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ABSTRACT 

Dutra, Lara 
Expanding the toolbox for molecular microbial studies: from communities to 
single cells 
Jyväskylä: University of Jyväskylä, 2021, 50 p. 
(JYU Dissertations 
ISSN 2489-9003; 418) 
ISBN 978-951-39-8799-2 (PDF) 
Diss. 

Recently, the molecular revolution and nanotechnologies have provided tools for 
expanding the knowledge of microorganisms. This thesis had its starting point in 
utilizing existing methods to identify specific microbes. Polymerase chain reaction 
(PCR)-based assays were employed for the detection of zoonotic virus (Orthopoxvirus) in 
capybara’s (Hydrochoerus hydrochaeris) faecal samples in an attempt to examine the 
spread of viruses and a possible route for viral outbreaks. Here, the existing method was 
sufficient to answer the question and find that viral genetic material is indeed present in 
these stool samples. The established PCR and sequencing-based methods were also 
applied to study bacteria responsible for the removal of highly chlorinated phenols from 
contaminated sites. Despite detecting bacterial species from samples in situ or from 
microcosm experiments, it became evident that the used method did not clarify which 
microbes specifically were responsible for bioremediation. The abundance of 
pentachlorophenol hydroxylase gene (pcpB), the major gene involved in the 
bioremediation process, was detected with quantitative PCR and the overall bacterial 
diversity with sequencing using the universal marker – the 16S rRNA gene. Yet, the real 
players of the process remained unknown. This led to the quest to specify the 
microorganisms that are carrying a specific gene. As a result, a novel method based on 
droplet microfluidics technology was developed to investigate microbes at single-cell 
resolution. Within these droplets, PCR is used to fuse 16S rRNA and a second gene of 
interest into concatemers. Through sequencing, the second gene can be associated with 
specific bacterial species. To make the method reliable, several individual steps in the 
procedure required both engineering and careful method validation. These included the 
elimination of errors stemming from the existence of DNA outside of the cells, the 
efficient breaking of the emulsion and hence the collection of DNA, the blocking of 
unwanted PCR amplification that was confounding the sequencing results, and ensuring 
that the sample was studied at single-cell resolution. The established methods may be 
applied to a variety of research where it is necessary to identify the microorganism 
carriers of specific genetically encoded functions, and therefore highlight the potential 
actors in the environmental processes. 
 
Keywords: Methods in microbiology; NGS; PCR; single-cell technology; methods 
in microbiology. 
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Viime aikoina molekyylivallankumous ja nanoteknologia ovat tarjonneet työkaluja 
mikro-organismeja koskevan tiedon laajentamiseen. Myös tämän tutkielman lähtökohta 
oli hyödyntää olemassa olevia menetelmiä tiettyjen mikrobien tunnistamiseen. Poly-
meraasiketjureaktioon (PCR) perustuvia määrityksiä käytettiin zoonoottisen viruksen 
(Orthopoxvirus) havaitsemiseen vesisian (Hydrochoerus hydrochaeris) ulostenäytteistä, jon-
ka avulla pyrittiin löytämään virustautiepidemioiden aiheuttajien mahdollisia leviämis-
reittejä. Olemassa olevat menetelmät soveltuivat virusten geneettisen materiaalin löy-
tämiseen ulostenäytteistä. Vakiintuneita PCR- ja sekvensointimenetelmiä sovellettiin 
myös tutkittaessa biohajotukseen kykeneviä bakteereita kloorifenoleillä saastuneessa 
pohjavedessä. Huolimatta bakteerilajien havaitsemisesta saastuneissa aineksissa ja mik-
rokosmoskokeissa, kävi selväksi, etteivät laajasti käytettävissä olevat menetelmät selvit-
täneet todellisia biopuhdistuksesta vastanneiden mikrobien identiteettiä. Funktionaa-
lisen geenin sisältävää DNA:ta havaittiin kvantitatiivisella PCR-menetelmällä ja bak-
teerien kokonaisdiversiteetti määritettiin sekvensoimalla yleinen merkkigeeni – 16S 
rRNA geeni. Silti prosessin todelliset toimijat eli toiminnan kannalta kriittisiä geenejä 
kantavat mikro-organismit säilyivät tuntemattomina. Tutkimuksessa siirryttiin kehittä-
mään uutta pisaramikrofluidistiikka-tekniikkaan perustuvaa menetelmää, joka mahdol-
listaa mikrobien geeniyhdistelmien tutkimuksen yksittäisen solun tasolla. Öljyn erotta-
missa pisaroissa PCR-menetelmää käytetään sulauttamaan ja monistamaan 16S rRNA 
sekä funktionaalisesta geenistä syntyviä konkatemeereja. Sekvensoinnin avulla funktio-
naalinen geeni voidaan liittää tunnettuihin bakteeritaksoneihin. Menetelmän luotetta-
vuuden varmistamiseksi useat yksittäiset vaiheet vaativat suunnittelua ja huolellista hie-
nosäätöä. Näihin sisältyivät solujen ulkopuolisesta DNA:sta aiheutuvien virhelähteiden 
poistaminen, emulsion tehokas rikkominen ja DNA:n eristys, sekvensointituloksia 
vääristävän ei-toivotun PCR-monistuksen estäminen, sekä solutasoisen erottelukyvyn 
varmistaminen. Tätä optimoitua menetelmää voidaan soveltaa tutkimuksiin, joissa 
halutaan tunnistaa mikro-organismit, joiden merkitys on suuri tietyissä geneettisesti 
koodatuissa toiminnoissa. 
 
