 

specifically for the defined anaerobic Firmicutes in RCF machines, excluding all other 

bacteria found in RCF processes. Close relatives of target bacteria under class Bacilli were 

used as negative controls in the assay design. The genera Enterococcus and Thermicanus 

were the most abundant non-target Firmicutes in RCF mills. qPCR assay for Thermicanus 

had already been developed in Kemira (Mikkonen et al. 2021). Representatives of Bacillus 

and Paenibacillus were also among the most common non-target Firmicutes and thus used 

as negative controls. The target bacterial classes with the most abundant family or genera 

together with non-target Firmicutes for the qPCR assay are presented in Figure 1. 

 

 

Figure 1. The target bacteria (green) and non-target Firmicutes (red) for the qPCR assay. 

Bacterial classes are written in bold and the abundant genera or family in RCF processes 

are in parentheses.  

 

Target bacteria of the class Clostridia comprise a variable group of microorganisms. The 

most abundant representatives of the genus Clostridium in the RCF machines belonged to 

Clostridium sensu stricto 1 -group under the family Clostridiaceae according to SILVA 

classification. Clostridium sensu stricto 10 and Clostridium sensu stricto 12 were the next 

abundant Clostridiaceae genera. Other abundant genera in class Clostridia were 

Ethanoligenens, Fonticella and Ruminococcus, all of which were aimed to be included in the 

qPCR assay. Thermoanaerobacterium and Veillonella, belonging to classes 

Thermoanaerobacteria and Negativicutes, respectively, were also revealed abundant 

bacteria in RCF processes. Thus, it was studied whether these bacteria could be added to 

the same qPCR assay with Clostridia. 

The bacteria of the target group chosen for the qPCR assay possess several 

phenotypes deleterious for the RCF processes. All the target bacteria are anaerobic (Kraatz 



 

9 
 

and Taras 2008; Lee et al. 1993; Tracy et al. 2012). The target group includes bacteria with 

diverse metabolic properties. Class Clostridia alone is a large and diverse group. Bacteria 

in class Clostridia can use a variety of substrates in fermentation, cellulose and starch being 

the most relevant in terms of RCF processes. Many bacteria of class Clostridia, especially 

bacteria of genus Clostridium, can produce VFAs and for example the explosive hydrogen 

gas H2 as fermentation products (Tracy et al. 2012). Bacteria of genus Ethanoligenens and 

Fonticella have been recorded to utilize starch as a substrate as well as some 

monosaccharides. Bacteria of the genus Ethanoligenens can produce H2 whereas no 

production has been recorded for Fonticella (Fraj et al. 2013; Xing et al. 2006). The genus 

Ruminococcus includes species generally abundant in rumen. These bacteria are efficient 

in cellulose fermentation, producing H2 (Pavlostathis et al. 1988). Some Ruminococcus 

species can additionally degrade starch (Chassard et al. 2012).  

Outside class Clostridia, also Thermoanaerobacteria and Negativicutes include 

relevant bacteria abundant in RCF machines, possessing detrimental phenotypic features 

for RCF processes. Some species of the genus Thermoanaerobacterium do not ferment 

cellulose, but for example cellobiose, starch and many mono- and disaccharides are 

fermented. H2 and acetic acid among others have been detected as fermentation products 

depending on the species (Lee et al. 1993). Bacteria of genus Veillonella produce VFAs, 

and production of odorous H2S has also been recorded (Kraatz and Taras 2008; Mashima 

et al. 2021).  

Potential primers for the target group were first searched from the literature. No 

such primers specific to all target bacteria were found. Primers that were found targeted 

either all Firmicutes in general, or were designed for different clostridial clusters, e. g. 

Clostridium cluster I (C. perfringens group; including many representatives of genus 

Clostridium and Eubacterium) and Clostridium cluster IV (C. leptum group; including 

representatives of genera Clostridium, Eubacterium and Ruminococcus) (Bacchetti De 

Gregoris et al. 2011; Matsuki et al. 2004; Rinttilä et al. 2004). Since literature research did 

not reveal any primer pair covering all target bacteria of this study, primers were manually 

designed using the16S rRNA gene as the target. 

 

MATERIALS AND METHODS 
 
Sequence data 

Sampling, DNA extraction and 16S rRNA sequencing for microbial community analyses of 

RCF machines had been done prior to this thesis project. Representative RCF process 
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samples for DNA extraction and sequencing had been collected from paper mills worldwide. 

Stability of the samples during shipping and storage was ensured with DNA preservation 

solution prior to DNA extraction. 16S rRNA sequencing of either hypervariable regions V4-

V5 or region V4 was done in an external sequencing laboratory. DNA extraction prior to 

sequencing was done either in Kemira or in the external sequencing laboratory, based on 

efficient bead-beating method in both laboratories. Sequence data was analyzed in Kemira 

preserving only the high-quality, non-chimeric and prokaryotic 16S rRNA sequences. These 

sequences were clustered into operational taxonomic units (OTUs) with 99% identity 

threshold and OTUs had been classified against SILVA database (Quast et al. 2013). The 

obtained sequence data was utilized in the primer design in this study. 

 

Primer design 

Primer design was done manually, and no commercial primer design tools were used. 

Representative sequences of up to five most prevalent OTUs of each target and non-target 

bacterial genera were retrieved from the sequence data into separate FASTA files. 

Representative sequences of OTUs of the following target bacterial genera were retrieved: 

Clostridium sensu stricto 1, Clostridium sensu stricto 10, Clostridium sensu stricto 12, 

Ethanoligenens, Fonticella, Ruminococcus, Thermoanaerobacterium and Veillonella. 

Representative sequences of the following non-target Firmicutes OTUs were also retrieved: 

Bacillus, Paenibacillus, Enterococcus and Thermicanus. Each FASTA file containing 

representative sequences of OTUs of one bacterial genus was separately analyzed with 

SILVA ACT (alignment, classification and tree service) (Quast et al. 2013). The sequences 

were aligned with SINA (v1.2.11) aligner (Pruesse et al. 2012) against small subunit 

database. Search and classify was enabled to find the nearest complete 16S rRNA 

sequences in SILVA database to the query sequences using the default 95% minimum 

identity threshold. 

Multiple closest complete 16S rRNA genes of each target and non-target 

bacteria were then collected into one FASTA file, accepting only sequences with high pintail 

quality. SILVA ACT was then used to compute a phylogenetic tree of these complete 16S 

rRNA sequences using RAxML program with default settings. Phylogenetic tree together 

with the sequence alignment were then visualized in Wasabi alignment viewer in SILVA. 

Primers were manually designed based on the alignment. Primer design is described in 

more detail in Results -section. Briefly, based on the alignment, Negativicutes were excluded 

from the primer design. Three primer sets were designed targeting either only Clostridia or 
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both Clostridia and Thermoanaerobacteria. Primers were ordered from Eurofins Genomics 

(Germany). 

 

In silico primer analyses  

The performance of the designed primers was evaluated in silico before laboratory 

experiments. SILVA TestPrime (Klindworth et al. 2013) was used to run an in silico PCR 

with the primer sets. SILVA Database of SSU r138.1 and RefNR sequence collection were 

used for matching the primers as recommended in SILVA TestPrime documentation. 

Different stringencies (i. e. variable number of allowed mismatches) of in silico PCR were 

tested to evaluate the specificity of the designed primers. All forward primers of each primer 

set were separately analyzed. SILVA automatically resolved the wobble bases into multiple 

oligos. Thus, degenerate primers could be analyzed as such, without resolving the wobble 

bases manually and testing each primer sequence combination separately. 

 Primer-BLAST (National Center for Biotechnology Information, USA) was also 

used for specificity testing to inspect any unspecific amplification products outside 16S rRNA 

gene in silico. Primer-BLAST was run for all Bacteria (taxid:2) against RefSeq representative 

genomes database. Targets including 4 or more mismatches between target sequence and 

primers were ignored. Maximum target amplicon size was retained as 4000 bases as default. 