Avainsanat: Mikrobiologian menetelmät; NGS; PCR; yksisoluteknologia. 
 
Lara Dutra, Jyväskylän yliopisto, Bio- ja ympäristötieteiden laitos PL 35, 40014 
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1.1 Microbes, the endless enigma 

Microorganisms are major players in the processes that shape life on earth, being 
found in all kinds of environments. There are 2.5 x 1030 bacterial and archaeal 
cells – the prokaryote microbes – on Earth (Kallmeyer et al. 2012), composing 15% 
of the planet’s biomass (Bar-On et al. 2018). Meanwhile, viral abundance in the 
world is estimated to surpass the magnitude of 1030 (Suttle 2007). These 
microorganisms carry out processes that are fundamental to supporting the life 
of other organisms. They can be found in soil, oceans and fresh water as well as 
in sediments, where their metabolism orchestrates pathways for nutrient cycling 
(Whitman et al. 1998; Rojo et al. 2017). They can also be found in close association 
with animals and plants, being part of either the healthy microbiota or a cause of 
disease (Rojo et al. 2017). The spread of microbes on the planet is so vast that they 
can be found even in the most inhospitable environments, such as extremely 
acidic caves (Johnson 1998) or around submarine volcanoes (Danovaro et al. 
2017). Yet today, most of the diversity of microorganisms is unknown. They can 
be considered to make up the so-called biological dark matter, in reference to the 
unknown (‘dark’) matter of the universe (Thompson et al. 2017).  

Discovery, identification, and the elucidation of microorganisms’ role in the 
environment has faced many challenges that have called for the development of 
new tools and ideas (Fig. 1). The discovery of microbes was prompted by the 
intellectual and technological advances of the scientific revolution. The 
rudimentary optical microscopes of the 17th century were the first tools to reveal 
the – at the time – unseen world of microbes. Two centuries later, the introduction 
of cultivation techniques contributed to a period of remarkable advances in the 
study of microbial organisms. Rigorous cultivation, together with the 
establishment of better tools for observation, built the context for key discoveries 
of the nature of microbes and their roles in human diseases and other processes. 
Louis Pasteur used such techniques to demonstrate that microbial growth in 
sterile solutions is due to contamination and not spontaneous generation, 

1 INTRODUCTION  
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therefore refuting the view that life arises in matter simply by being exposed to 
the air and supporting the germ theory of disease. Soon after, Robert Koch used 
growth experimentation to show that specific infectious diseases were caused by 
specific microorganisms. This period marks the beginning of the microbiology, 
the science dedicated to the study of microscopic organisms. 

 

FIGURE 1. Timeline of development of methods in microbiology. Created with Biorender. 