Primer-BLAST does not accept wobble bases in the primer sequences. Thus, all primer 

sequences of a degenerate primer were separately analyzed.  

Beacon Designer Free edition Oligo analysis (PREMIER Biosoft International, 

CA) was used to evaluate Tm of the primers, primer-dimers, self-dimers and hairpin 

structures in silico. Wobble bases were not accepted in the primer sequences and thus each 

primer sequence of a degenerate primer was separately analyzed. SYBR Green was chosen 

as assay type, and default reaction conditions were used. 

 
Bacterial strains, cultivation and DNA extraction 

Positive and negative control strains for the qPCR assay were chosen during primer design. 

Bacterial strains that were the closest matches to OTU representative sequences of each 

target bacterial group and non-target Firmicutes in SILVA were used. Clostridium beijerinckii 

and Clostridium chartatabidum were chosen for control strains for Clostridium sensu stricto 

1. Ethanoligenens harbinense, Fonticella tunisiensis and Clostridium islandicum (also called 

Clostridium thermoislandicum) were chosen as control strains for Ethanoligenens, Fonticella 

and Ruminococcus, respectively. Bacillus pumilus, Enterococcus cecorum, Paenibacillus 
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stellifer and Thermicanus aegyptius were chosen as negative controls for non-target 

Firmicutes. Each control bacterial strain was ordered either as freeze-dried culture from 

HAMBI culture collection (University of Helsinki, Finland) or as genomic DNA from DSMZ 

culture collection (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 

Cultures GmbH, Germany). Control stains with their DSM or HAMBI accession numbers are 

presented in Table 1.  

C. beijerinckii was cultivated and DNA was extracted. Ampoule of freeze-dried 

culture of C. beijerinckii from HAMBI was handled according to the manufacturer’s 

instructions, except freeze-dried cells were suspended in 1 ml of 0.9% NaCl solution instead 

of broth medium, and cell suspension was only streaked onto agar plates instead of liquid 

broth cultivation. Bacteria were cultured on Thermo Scientific™ Oxoid™ Reinforced 

clostridial agar plates at +37 ºC in an anaerobic jar. Anaerobic growth conditions were 

created with Thermo Scientific™ Oxoid™ AnaeroGen™ sachets. Anaerobic conditions were 

verified with an anaerobic indicator strip. Growth of C. beijerinckii was observed within two 

days of cultivation. Genomic DNA was extracted using a commercial extraction kit for 

environmental DNA including an efficient bead-beating step (detailed information of DNA 

extraction kit is proprietary). Cell mass was collected from agar plates to DNA extraction 

tubes containing DNA preservation solution. DNA was extracted according to the 

manufacturer’s instructions. B. pumilus and P. stellifer, also ordered from HAMBI, had been 

cultivated and DNA had been extracted by Pirhonen (2021). Samples of the extracted 

genomic DNA of these strains were used in this project. The ordered control strains were 

type strains with one exception: C. thermoislandicum was only a proposed type strain.  

 

Table 1. Positive and negative control strains and their accession numbers. 

Organism Accession number Positive or negative control  

Clostridium beijerinckii HAMBI 3431 Positive control 

Clostridium chartatabidum DSM 5482 Positive control 

Clostridium thermoislandicum DSM 18778 Positive control 

Ethanoligenens harbinense DSM 18485 Positive control 

Fonticella tunisiensis DSM 24455 Positive control 

Bacillus pumilus HAMBI 1826 Negative control 

Enterococcus cecorum DSM 20682 Negative control 

Paenibacillus stellifer HAMBI 2950 Negative control 

Thermicanus aegyptius DSM 12793 Negative control 



 

13 
 

qPCR reagents, equipment and program 

Bio-Rad CFX96 Touch™ Real-Time PCR System thermal cycler and CFX Maestro software 

were used for all qPCRs. For qPCR reactions a commercial master mix utilizing SYBR® 

Green I chemistry was used (proprietary information). Master mix contained all components 

required for qPCR reaction except for primers, PCR grade water and DNA template. All 

reaction mixtures, including the commercial master mix, forward and reverse primers and 

PCR grade water, were prepared according to the manufacturer’s instructions of the 

commercial master mix. The reaction cocktail was thoroughly mixed before distribution on a 

white 96-well plate. Template was then added in each well. Three replicates of no template 

controls (NTC) were included in each qPCR run.  

The design of qPCR cycling protocols for each primer set was also based on 

the instructions provided by the manufacturer of the commercial master mix. The longest 

recommended initial denaturation time before PCR cycling was used to ensure full 

denaturation of the genomic DNA of standards and samples. 40 cycles of three step qPCR 

(denaturation, annealing and extension) were run. Optimal annealing temperature was 

determined experimentally by running a gradient qPCR using DNA of C. beijerinckii as a 

template. Temperatures of other steps were set as instructed in the master mix manual. The 

duration of the cycling steps was set longer than instructed to ensure proper amplification 

and the times were not further optimized. Melt curve analysis step was added at the end of 

each qPCR for PCR product length analysis. Quantification threshold was automatically set 

by the qPCR software.  

 

Primer efficiency and specificity tests in vitro 

The primer specificities and efficiencies were determined for each positive control. The 

efficiencies of the designed qPCR primers were calculated with serially diluting genomic 

DNA of the positive controls (Table 1) and running them in qPCR. The efficiencies were 

calculated by the CFX Maestro qPCR software. Four 10-fold serial dilutions were used to 

create a standard curve. Sample quantities with 10-fold difference (representing template 

concentration change) were plotted on the x axis and the corresponding Cq values were 

plotted on the y axis. qPCR efficiency was then calculated based on the slope of the linear 

curve fitted to these data points. The formula used in efficiency calculations is as follows 

(Bustin et al. 2009):  

 

PCR efficiency = 10−1/𝑠𝑙𝑜𝑝𝑒 − 1 
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The amplification of negative controls was also tested in terms of assay specificity. 10-fold 

dilution series of all negative controls were tested similarly as for positive controls. Two 

technical replicates of at least the highest and lowest concentration of the standard curve 

were included with both positive and negative controls.  

 

DNA copy number calculation 

The 16S rRNA gene copy numbers were calculated for DNA samples of pure cultures of      

C. beijerinckii and negative controls (Table 1) during this thesis work. Genome sizes and 

16S rRNA gene copy numbers were retrieved from NCBI GenBank Genome database. 

Genome sizes and 16S rRNA copy numbers are presented in Table 2. Complete reference 

genomes were found for all other bacterial strains except for B. pumilus and T. aegyptius. 

The assembly level for reference genomes of B. pumilus and T. aegyptius was only scaffold.  

 

Table 2. Genome information for copy number calculations.  

Bacterial species RefSeq accession Genome size (Mbp) 16S rRNA copy 

number 

C. beijerinckii NZ_CP073653.1 5.950 16 

B. pumilus NZ_PTXV00000000.1 3.641 7 

E. cecorum NZ_LS483306.1 2.422 7 

P. stellifer NZ_CP009286.1 5.659 11 

T. aegyptius NZ_AZNU00000000.1 3.657 3 

 

For DNA samples from RCF processes, genome copy number of all bacteria was also 

calculated (see MATERIALS AND METHODS: qPCR testing with RCF process samples). 

An average genome size of bacteria in RCF processes was used in this genome copy 

number calculation. The average genome size of 2,7 Mbp had been defined in Kemira 

previously as weighted average of the most common bacteria in RCF processes 

(unpublished). 

The number of genomes per ng of DNA was calculated with the following 

formula (modified from Bru et al. (2008) using 650 as average molar mass of a base pair): 

 

Number of genomes per ng of DNA =
6.022∗1023 

1

𝑚𝑜𝑙

𝑔𝑒𝑛𝑜𝑚𝑒 𝑠𝑖𝑧𝑒 (𝑏𝑝)∗650
(

𝑔
𝑚𝑜𝑙

)

𝑏𝑝
∗109
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For each copy number calculation, DNA concentration (ng µl-1) of a sample was measured 

with Qubit™ Fluorometer. Qubit™ 1X dsDNA HS Assay Kit was used according to the 

manufacturer’s instructions. 5 µl sample volume was used in the measurements. The 

number of genomes per µl in a sample could be calculated using the value of known DNA 

concentration and the copy number per ng of DNA. The number of 16S rRNA copies per µl 

of each sample was then obtained by multiplying that number of genomes per µl with the 

16S rRNA copy number per genome. 