The second major advance for the study of microbes came with the development 
of molecular biology and methods for studying nucleic acids and proteins. The 
observation of similarities in nucleic acid sequences led to the definition of a 
universal taxonomic marker for prokaryotes, and therefore to the reorganization 
of taxonomic groups for all cellular life (Fox et al. 1977; Woese and Fox 1977; 
Albers et al. 2013). The use of molecular techniques such as cloning and 
polymerase chain reaction (PCR), and the identification of a molecular marker, 
ribosomal RNA (rRNA) genes, to sort out bacteria and archaea into phylogenetic 
groups extended the boundaries of microbiology. Eventually, studies on the 
molecular level revealed that the majority of microbes cannot yet be grown under 
laboratory conditions and in currently known media compositions. This 
naturally poses a limitation for laboratory techniques (Amann et al. 1995) and, 
consequently, to our ability to precisely identify microbes and their properties. 
Therefore, highlighting the need for alternative methods to study microbes and 
their properties. 

While molecular methods and the use of rRNA genes as a marker have 
improved our ability to identify bacteria, the absence of a universal marker in 
viruses has imposed limitations to explore the viral diversity. However, in the 
past few decades, advances in sequencing methods have provided tools to finally 
explore phylogenetic relationships and the overall diversity of this group of 
microorganisms. Moreover, new technologies such as microfluidics and single 
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molecule sequencing (SMS) allow applications of molecular methods at single-
cell and single molecule level, allowing us to zoom our research into the cellular 
level, hence unveiling the interactions between microbes and the role of each 
microorganism in their natural environments (Marcy et al. 2007; Gawad et al. 
2016). 

1.2 The rise of molecular methods for studying DNA 

Molecular methods emerged in mid-20th century after a series of discoveries 
around DNA and its role in biological processes. Early in the 1950s, independent 
studies demonstrated that DNA carried the genetic code. Experiments with 
Streptococcus pneumoniae showed that DNA was the cellular fraction capable of 
inducing ‘transformation’ of mild strains into virulent ones (Avery et al. 1944). 
Meanwhile, the investigation of phage infection in Escherichia coli showed that 
DNA was the main molecule from the viral particle to be released into the 
bacterial cell and, therefore, to have some role in the production of progeny 
(Hershey and Chase 1952). Soon after, in 1953, the structure of DNA was 
determined (Watson and Crick 1953). The proposal of a double helix structure 
was made based on the x-ray crystallography study conducted by Rosalind 
Franklin (Zallen 2003). In 1958, DNA replication was shown to be a 
semiconservative process, i.e. during replication one strand of the parental 
double-stranded DNA (dsDNA) will be present in each newly generated copy 
(Meselson and Stahl 1958a, b). DNA polymerase was identified as the molecule 
responsible for incorporating nucleotides in the growing DNA chain (Lehman et 
al. 1958). By the end of the decade, the mechanism for DNA replication was 
characterized. 

Early in the 1960s, the genetic code was cracked, and the roles of nucleic 
acids and proteins in biochemical process were identified. In 1961, Crick and 
collaborators introduced a study showing that sequences of three nucleotides in 
the DNA chain encode for one amino acid in a protein (Crick et al. 1961). 
Moreover, the study showed that the code was degenerated (i.e., more than one 
combination of three nucleotides encodes for the same amino acid) and non-
overlapping (i.e., in a nucleotide chain, the sequence for the next code starts 
always after three bases) (Crick et al. 1961; Yanofsky 2007). In that same year, two 
groups identified messenger RNA (mRNA) to be the molecule responsible for 
carrying genetic information from DNA to the machinery that produces proteins 
(Cobb 2015). These advances in knowledge led to a concept that explained the 
flow of genetic information from DNA to enzymes – from the code to the 
biological process – the central dogma of biology. Soon after, it was proposed that 
the genetic code is universal, i.e., the same code exists in all organisms and 
therefore small variations between carriers of genetic material could provide the 
basis for taxonomic classification (Hinegardner and Engelberg 1963).  

These advances in molecular biology and the understanding of nucleic 
acids and proteins allowed biology to be approached from a new perspective. For 
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instance, in microbiology, the analysis of the ribosomal RNA (rRNA) molecule 
sequence was the key for establishing the modern classification of prokaryotes. 
In the 1970s, a collection of studies was published suggesting that rRNA, as a 
well-conserved molecule among microbes, could be used as a marker to trace 
phylogenetic relationships between groups of microbes (Fox et al. 1977; Woese 
and Fox 1977; Albers et al. 2013). It was a milestone in the development of 
microbiology and provided insights into the evolutionary history of life by 
defining the three major kingdoms (Albers et al. 2013; Zhulin 2016). Analysis 
based on 16S and 18S rRNA sequences revealed that prokaryote microbes are 
divided in two major groups, bacteria and archaea, and that archaea are more 
closely related to eukaryotes than they are to bacteria.  