 

qPCR testing with RCF process samples 

A total of 36 DNA-samples were chosen for this thesis project and used in different stages 

of the project. Samples included process samples from 13 different RCF mills in Europe, 

North America or Asia-Pacific. Samples from same mill could be from same or different 

paper machines. Additionally, some samples from laboratory tests done in Kemira were 

included in qPCR testing in this project. Regardless of the origin, all samples had been 

handled and analyzed as described previously in this thesis (MATERIALS AND METHODS: 

Sequence data). The information of microbial composition was known for each sample, 

calculated based on sequence data and presented as percentage of each bacterial genus.  

The samples chosen for this project included the most significant target bacteria 

and non-target Firmicutes comprehensively. Samples were chosen mainly including high 

number of either target or non-target bacteria to evaluate primer performance. 34 of the total 

36 samples included both target bacteria and non-target Firmicutes, as well as other non-

target bacteria outside Firmicutes in different compositions. Only the ratio between different 

bacteria varied. One of the two remaining samples contained only non-target Firmicutes and 

the other did not include any DNA. For each genus of non-target Firmicutes, at least one 

sample containing 100-fold more of that non-target bacteria compared to all target bacteria 

together was used. This was done to ensure the exclusion of that group of non-target 

Firmicutes with the designed primers. For target bacteria, such samples containing only one 

target bacterial group were not necessarily found. Samples containing target bacteria might 

also contain relatively high number of non-target Firmicutes. All DNA samples had been 

preserved in -80°C. 

Original sample and 10- and 100-fold sample dilutions were analyzed in the 

applicability tests of RCF process samples of the designed qPCR assay to inspect any 

inhibition, for example. The original sample was analyzed as one or two technical replicates, 

but no technical replicates of the sample dilutions were included. The qPCR results of the 
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samples were calculated by the qPCR software and expressed as gene copies. A 10-fold 

dilution series of C. beijerinckii was used as a standard with known 16S rRNA gene copy 

number.  

For each sample, an expected qPCR result was calculated based on sequence 

data. This expected result, i. e. the theoretical number of 16S rRNA gene copies of target 

bacteria in that sample was compared to the obtained qPCR results. The total percentage 

of target bacteria and the number of total bacteria in the sample were used to calculate the 

expected result. The percentages of bacterial genera in a sample were known. The total 

number of bacteria, corresponding to the total copy number of genomes in the sample was 

calculated as described in MATERIALS AND METHODS: DNA copy number calculation. 

Using the percentage of the target bacteria and the total copy number of genomes in a 

sample, the number of target bacterial genomes per µl of a sample was defined. The 

expected qPCR result for a sample was finally obtained by multiplying the number of target 

bacterial genomes per µl of the sample with an average 16S rRNA copy number in the target 

bacteria genomes. The average 16S rRNA gene copy number of the target bacteria was 

defined by identifying representative bacterial species in each target group and retrieving 

their 16S rRNA copy numbers from NCBI Genome database. An average of six copies per 

genome was obtained and used in these calculations of expected qPCR results. 

 

RESULTS 
 
Final group of target bacteria and designed primers 

The final target bacterial group for qPCR was defined based on the alignment of the tentative 

target bacterial group. The alignment showed that Negativicutes possessed major 

differences in sequences compared to Clostridia and Thermoanaerobacteria in all potential 

primer design positions in the alignment. Thus, the most feasible option was to exclude 

Negativicutes from primer design.  

Two areas in the alignment were eventually chosen for primer design in which 

three alternative primer sets were designed. These areas were the most potential to include 

the crucial target bacteria from both classes of Clostridia and potentially 

Thermoanaerobacteria, while excluding non-target bacteria. The forward primer design area 

was in a variable region of 16S rRNA gene whereas the reverse primer design area 

possessed less variability according to the 16S rRNA gene map presented by Baker et al. 

(2003). Thus, forward primers were more selective compared to reverse primers. Forward 

primers of each primer set had only a few nucleotides matching to non-target Firmicutes. 
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Although the sequences were similar between target bacteria in the primer design area, 

some mismatches were included also among the targets. It was thus inevitable to use 

wobble bases in the primers to obtain perfectly matching forward primers to target bacterial 

sequences. Reverse primers had 3-5 mismatches to the non-target Firmicutes without any 

mismatches to most relevant target bacterial sequences. The length of the amplicon 

between forward and reverse primers was short enough to be readily amplified with the 

commercial master mix used according to the master mix manual.  

Primer design was started with two approaches considering forward primers.  

The first one was to design primers optimal in length for qPCR. With this approach, the target 

bacterial group was limited to only Clostridia since Clostridia and Thermoanaerobacteria did 

not possess similar sequence long enough for feasible mutual primer design. Thus, another 

approach was to design a shorter forward primer (less than 18 bases) and add LNA bases 

to increase the Tm. With this approach, all crucial target bacteria from both classes Clostridia 

and Thermoanaerobacteria were included in a single forward primer in silico. Designed 

reverse primers were almost the same in both approaches without any special modified 

nucleotides such as LNAs. 

Two of the primer sets were designed according to the first approach including 

optimal length primers. One set was designed according to the second approach with short 

LNA containing primer as forward primer. One primer set that eventually performed the best 

also had one additional primer designed later during laboratory experiments. Primer 

sequences are not presented here since those are kept as internal information for Kemira 

only. The general aspects of the designed primer sets are summarized in Table 3. The 

primer sets varied in the target bacteria, primer length, degeneracy and number of forward 

primers. Each primer set included one reverse primer being almost identical in each primer 

set. The reverse primer sequence was the same in primer sets 1 and 2 whereas small 

changes were made to reverse primer of primer set 3 to include Thermoanaerobacteria in 

the assay in silico. The primer set 1 had the highest degeneracy. The degeneracy was 

reduced significantly to primer set 2 by designing three forward primers instead of two. 

Primer set 3 had all target bacteria included in only one forward primer with relatively low 

degeneracy, especially compared to primer set 1. LNAs were incorporated according to 

guidelines for LNA nucleotides (Lundin et al. 2013). All forward and reverse primers among 

each primer set were located in almost the same position of 16S gene i. e. the designed 

assays were all singleplex. The positions of the forward primers varied with a maximum of 

a few nucleotides in the 16S rRNA gene. The Tm of the primers varied due to the 
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degeneracy of the primers. There were not many possibilities to modify the primer 

sequences to optimize the melting temperatures in silico since the area with similar 

sequence among all target bacteria was short.   

 

Table 3. General information on the initially designed primers. 

 Primer set 1 Primer set 2 Primer set 3 

Target bacterial 
class 

Clostridia Clostridia Clostridia and  
Thermoanaerobacteria 

Primer length Optimal PCR primer 
length 

Optimal PCR primer 
length 

Shorter than optimal PCR 
primer; LNAs incorporated 
to increase Tm 

Degeneracy in 
forward primers 

16 combinations 6 combinations 6 combinations 

Initial number of 
forward primers 

2 3 1 

Reverse primer Reverse primer 1 Reverse primer 1 Reverse primer 2 

 

In silico evaluation of each primer set did not reveal any detrimental secondary structures 

for any of the designed primer sets. Primer sets had good coverage for most crucial target 

bacteria, however showing no dramatical unspecific amplification of bacteria relevant 

regarding RCF processes. Due to higher degeneracy, primer set 1 had slightly higher 

coverage for Clostridia compared to primer set 2 according to SILVA TestPrime results, 

allowing 0 mismatches. Primer set 3 amplified Thermoanaerobacteria in addition to 

Clostridia. A more detailed description of the in silico results is described later only for one 

of the primer sets which was determined most successful during laboratory tests (see 

RESULTS: Coverage and specificity of the final primer set 2 in silico).  