1.2.1 Polymerase chain reaction: basics and improvements 

Polymerase chain reaction (PCR) is a molecular technique that allows the in vitro 
generation of numerous copies of a specific DNA sequence. It relies on the 
enzymatic reaction carried out by DNA polymerase to replicate a DNA fragment 
from a template molecule (Saiki et al. 1985, 1988; Mullis and Faloona 1987). The 
reaction is prepared with the enzyme (and cofactors), deoxynucleotide 
triphosphates (dNTPs), oligonucleotides and the template molecule. Changes in 
temperature prompt the steps of the reaction: (i) dissociation of the dsDNA 
molecule into single strands at high temperature, (ii) oligonucleotides annealing 
to the specific region at specific annealing temperature, (iii) polymerization of the 
elongating strand at DNA polymerase optimal temperature (72 °C). After each 
cycle, the number of amplified DNA fragments doubles, and after, e.g., 40 cycles, 
millions of molecules have been generated. The technique was created in 1985 to 
solve the need for a sufficient amount of starting material for DNA analysis in 
samples that initially contained very few copies of the DNA target. At that time, 
DNA sequencing was not yet available as a routine procedure. Moreover, the 
detection of specific DNA sequences relied on methods that required a 
considerable amount of DNA. Therefore, researchers devised a method to 
generate copies of the specific fragment containing the specific variation that was 
being studied (Saiki et al. 1985).  

New possibilities for applying the method were recognized very soon after 
its introduction. As early as in 1987, the PCR was used for diagnosing HIV (Kwok 
et al. 1987; Guatelli et al. 1989). Early in 1990s, the PCR was introduced to the 
microbial phylogenetic studies. The amplification and analysis of the DNA 
sequence encoding the rRNA molecule was suggested as an alternative to 
analysis of rRNA molecule sequence (Chen et al. 1989; Böttger 1989; Wilson et al. 
1990; Weisburg et al. 1991). By using PCR, the DNA molecules encoding the target 
sequence could be amplified using cultivation-free methods and therefore 
generating enough material for analyses. Subsequently, the analysis of rRNA 
genes became a standard method to study diversity (Thompson et al. 2017; 
Hugenholtz et al. 2021).  

In addition to using PCR for diagnostics and studying diversity, 
improvements to allow quantification further increased its importance in 
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microbiological studies. Guatelli et al. (1989) had earlier suggested that PCR could 
be employed for quantitative purposes. They argued that comparing the 
frequency of viral and host endogenous genes (those with constant copy 
numbers) could be useful for studying pathogenesis of HIV. Quantitative or real-
time PCR (qPCR) appeared in the 1990s and provided a means for quantifying 
the amount of DNA in a given sample. In 1993, Higuchi et al. (1993) introduced a 
method to monitor DNA accumulation over the PCR cycles. The fluorescence of 
ethidium bromide was monitored by microcameras and used to reveal dsDNA. 
In each cycle, the number of copies of the target DNA would duplicate. And by 
the end of each cycle, the fluorescent signal indicating the presence of dsDNA 
would increase. The increasing amount of dsDNA over the cycles would reveal 
the accumulation of copies of DNA. Later, in 1996, the use of molecular probes 
and a more consistent description of the mechanism for quantification was 
published (Gibson et al. 1996; Heid et al. 1996). Thereafter, modifications have 
been made to improve the qPCR assay, and specialized instruments were built to 
automate the process.  

Recently, a novel PCR-based technology emerged to provide a more precise 
quantitative analysis. The principle of the digital PCR (dPCR) was adapted from 
the need to detect single DNA molecules individually (not in a bulk as in PCR or 
qPCR). The technology has its roots back in 1992 when Sykes and collaborators 
elaborated a method using principles of limiting dilution and target distribution 
according to Poisson distribution to detect and quantify the molecules of target 
DNA in PCR (Sykes et al. 1992). But because it was more laborious and provided 
lower throughput than qPCR – the competing technology – it was forgotten. 
Later, in 1999, the idea of quantification by detecting single DNA molecules re-
emerged in work by Vogelstein and Kinzler. By using multi-well PCR plates, they 
provided reactions with up to 384 partitions, and simplified the analysis by 
adopting DNA-binding dye to detect amplification (Vogelstein and Kinzler 
1999). In the last two decades, automation has improved the partitioning and 
analysis of dPCR. The use of microfluidics technology enabled partitioning into 
thousands of partitions while shrinking the volume of reactions.  

The droplet microfluidic system Droplet Digital PCR™ (ddPCR™) is a 
commercial droplet-based dPCR platform. It relies on droplet microfluidics to 
generate numerous small partitions from a bulk PCR reaction (Hindson et al. 
2011; Pinheiro et al. 2012). In this system, each droplet works as an independent 
reaction chamber where DNA amplification occurs. In the partitioning process, 
the target molecules are randomly dispersed in the original volume and trapped 
into droplets in a stochastic manner. The probability of confining single target 
molecules inside droplets is higher in more diluted samples. Ideally, it is 
expected that just a small fraction of the droplets in a sample will carry the target 
molecule, and within this group the majority will have a single target. Thus, 
Poisson distribution is used to quantify the target. The detection of the target 
molecule is revealed by the fluorescence emitted by DNA binding dye or a probe. 
The fluorescence level of each droplet is measured using two fluorescence 
channels and expressed in relative fluorescence units (RFU). In droplets where 
DNA is amplified, the end point RFU is higher than in droplets where 
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amplification does not occur. Therefore, droplets can be assigned as positive or 
negative in terms of whether or not they contain the target. The quantification of 
the targets in the studied sample is based on the number of positive droplets 
among the total number of droplets. 

The qPCR and dPCR methods have similarities, but also retain many 
differences. Both methods are used to quantify the target DNA and employ 
fluorescent DNA dyes and probes to detect accumulation of DNA along the 
cycles. However, in qPCR the fluorescence is measured along the exponential 
phase, while in ddPCR the fluorescence is measured at the endpoint. Moreover, 
in qPCR the quantification is based on the comparison of the fluorescence relative 
to a standard curve, where the number of copies of the target molecule is known. 
In dPCR there is no need for standard curve. That is possible because in dPCR 
the PCR mix volume is compartmentalized in tiny wells in plates or droplets by 
microfluidics, and each compartment is expected to be either empty or contain a 
single starting molecule. Therefore, the fluorescence intensity is expected to differ 
considerably between compartments where a template molecule enables the 
accumulation of copies in comparison to compartments with no target molecule 
present. That allows the definition of a threshold line for the fluorescence level to 
distinguish the target-containing compartments from the empty ones.   

1.2.2 DNA sequencing 

The first generation of sequencing technologies for DNA was based on the 
analysis of DNA fragment size (Maxam and Gilbert 1977; Sanger et al. 1977; 
Heather and Chain 2016; Shendure et al. 2017). The approach was similar to what 
had been described for sequencing RNA in the previous years (Holley et al. 1965; 
Sanger et al. 1965). In 1968, the first DNA molecule was sequenced. A study on 
the genome of bacteriophage lambda demonstrated that sequencing can be 
successfully carried out from short DNA fragments with cohesive ends by using 
radiolabelled nucleotides (Wu and Kaiser 1968). The method employed the in 
vitro polymerization of DNA, and the reaction was carried out by DNA 
polymerase isolated from Escherichia coli. The cohesive ends of the phage DNA 
were used to prime the reaction. Growth of the DNA chain was marked by 
labelled nucleotides, and the reactions were carried out with one type of 
nucleotide at a time. Therefore, the incorporation of labelled nucleotides into the 
molecule was observed by analysing the resulting fragment lengths and hence 
the lengths allowed to deduce the sequence. In the following years, the procedure 
was facilitated by a series of optimizations. Synthetic oligonucleotides were 
introduced to initiate polymerization (Wu 1972; Sanger et al. 1973). The methods 
were simplified when polyacrylamide electrophoresis was adopted to analyse 
the fragments instead of electrophoresis, which was followed by 
chromatography (Sanger and Coulson 1975; Maxam and Gilbert 1977; Heather 
and Chain 2016).  