 

Primer efficiencies and specificities in vitro 

The efficiencies of each three primer set were first compared by running a gradient qPCR 

using C. beijerinckii pure culture DNA samples. The amplification curves of best efficiencies 

in the gradient qPCR for each primer set are shown in Figure 2. The best efficiency of primer 

set 1 was 80.9%. Unfortunately, primer dimers were formed in NTCs in all annealing 

temperatures. Primer dimers could be recognized in NTCs from the melt curve analysis. The 

melt peak of NTCs appeared in lower temperature than the target qPCR amplicon melt peak 

in the dilutions of the DNA of the C. beijerinckii pure culture. The best efficiency for primer 

set 2 was 88.2%. Primer dimers were also formed in NTCs of this assay but compared to 
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primer set 1, for example the Cq values between the most diluted C. beijerinckii sample and 

NTCs differed more with primer set 2. Overall, the primer dimer amplification in NTCs was 

lower compared to the C. beijerinckii DNA samples with primer set 2 than with primer set 1. 

The best efficiency for primer set 3 was 67.2%, being rather low for qPCR. However, primer 

dimers were not formed in NTCs. Primer sets 1 and 2 were rather similar to each other, and 

since efficiency and primer dimer formation were slightly worse with primer set 1, it was 

excluded. Analyses were continued only with primer sets 2 and 3. 

 

 

 

 

Figure 2. The amplification curves of each initial primer set in the best annealing 

temperature. 10-fold dilution series of C. beijerinckii was used and it was the same with each 

primer set. Two technical replicates of the most concentrated and diluted sample were 

included. R2 value of each experiment was at least 0.99. A. Efficiency for primer set 1 

(80.9%). Primer dimers were formed in NTCs. B. Efficiency for primer set 2. Primer dimers 

were formed in NTCs. Efficiency (88.2%) was better compared to primer set 1. C. Efficiency 

of primer pair 3. Efficiency was the lowest (67.2%) of all primer sets but primer dimers were 

not formed. 

NTC: Primer dimers 

NTC: Primer dimers 

A 

C 

NTC: No primer 

dimers 

B 
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Primer dimers were amplified with Cq value around 29 with initial primer set 2. Lower primer 

concentrations were tested but the primer dimer problem was not reduced significantly after 

reducing primer concentration in the reactions. However, since lower primer concentrations 

did not negatively affect efficiency, the lowered concentrations were used in further analyses 

of primer set 2. 

 

Testing with other positive controls and process samples 

qPCR tests for primer sets 2 and 3 were continued with other positive controls besides           

C. beijerinckii, negative controls and RCF process samples. The best annealing 

temperatures defined in the first efficiency tests were used in the qPCR protocols. All 

positive control strains were amplified with both primer sets 2 and 3. Efficiencies varied 

depending on the positive control strain. Efficiencies were considerably higher with primer 

set 2 than with primer set 3 for all positive controls. None of the negative controls were 

amplified above the threshold with either of the primer sets 2 or 3. Considering efficiency, 

primer set 2 was a more potential alternative to continue with. The efficiency of primer set 3 

was attempted to be improved by ordering two more LNA-containing forward primers. 

Identical primer sequences to original forward primer of set 3 were used but LNAs were 

positioned differently to the two new LNA primer alternatives. No improvement in the 

efficiency was observed with either of the new primers. 

Both primer sets were additionally tested with the same 20 RCF process 

samples to assess the amplification of Clostridia. Samples used are presented in Table 4. 

Results obtained with primer set 2 were more accurate than results obtained with primer set 

3, i. e. qPCR results obtained were closer to expected results. qPCR assay with primer set 

2 was seen more robust compared to primer set 3. There were more inconsistencies with 

sample dilutions with primer set 3 since Cq values were not increased as expected in 10-

fold dilutions of some samples. Primer dimer formation was detected with primer set 2 during 

sample tests only if the bacterial density was less than roughly 1*105 colony forming units 

(cfu) ml-1 in the original RCF process sample. The amount of primer dimers increased 

gradually in the sample dilutions as the DNA concentration decreased.  

The amplification of Thermoanaerobacterium was assessed with samples 2, 11, 

18 and 19 containing 28.2%, 5.2%, 32.4% and 0.3% of Thermoanaerobacterium, 

respectively. If Thermoanaerobacterium was included in the expected qPCR result, the 

obtained qPCR results were slightly more accurate with primer set 3 than with primer set 2 

with these samples but the differences were marginal. 
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Table 4. Information on 20 samples from RCF processes or laboratory tests used to 

compare primer sets 2 and 3. Total percentages of target Clostridia and non-target 

Firmicutes are shown for each sample. Detailed percentages of either targets or non-targets 

are shown in parentheses. Samples containing at least 10-fold of non-target Firmicutes than 

target bacteria were used to assess the potential non-specific amplification of non-target 

Firmicutes and are indicated with blue color. For these samples percentages of non-target 

groups are shown. For other samples the percentages of main target bacterial groups are 

presented. Samples were chosen to comprehensively include each relevant target bacteria 

and non-target Firmicutes. Clostridium sensu stricto is abbreviated as C. sensu stricto. 

Sample Origin of 
the 
sample 

Main bacterial groups of target bacteria 
or non-target Firmicutes based on 
sequencing 

Total % of 
target 
bacteria 

Total % of 
non-target 
Firmicutes  

1 Laboratory 
test 

Clostridiaceae_unclassified(12.3), C. sensu 
stricto 10(0.4), C. sensu stricto 12(0.6), 
Fonticella(5.1), Ruminococcus(23.1) 

41.5 4.7 

2 Laboratory 
test 

Clostridiaceae_unclassified(1.7), C. sensu 
stricto 10(0.1), C. sensu stricto 12(0.1), 
Fonticella(0.4), Ruminococcus(5.0) 

7.3 25.0 

3 Mill 1 C. sensu stricto 10(1.0), C. sensu stricto 
12(0.6), Fonticella(0.7), Ruminococcus(7.7) 

10.0 5.3 

4 Mill 2 C. sensu stricto 10(1.8), Fonticella(5.0), 
Ethanoligenens(0.1) 

7.0 5.2 

5 Mill 3 C. sensu stricto 10(5.8), C. sensu stricto 
12(0.6), Fonticella(0.2), Ruminococcus(4.9) 

11.5 19.8 

6 Mill 4 Enterococcus(45.4) 0.4 45.4 
7 DNA extraction control sample, not included in the analysis  
8 Mill 5 Ethanoligenens(29.5) 29.6 2.1 
9 Laboratory 

test 
C. sensu stricto N(17.0), 
Ethanoligenens(0.4) 
 

17.4 8.4 

10 Mill 4 Enterococcus(41.6) 0.5 41.7 
11 Mill 6 Thermicanus(51.7) 0.7 52.1 
12 Laboratory 

test 
C. sensu stricto N(0.3), 
Ethanoligenens(39.8) 

40.1 2.2 

13 Mill 7 C. sensu stricto N(6.5), Fonticella(9.3), 
Ethanoligenens(0.3), Ruminococcus(1.2) 

17.3 50.5 

14 Laboratory 
test 

Bacillus(13.5), Paenibacillus(74.8) 2.5 89.0 

15 Mill 7 C. sensu stricto N(1.6), Fonticella(1.7), 
Ethanoligenens(1.2), Ruminococcus(0.5) 

5.0 44.4 

16 Mill 8 Bacillus(6.0), Bacillales_unclassified(12.2)], 
Paenibacillus(0.2), Enterococcus(11.5) 

1.6 29.9 

17 Mill 9 C. sensu stricto 12(40.3), uncultured(3.6) 43.9 0.4 
18 Mill 10 Clostridiaceae(1.0), Fonticella(2.8) 3.8 15.2 
19 Mill 10 Thermicanus(52.8), 

Bacillales_unclassified(1.7) 
0.1 54.5 

20 Laboratory 
test 

C. sensu stricto 1(14.5), C. sensu stricto 
10(0.2), C. sensu stricto 5(0.9), 
Ethanoligenens(0.6) 

16.3 2.1 
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Based on better efficiency and better accuracy in sample analyses with primer set 2, primer 

set 3 was then excluded from further analyses, despite primer dimer formation with primer 

set 2. As primer set 2 was chosen as the best alternative for qPCR for relevant anaerobic 

Firmicutes in RCF mills, the final target bacterial group was limited to Clostridia. Sample 

data is shown only for primer set 2 and these results are presented in Figure 3. 

 

 

Figure 3. qPCR results of samples with initial primer set 2 using C. beijerinckii as a standard, 

compared to expected results calculated based on sequence data. qPCR results were 

calculated as an average of two technical replicates of the sample. Standard deviation of 

two technical replicates is included in the graph.  

 

Figure 3 shows that with most samples, the obtained qPCR result did not differ significantly 

to the expected results. However, samples containing Ethanoligenens had significant 

differences between qPCR results and theoretical results. A 10-fold difference between 

qPCR results and expected results was already considered significant. All samples except 

8, 12, 14 and 16 were amplified in the accepted range of maximum 10-fold difference 

between expected and obtained qPCR result. These samples contained a significant 

amount of Ethanoligenens compared to other target bacteria (Table 4; percentages of target 

bacteria not shown for samples 14 and 16 but were mostly Ethanoligenens). Samples 8 and 

12 had over 100-fold difference between qPCR results and expected results. This indicated 

that the DNA of Ethanoligenens strain in the RCF machines was not amplified with the 

designed primers as efficiently as the other target bacterial DNA. However, since the positive 

control E. harbinense was amplified with the primer set, it can be assumed that the 
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Ethanoligenens strain in RCF machines is not identical to E. harbinense in the primer design 

area. Since representatives of genus Ethanoligenens are among the most abundant harmful 

bacteria in RCF machines of the target bacteria, new primers were designed specifically for 

Ethanoligenens in RCF machines.  

 

Ethanoligenens primer design and testing  

Since no other known Ethanoligenens species were found among the SILVA results of the 

closest matches to representative sequences of Ethanoligenens OTUs, sequences of best 

matching uncultured Ethanoligenens bacteria were used. Two 16S rRNA sequences of 

uncultured Ethanoligenens bacteria, which were among the best matches to most abundant 

Ethanoligenens OTU representative sequences, were retrieved from SILVA. One new 

forward primer for both uncultured Ethanoligenens bacteria was designed in the same 

primer design area as other forward primers of primer set 2. These new primers had only 

one base difference to each other. In silico evaluation of the primers showed that these 

newly designed Ethanoligenens primers are specific, discriminating non-target bacteria well. 

Additionally, no critical primer dimer, self-dimer or hairpin structure formation was inspected 

with Beacon designer. There was now a possibility to adjust the Tm of the primers to the 

range of other primers in primer set 2.  

 New Ethanoligenens primers were tested with four samples containing mainly 

Ethanoligenens out of targets. Samples 8 and 12 (Table 4) were chosen for these tests as 

well as two new samples 21 and 22 (Table 5). Both primers were tested separately, without 

the other forward primers of primer set 2 to determine the better performing Ethanoligenens 

primer. The reverse primer of primer set 2 was used as a pair for the new primers. 

 

Table 5. New samples to test new Ethanoligenens primers. Samples 21 and 22 were 

Ethanoligenens containing samples. Samples 23 and 24 did not contain Ethanoligenens. 

Percentages of main target groups are in parentheses after that particular bacterial group. 

Sample Origin of 
the 
sample 

Main bacterial groups of target 
bacteria or non-target Firmicutes 
based on sequencing 

Total % of 
target 
bacteria 

Total % of 
non-target 
Firmicutes 

21 Mill 5 Ethanoligenens(26.1), 
Ruminococcus(0.1) 

26.2 1.8 

22 Mill 11 Ethanoligenens(18.2) 18.2 0.4 
23 Mill 12 Clostridium sensu stricto N(4.4), 

Fonticella(0.1), Ruminococcus(3.3) 
7.8 19.3 

24 Laboratory 
test 

Bacillus(31.9), Paenibacillus(48.7) 0.1 80.6 
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Both Ethanoligenens primers amplified all four Ethanoligenens containing samples (8, 12, 

21, 22) in qPCR. Obtained qPCR results of any of the four samples did not differ significantly 

from the expected results based on sequencing, which indicated that both primers were 

specific for Ethanoligenens strain abundant in RCF processes. Since both primer candidates 

performed similarly in the used annealing temperature, the more specific primer was chosen 

with gradient qPCR using higher annealing temperatures with dilution series of samples 21 

and 22. The primer which amplified samples with lower Cq values at higher annealing 

temperatures was determined to be more specific to the Ethanoligenens strain of RCF 

machines and was chosen to be added to primer set 2 as a fourth forward primer. To inspect 

possible non-specific amplification, additional tests for this chosen Ethanoligenens forward 

primer were run with samples 23 and 24 (Table 5), which did not contain Ethanoligenens. 

No indication of such amplification was detected in these samples, the qPCR results were 

as expected. The primer set 2 including all four forward primers is referred as final primer 

set 2 hence. 

 

Amplification of target and non-target bacteria with final primer set 2 

Due to the modification done to the primer set 2, all positive and negative controls were re-

tested with final primer set 2. Efficiency of qPCR assay for uncultured Ethanoligenens primer 

was estimated with 5-fold dilution series of two RCF process samples, 8 (Table 4) and 22 

(Table 5). Efficiencies were 90.6% for sample 8 and 93.6% for sample 22. All positive 

controls were amplified with the final primer set 2 and efficiencies are presented in Table 6.  

 

Table 6. Final qPCR efficiencies of each target bacteria using 10-fold dilution series of each 

positive control. Efficiency of separate Ethanoligenens primer was estimated from average 

of two Ethanoligenens containing samples, 8 and 22 using a 5-fold dilution series. 

Target group Species Efficiency 

Clostridiaceae C. beijerinckii 82.9% 

 C. chartatabidum 83.9% 

Ethanoligenens E. harbinense 82.4% 

 Ethanoligenens in RCF 

samples 

92.1%* 

Ruminococcus C. thermoislandicum 80.0% 

Fonticella F. tunisiensis 90.9% 

*Estimation of efficiency, average of two samples, 8 and 22 
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Negative controls were not amplified in qPCR with final primer set 2, except for primer dimers. 

Amplification curves were detected with the same Cq value in NTCs and in negative controls 

(Figure 4a). Melt curve analysis showed some amplification for most concentrated 

Thermicanus controls, however, occurring significantly below quantification threshold even 

though the copy number of the sample was remarkably high (Figure 4b). The 16S rRNA 

copy number in the most concentrated samples were 7.2*105 for B. pumilus, 1.2*106 for          

E. cecorum, 1.5*106 for P. stellifer, 3.0*108 for T. aegyptius, and 2.6*107 for C. beijerinckii. 

 

 

 

Figure 4. A. The amplification of all four negative controls is detected at the Cq value of 

NTCs. B. The melt curve analysis showed that only primer dimers were amplified above the 

quantification threshold with negative controls. Weak amplification of products other than 

primer dimers was inspected in the most concentrated Thermicanus samples. The 16S 

rRNA copy number in the most concentrated samples were 7.2*105 for B. pumilus, 1.2*106 

for E. cecorum, 1.5*106 for P. stellifer, 3.0*108 for T. aegyptius and 2.6*107 for C. beijerinckii. 
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Sample testing with final primer set 2 

A relevant number of the first 20 samples (Table 4) were re-run in qPCR with the final primer 

set 2. Samples 9, 10, 11 and 15 were not re-analyzed. The expected and obtained qPCR 

results did not differ more than 10-fold with any of the samples. The accuracy was the worst 

for sample 19 containing only 0.1% of target bacteria (Figure 5).  