In 1977, the introduction of two methods marked the beginning of the first 
generation of sequencing technologies. The Maxam-Gilbert sequencing method 
was introduced early in 1977 (Maxam and Gilbert 1977). The method was based 
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on the treatment of DNA molecules with chemical reagents in order to break the 
chain at specific bases. The fragmented lengths of molecules obtained after the 
treatment with chemicals of different ‘cutting’ profile were used to identify 
nucleotide position. Later that year, the dideoxy or chain-termination method 
was published. The method was based on the use of nucleotides with modified 
3’ ends, dideoxy-nucleotides (ddNTP’s), to prevent the incorporation of the 
following nucleotide, therefore ending chain elongation (Sanger et al. 1977). The 
use of trace amounts of one type of dideoxy-nucleotides during in vitro 
polymerization would produce DNA fragments of variable lengths that always 
ended with a modified nucleotide. Therefore, chain-termination could reveal the 
position of this specific type of nucleotide in the chain. In this method, four 
reactions were needed to solve the sequence, one for each nucleotide.  

The dideoxy method (also known as Sanger sequencing) became the 
method of choice in the following years after optimizations to the protocol 
(Heather and Chain 2016). Maxam and Gilbert’s method was not taken much 
further, due to the technical demands (Heather and Chain 2016; Shendure et al. 
2017). However, the detection of all four terminating nucleotides in a single 
reaction was enabled by replacing the radiolabelled ddNTPs with fluorescent 
ones. Moreover, the introduction of capillary electrophoresis improved the 
detection limit of the technique. The development of PCR and recombinant DNA 
technologies was also important for the success of the chain-termination method. 
These techniques facilitated the production of massive amounts of pure DNA 
with varying lengths and increased the power of sequencing into large-scale de 
novo sequencing. These techniques were employed to sequence large genomes 
despite the limitation of a 1 kb sequencing read length. Shotgun sequencing 
permitted researchers to reconstruct genomes by sequencing and assembling 
overlapping short fragments (Heather and Chain 2016). Ambitious genome 
projects attempted to optimize the throughput and automate the process 
(Shendure et al. 2017). By the end of 90s, the chain-termination method had been 
successfully used to sequence the genome of Haemophilus influenza (1995), 
Saccharomyces cerevisiae (1996) and Caenorhabditis elegans (1998). The speed of the 
process increased data yield that, in turn, propelled advances in computational 
analysis. 

‘Next-generation sequencing’ (NGS) technology – or second generation of 
sequencing technology – was developed as an alternative to facilitate sequencing 
analysis (Shendure et al. 2017). NGS methods were based on sequencing-by-
synthesis (SBS), i.e., the sequence was solved by identifying the nucleotides that 
were incorporated into the chain during polymerisation instead of analysing the 
lengths of DNA fragments. Another feature provided by the NGS methods was 
the possibility for multiplexing, i.e., the sequencing of distinct fragments could 
be done in the same reaction by introducing specific barcodes to the sequenced 
DNA strain. This resulted in higher sequencing capacity compared to the 
dideoxy method where just one sequence could be resolved per reaction. The 
availability and commercialization of different sequencing methods began in the 
early 2000s. Among the prominent NGS platforms were 454 pyrosequencing 
(discontinued in the last decade), Solexa/Illumina and Ion Torrent. In all of these 
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methods, copies of the target DNA are produced and attached to a solid surface 
to allow the spatial detection of nucleotide incorporation. In 454 pyrosequencing 
and Solexa/Illumina technologies, the incorporation is detected by emitted light 
or fluorescence, respectively, while in Ion Torrent the detection is observed by 
semiconductor sensors after the change of pH in the microenvironment.  Several 
commercial platforms of NGS became available within a decade, and eventually 
sequencing became accessible for many types of studies and interests. NGS has 
been useful for metagenomics and amplicon-based sequencing for microbial 
communities and has revealed a diversity of microorganisms from various 
environments (Thompson et al. 2017; Straiton et al. 2019). 