 

 

Figure 5. qPCR results with final primer set 2. Primers performed well for all tested samples. 

With only sample 19 (significant number of Thermicanus) the difference between obtained 

qPCR result and expected result was almost 10-fold, but however, no indication of unspecific 

amplification of non-targets was seen. The obtained qPCR result should have been over 

100-fold higher if Thermicanus was amplified with the designed primers with sample 19. No 

technical replicates were analyzed with these samples. 10-fold dilutions of the samples were 

done to detect any inhibition, but such inhibition was not detected here. 

 

A comparison of results with initial primer set 2 and final primer set for samples 8, 12, 14 

and 16 containing mainly Ethanoligenens from target bacteria is shown in Figure 6. 

Compared to the earlier primer set 2, a remarkable improvement of amplification was 

detected with final primer set 2, demonstrating the specificity of the newly designed primer 

for Ethanoligenens of RCF machines. 
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Figure 6. Comparison of qPCR results with initial and final primer set 2 with samples 8, 12, 

14 and 16. These samples had at least 10-fold, up to more than 100-fold difference between 

obtained qPCR result and expected result in the first tests with initial primer set 2. The 

amplification of Ethanoligenens containing samples was dramatically improved after 

addition of the separate primer designed for Ethanoligenens.  

 

Additional qPCR tests with the final primer set 2 was done with 12 new RCF process 

samples or samples from laboratory tests, especially containing relevant non-target 

Firmicutes. The samples and the numeric results are shown in Table 7. Most of the samples 

were amplified as expected and the ratio between expected results and obtained results 

were between 0.1 and 10 (corresponding to no more than 10-fold difference). Based on 

sequence data, the sample 26 did not contain any DNA of target bacteria of this qPCR. 

Sample 26 was, however, amplified in qPCR even though no amplification was expected. 

The most abundant bacteria appearing in that sample are representatives of the genus 

Thermicanus. Since no other sample abundant in Thermicanus showed such amplification 

and the negative control T. aegyptius was not amplified with final primer set 2, the 

amplification with sample 26 was expected to be caused by a contamination. As for sample 

30, no reliable result was obtained since there were no clear differences between Cq values 

of the 10-fold dilutions, possibly due to inhibition. Overall, based on the tests for all positive 

and negative controls, and a large set of samples, the designed qPCR assay with designed 

final primer set 2 seemed to be feasible for the intended target bacterial group of RCF 

machines. Clear inconsistency was only detected with samples 26 and 30.
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Table 7. Additional sample tests with final primer set 2. The ratio between expected and obtained qPCR results was close to 1 with 

almost all samples demonstrating good accuracy. Acceptable ratio was between 0.1 and 10. Sample 26 was amplified, though no 

amplification was expected. Since other Thermicanus samples or T. aegyptius were not amplified, sample 26 was expected to be a 

contamination. Sample 27 was not amplified, but amplification was also not expected. For sample 30, a reliable result was not obtained 

since the Cq values of the sample dilutions were not logically increased. Samples containing at least 10-fold more non-target 

Firmicutes than target bacteria are indicated with blue color and only percentages of non-target groups are shown. Otherwise, 

percentages of main target bacterial groups are presented.   

Sample Origin of 
the 
sample 

Main bacterial groups based on sequencing Total % 
of target 
bacteria 

Total % of 
non-target 
Firmicutes 

Expected 
result based 
on sequence 
data 

qPCR 
result with 
final primer 
set 2 

Ratio 
(expected
/obtained 
result) 

25 Mill 10 Bacillaceae_unclassified(2.9), 
Bacillales_unclassified(6.4), Thermicanus(7.0) 

1.0 16.3 2.20E+03 6.96E+03 0.32 

26 Mill 10 Thermicanus(47.5), Bacillales_unclassified(1.3) 0.0 48.8 0 1.18E+07 - 

27 Laboratory 
test 

Paenibacillus(55.2), Bacillus(28.8), 
Lysinibacillus(15.5) 

0.0 98.9 0 
 

Only primer 
dimers 

- 

28 Mill 13 Bacillus(9.1), Bacillales_unclassified(6.5), 
Thermicanus(35.4) 

2.4 51.0 8.78E+05 7.84E+05 1.1 

29 Mill 6 Bacillus(0.5), Thermicanus(41.2) 0.9 41.7 4.40E+05 4.12E+05 1.1 
30 Mill 4 Enterococcus(29.6) 0.3 29.6 2.53E+05 No reliable 

result 
- 

31 Mill 13 Bacillus(1.3), Bacillales_unclassified(0.8), 
Thermicanus(30.5) 

0.3 32.6 3.56E+04 5.12E+04 
 

0.69 

32 Mill 2 C. sensu stricto 10(0.2), Fonticella(0.1), 
Ethanoligenens(11.2), Ruminococcus(0.1) 

11.6 22.9 1.17E+07 1.01E+07 
 

1.2 

33 Mill 2 C. sensu stricto N(0.9), Fonticella(0.6), 
Ethanoligenens(1.3), Ruminococcus(1.3) 

4.1 21.2 1.40E+06 2.07E+06 
 

0.68 

34 Mill 2 C. sensu stricto N(0.1), Ethanoligenens(4.9), 
Ruminococcus(0.2) 

5.1 36.9 2.32E+06 2.86E+06 
 

0.81 

35 Mill 10 Bacillus(1.2), Bacillales_unclassified(1.1), 
Thermicanus(29.0) 

0.1 31.3 1.56E+04 9.31E+03 1.7 

36 Mill 10 Bacillales_unclassified(1.0), Thermicanus(35.4) 0.1 36.4 4.37E+04 2.16E+04 2.0 



 

During laboratory experiments the in vitro amplification for Thermoanaerobacterium was 

only assessed with process samples. No positive control for Thermoanaerobacterium was 

ordered since the primer set 3 was not chosen as the final primer set for the qPCR assay. 

Also, since primer set 2 was eventually chosen the best, only Clostridia are presented as 

the target bacteria in the Tables 4, 5 and 7. Primer set 3 out of all three primer sets was the 

only one matching perfectly in silico to the Thermoanaerobacterium sequences which were 

closest to the Thermoanaerobacterium OTU representative sequences. For primer set 2, 

the amplification was unlikely due to a few mismatches between the primer and 

Thermoanaerobacterium sequences. A sample containing only Thermoanaerobacterium out 

of all target bacteria was not found; a sample abundant in Thermoanaerobacterium always 

contained other target bacteria.  

Rough estimations considering the amplification of Thermoanaerobacteria with 

the final primer set 2 could be made from samples 25, 28, 29 and 31 (Table 7). All these 

four samples contained over 10-fold or almost 10-fold of Thermoanaerobacterium compared 

to other target bacteria (percentages for total target bacteria of each sample in Table 7). 

Percentages of Thermoanaerobacterium were 15.9% for sample 25, 13.5% for sample 28, 

6.9% for sample 29 and 10.7% for sample 31. New expected results, containing 

Thermoanaerobacterium, could be calculated and these would be increased significantly for 

each sample being many times higher compared to the obtained qPCR result. As for sample 

31, this hypothetical expected result including Thermoanaerobacterium would have been 

25-fold higher than the obtained qPCR result. For samples 25, 28 and 29 the hypothetical 

expected results would have been over 5-fold, over 7-fold and over 9-fold, respectively. 

Result especially with sample 31 indicated that Thermoanaerobacterium is unlikely amplified 

with final primer set 2. 

  

Coverage and specificity of the final primer set 2 in silico  

The coverage of the final designed primer set 2 was tested allowing 0 mismatches between 

primers and template in Silva TestPrime. Coverage of primer set is 54.3% for Clostridiaceae, 

5.6% for Ruminococcaceae, 41% for Ethanoligenaceae and 3% for Fonticella. Although the 

coverage for Fonticella is low, F. tunisiensis was the only match with over 0.95 identity to 

the most abundant OTU representative sequences. Thus, other bacteria classified as 

Fonticella were not considered highly relevant in RCF machines. In silico amplification of 

Firmicutes other than Clostridia is scarce. Negativicutes and Thermoanaerobacteria were 

poorly amplified in silico as expected. Most importantly, only four accessions are matched 
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in the non-target class Bacilli with the final primer set 2. All of them were uncultured bacteria 

with bad pintail quality and these correspond to less than 0.1% of all Bacilli.  

Coverage would be more realistic with allowing 1 mismatch between primers 

and template and setting perfect match zone at the 3’ end of the primer to 5 bases since 

primers can tolerate single mismatches to some extent, depending for example on the 

mismatch position (Bru et al. 2008; Klindworth et al. 2013; Whiley and Sloots 2005). Since 

some of the same bacteria would be amplified with more than one primer in the final primer 

set in silico with these parameters, this estimation was not done. However, as demonstrating 

the improvement in the target bacterial coverage, one primer was tested with 1 mismatch 

allowance. With this single primer in the primer set, for example coverage for Clostridiaceae 

alone was improved to 67.6% (from the previously described 54.3%). Bacteria of the family 

Clostridiaceae are also amplified with another primer in the set, and thus the actual coverage 

is even higher.    

The potential unspecific in silico amplification with the final primer set was also 

analyzed in SILVA. Now mismatch stringency was reduced, allowing 3 mismatches per 

primer with perfect mismatch zone in 3’ end set to 3 bases. 3 mismatches were used since 

some indication has been previously reported that 4 or more mismatches could be 

detrimental for qPCR amplification (Lefever et al. 2013). Primers have been known to 

tolerate one mismatch, but in some cases already two mismatches can inhibit PCR 

amplification significantly. Also, the positions of the mismatches affect; mismatches are 

tolerated best especially when they are not located in the 3’ end of the primer (Lefever et al. 

2013; Stadhouders et al. 2010; Whiley and Sloots 2005). Here the specificity was evaluated 

with less stringent mismatch parameters to assure that no alarming unspecific amplification 

of non-targets is inspected in silico. Even allowing 3 mismatches, the coverage for class 

Bacilli is less than 0.1%.  

No significant unwanted in silico amplification outside Firmicutes was detected 

either allowing 3 mismatches. The most abundant bacteria in RCF mills along with 

Firmicutes belong to Bacteroidota, Proteobacteria and Actinobacteria based on Kemira’s 

sequencing data. Similarly to Bacilli, only a few occasional accessions of these bacteria 

could potentially be amplified with the final primer set 2 in silico, with coverage less than 0.1% 

for Actinobacteria and Proteobacteria and 0.5% for Bacteroidota. Bacteria that could 

potentially be amplified with final primer set 2 outside target Firmicutes belonged to the 

following phyla: Acidobacteriota, Armatimonadota, Chloroflexi, Fibrobacterota, 

Margulisbacteria, Nitrospirota, Patescibacteria, Synergistota and Thermodesulfobiota. 
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However, such phyla are not detected in the sequence data obtained from RCF machines 

in significant amounts. Yet, if mismatches are reduced to allowing only one per primer, the 

in silico coverage for these groups is reduced to less than 1% with final primer set. This 

means that these groups possess at least 2 or 3 mismatches to the primers in final primer 

set 2. Already this number of mismatches can be assumed to inhibit amplification. In silico 

results are consistent with laboratory results and establish the feasibility of this assay in RCF 

machines.  

NCBI PrimerBlast primer specificity results were consistent with SILVA 

TestPrime results. Using the database of RefSeq representative genomes, bacteria 

belonging to for example phyla Chloroflexi, Synergistota and Thermodesulfobiota appeared 

in the results, however possessing mismatches between primers and template. With one 

primer combination, one strain under the class Bacilli, Paenibacillus alba whole genome 

shotgun sequence, was also given as a result. The amplicon of this strain was shorter in 

length than the actual qPCR amplicon and was amplified with one of the forward primers 

performing as both forward and reverse primer. Additionally, there were three mismatches 

between the primer and the template in both priming sites with one mismatch being in the 

last base of the 3’ end. Based on this information it is unlikely that such product is amplified. 

 

 
DISCUSSION 
 

 A group of anaerobic Firmicutes deleterious for RCF processes had been identified in 

Kemira and were commonly found in the RCF process samples based on Kemira’s 

unpublished studies. A qPCR detection method for these bacteria was developed in this 

thesis project. The target bacteria of the qPCR assay were initially included in three classes 

of Firmicutes: Clostridia, Thermoanaerobacteria and Negativicutes (Figure 1).  

qPCR has been found to be a feasible method in previous studies considering 

the detection of bacterial growth in the paper industry. Growth of various bacterial species 

may lead to a variety of problems in the processes. The trouble-causing bacteria either in 

the papermaking processes or in the final paper product can be identified and even 

enumerated with qPCR, thus enabling more efficient controlling programs for such bacteria. 

qPCR assays have been previously developed and utilized for example in biofilm formation 

studies. A qPCR method for the detection of Deinococcus geothermalis has been developed 

by Peltola et al. (2008), whereas a qPCR method for Meiothermus spp., has been developed 

by Ekman et al. (2007). These bacteria are identified as the relevant slime-forming bacteria 
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in paper mills and thus causing problems in the production as well as in end products. 

Additionally, a qPCR method targeting endospore-forming bacteria has previously been 

developed for the needs of paper industry to enhance microbial growth controlling programs, 

and thus potentially decrease the production of spore-contaminated paper or board (Riihinen 

et al. 2016).    

The qPCR assay developed in this study targeted a problematic bacterial group, 

causing various problems in RCF processes due to fermentation of for example starch and 

cellulose. A qPCR assay for the detection of another fermentative bacterial group, i. e. family 

Thermicanaceae, has also been previously developed in Kemira (Mikkonen et al. 2021). The 

described monitoring method for Thermicanaceae could be used in optimizing the usage of 

microbial growth controlling agents, such as biocides or enzyme inhibitors. Additionally, the 

bacteria of the family Thermicanaceae were found to be indicators of process conditions;     

a high level of such bacteria indicated bad process conditions (Mikkonen et al. 2021). 

Optimally, the qPCR assay developed in this study could similarly be utilized in optimizing 

the microbial growth controlling programs. For example, after determining the most effective 

growth controlling agents for these anaerobic Firmicutes experimentally, this qPCR could 

be used to determine the abundance of these bacteria in the processes. The microbial 

control program could be then optimized based on these densities of the anaerobic 

Firmicutes. Also, the use of the target bacteria in this study as indicators estimating the 

process conditions could be evaluated.     

During the qPCR assay design, PCR primers specific for the diverse bacterial 

group of harmful anaerobic Firmicutes in RCF machines were first searched from the 

literature. Most primers targeting class Clostridia targeted different clostridial clusters 

separately (Matsuki et al. 2004; Rinttilä et al. 2004; Song et al. 2004; Van Dyke and 

McCarthy 2002), including variable numbers of for example Clostridium and Ruminococcus 

species. The primers found from the literature for Clostridia mainly covered either the order 

Clostridiales (including for example most of the genus Clostridium) or the order 

Oscillospirales (including for example the genera Ethanoligenens and Ruminococcus) if the 

coverage of the primers was tested with SILVA TestPrime (Klindworth et al. 2013). Separate 

qPCR assays including the genus Thermoanaerobacterium (Cibis et al. 2016; Prevost et al. 

2010) or the genus Veillonella (Rinttilä et al. 2004) were also found. However, one primer 

set targeting representatives of all relevant anaerobic Firmicutes genera of RCF machines 

(Clostridium, Ethanoligenens, Fonticella, Ruminococcus, Thermoanaerobacteria and 

Veillonella according to SILVA classification), were not found targeting the 16S rRNA or any 
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other gene. A qPCR method has been previously developed, for example for endospore-

forming Firmicutes by Bueche et al. (2013), targeting the endosporulation regulatory gene 

spo0A. This qPCR assay, however, included the endospore-forming species in the target 

class Clostridia but also bacteria in the class Bacilli, which were the non-target Firmicutes 

of the developed qPCR in this thesis work. Additionally, some target bacteria of this project, 

such as Ethanoligenens, do not form endospores (Xing et al. 2006), which made the 

endosporulation regulatory genes unfeasible for the target bacteria of this study. Primers 

were then manually designed.   

  Initially, the possibility to include all target bacterial classes Clostridia, 

Thermoanaerobacteria and Negativicutes in a singleplex qPCR assay was studied. 

Negativicutes had too much variation in sequence compared to the other target bacteria and 

was thus left out from the assay design at the beginning. Three primer sets (referred as 1, 

2 and 3) were designed and tested (Table 3). All primer sets were designed to include 

bacteria of class Clostridia. Primer set 3 additionally targeted the most relevant bacteria of 

class Thermoanaerobacteria. The three primer sets were compared in primer efficiency, 

specificity and assay feasibility with DNA samples obtained from RCF processes from 13 

mills. Primer set 1 was excluded at the beginning of the experiments based on worse 

efficiency and primer dimer formation compared to primer set 2. Primer sets 2 and 3 were 

compared more thoroughly.  

Primer set 3 was a potential candidate for qPCR since both target groups 

Clostridia and Thermoanaerobacteria were included in silico. The qPCR results for primer 

set 3 were promising at first. All positive controls and none of the negative controls were 

amplified using a primer pair with a short primer as a forward primer for qPCR. Unfortunately, 

efficiency was low for qPCR, no more than roughly 67% for each of the positive controls. 

This was possibly due to the differences in the Tm between forward and reverse primers. 

The Tm of the short forward primer was attempted to be increased with LNA nucleotides but 

was unsuccessful.  

Many factors could affect the failure of the LNA primer. Positioning the LNA 

nucleotides is crucial in successful LNA primer design (Latorra et al. 2003). Also, Tm of 

forward and reverse primers should be similar (Ye et al. 2012). In this study, the positioning 

of LNAs was determined by the rules described by Lundin et al. (2013). No more than three 

LNA nucleotides were incorporated and adding LNA nucleotide to the 3’ end was avoided. 

The precise Tm of the LNA forward primer was not defined in this study and the compatibility 

of the forward and reverse primers was only experimentally tested. Even though three 



 

34 
 

different forward primers with identical sequence but with different LNA positioning were 

tested, the efficiency was low with two alternatives and amplification was almost blocked 

with one. The positional effects of LNAs on Tm of the primer would have needed much more 

mathematical evaluation. For example, the neighboring bases have been discovered to 

affect the Tm predictions substantially considering LNA primers (McTigue et al. 2004). Since 

LNA containing primer was only seen as one alternative in this study, no comprehensive 

testing of different LNA combinations was carried out and neither the accurate Tm 

predictions were mathematically defined. Additionally, even though LNA containing primers 

were a potential alternative, LNAs seemed to affect the robustness of the assay. There were 

inconsistencies with dilutions of some DNA samples from RCF processes. Cq values of the 

10-fold dilutions were not systematically increased as the samples were more diluted. This 

could indicate that primer set 3 was more prone to inhibitors compared to primer set 2 with 

no LNA substitutions. 

Primer set 2 was eventually found to perform the most successfully out of the 

three designed primer sets. Primer set 2 was specific, amplifying all positive control strains 

with rather good efficiency varying from 80% up to roughly 92% (Table 6). E. harbinense 

(DSM 18485) was defined to represent Ethanoligenens in the RCF process samples. 

Sequence of E. harbinense was a good match with roughly 98% identity to the 

representative sequence of the most abundant Ethanoligenens OTU. Thus, that strain was 

used as the positive control for Ethanoligenens. The primers, initially designed to amplify    

E. harbinense, however, significantly underestimated the amplification of the RCF process 

samples containing mostly Ethanoligenens, i. e. the results of the Ethanoligenens containing 

samples obtained with qPCR were significantly lower compared to the expected results 

calculated based on sequence data. 16S rRNA sequences of two uncultured 

Ethanoligenens bacteria were found to be close matches to the representative sequences 

of abundant Ethanoligenens OTUs with high identity in SILVA in addition to E. harbinense. 

Thus, an additional forward primer was designed to target these uncultured bacteria. The 

qPCR results with RCF samples were dramatically improved with the new primer (Figure 6). 

The bacterial strain in the RCF machines seemed to be a different Ethanoligenens strain 

than E. harbinense used as positive control. This demonstrated the importance of testing 

qPCR designed for environmental samples not only with the most potential type strains of 

the target bacterial genera, but also with actual samples. The primers developed in this study 

were specific enough for RCF machines even though potential amplification of some other 

phyla outside Firmicutes but rare in RCF machines was observed in silico. The coverage of 
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the designed primer set for abundant non-target bacteria of RCF machines in class Bacilli 

and phyla Bacteroidota, Proteobacteria and Actinobacteria was after all negligible. Yet, no 

unspecific amplification of the closest relatives from class Bacilli was detected in vitro; none 

of the negative control strains of Bacillus, Enterococcus, Paenibacillus or Thermicanus were 

amplified in qPCR with the final primer set 2. 

The results with RCF process samples did not differ more than 10-fold to the 

expected results with the final primer set 2, except for one sample 26 (Table 7). Sample 26 

contained a high number of representatives of Thermicanus. Since no other Thermicanus 

sample was overestimated in qPCR nor was T. aegyptius (DSM 12793) amplified, the outlier 

with sample 26 was expected to be a contamination. The variation less than 10-fold in the 

expected and obtained results with samples was acceptable since the parameters of 

average genome size and average 16S rRNA gene copy number of the target bacteria, used 

in the calculations of the expected results, affected the accuracy. Considering 16S rRNA 

copy number, for example the bacteria in class Clostridia possess a variable number of 16S 

rRNA genes in their genomes. For example, C. beijerinckii has 16 copies of 16S rRNA gene, 

whereas E. harbinense has only 3 copies. The results are inevitably biased using the 

average of 6 copies of 16S rRNA in the calculations. Additionally, due to the degeneracy of 

the primers, the primer sequences have variation in their Tm. This partially affects the 

different amplification efficiencies between the different target bacterial genera in the sample. 

The primer sequence of a degenerate primer, possessing lower GC content, may have more 

than 5 degrees difference in Tm to the reverse primer in this designed qPCR assay, affecting 

primer annealing and efficiency. Since there was not much possibility for variation for the 

primers, all the requirements for optimal primers could not be fulfilled. 

The lower efficiency of a qPCR assay is directly proportional to qPCR sensitivity 

(Bustin and Huggett 2017). Even though the efficiency of the assay designed here was 

compromised to include a more versatile target group, the extensive set of tested samples 

showed consistency between obtained and expected qPCR results. The lower sensitivity of 

this qPCR assay is not considered problematic in terms of monitoring microbial growth in 

RCF processes, since bacterial densities are usually high in RCF mills, especially when 

microbiologically related problems arise. The sensitivity of the designed qPCR assay is also 

affected by the primer dimer formation of the primer set 2 in dilute samples. Primer dimer 

formation leads to bias in the qPCR results. Primer dimers were started to be formed when 

the copy number of target bacterial 16S rRNA genes of a DNA sample were lower than the 

corresponding value of 1*105 cfu ml-1 bacterial density in the original RCF process sample. 
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Generally, densities of the target bacteria in RCF processes may be, however, significantly 

higher than the defined detection limit 1*105 cfu ml-1 (of original process sample) of this 

assay. Primer dimer formation was not seen with samples containing high percentages of 

target bacteria, which were analyzed with qPCR during this thesis project. Primer dimers 

were not necessarily observed even in the 10-fold dilution of such sample. Thus, primer 

dimer formation with primer set 2 was not considered problematic in analyzing RCF samples. 

As a conclusion, the designed qPCR assay with the final primer set 2 was determined 

feasible for monitoring the target bacterial growth in the RCF machines.    
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