In the last two decades, a new generation of sequencing technologies has 
been in development. The third sequencing generation employs nanotechnology 
to resolve nucleotide sequences by single molecule sequencing (SMS), i.e., the 
sequencing is done from an individual molecule instead of analysing an 
assembly of clonal molecules. The first method was launched by Helicos 
LifeScience in the early 2000s and was based on microimaging a DNA molecule 
to detect fluorescence after incorporation of each base (Heather and Chain 2016). 
However, access to the method has been hindered by the costs. Recently, two 
novel methods have been launched commercially. PacBio is a single-molecule 
real-time sequencing (SMRT) technology that detects incorporation of each 
nucleotide in the growing DNA chain through fluorescence (Heather and Chain 
2016). A single DNA molecule is confined in a very small compartment, and 
several compartments are analysed in parallel to improve the throughput. 
MinION has a different approach, so-called nanopore sequencing (Heather and 
Chain 2016). The detection of different nucleotides in a DNA chain is based on 
changes in the electric current while a DNA molecule flows through the 
nanopore of a bilipid layer. MinION devices have the advantage of portability 
and were, e.g., used to sequence the genome of the Ebola virus during the 
outbreak in 2015 (Quick et al. 2016). 

1.3 Unravelling the world of microbes: from pure culture to 
microbial communities, and back to single cells 

Historically, there is a need to identify microbes and understand what they do, 
i.e. their role in the environment. The commitment to elucidating the microbial 
world has motivated minds to develop and improve tools and methods by which 
microbes can be approached. These advances allow unlocking layers in the study 
of microorganisms and, therefore, expanding further the frontiers of 
microbiology. The toolbox for the microbial studies has expanded from 
visualization of microbial cells to the description of pure cultures, microbial 
communities, and recently, back to single cells.  

Initial attempts to comprehend the nature of microorganisms, back in the 
17th century, were ruled by observation of microbial cells with microscopes. Early 
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studies were limited to the collection of sizes and shapes of microorganisms 
together with the determination of the environments where these organisms 
could be found. It did not reveal much about microbes since microbial cells with 
similar shape could be found in different habitats, and there were no other 
methods available to differentiate microbes and their roles in these distinct 
places. Besides, the limitation of both instruments and human comprehension 
hindered the advances of microbial studies. However, the advances in optical 
theories, microscopic design, and the development of microscopy techniques, 
between the 17th and 20th century, supported the progress in the visualization of 
microbes (Lister 1830; Drews 2000, Sanderson 2019). Combinations of lenses and 
immersion techniques were developed using Abbe’s principles in order to correct 
the distorted images and increase the resolution (Drews 2000). In parallel, Robert 
Koch and his colleagues introduced the staining techniques to observe 
microbiological specimens (Drews 2000; Summers 2009; Blevins and Bronze 
2010). Techniques for affixing bacterial specimens to glass slides and the use of 
various dyes to enhance the contrast of bacterial cells were explored and 
permitted their identification. For example, methylene blue staining was 
developed to visualize tuberculosis bacilli in clinical specimens (Blevins and 
Bronze 2010). Gram-staining, for instance, was introduced by Hans Christian 
Gram in 1884. Gram-stained bacterial cells were stained using crystal violet to 
improve their contrast under the microscope. Later, safranin was adopted as a 
counter staining, and bacterial cells could then be classified based on their cell 
wall structure. 

Nevertheless, the cornerstone for the progress of microbiology was the 
development of methods to manipulate, isolate and grow microbes in controlled 
environments. The employment of cultivation methods enabled more meticulous 
investigation of microbial diversity as well as the physiological and ecological 
aspects of the lives of microorganisms. The improvements of microscopes and 
the introduction of staining procedures to aid the visualization of microbes 
happened in parallel, and were combined with cultivation methods. 
Phenotypical and physiological characteristics of microorganisms were 
catalogued and used to formulate the first classification system for bacteria 
(Drews 2000). The isolation and identification of microorganisms was the key to 
linking specific microbes to the onset of infectious diseases (Blevins and Bronze 
2010). Between the 19th and 20th century, the cultivation of microbes in pure 
cultures became the strategy of choice for dissecting the individual characteristics 
and ecological roles of microbes in their respective environments. Many 
microorganisms were described, and niches of microbes revealed. Yet, the 
identification and characterization were limited by the fact – previously 
unknown – that the laboratory conditions available are not suitable for growing 
the majority of living microorganisms. Therefore, this has limited the view of the 
extent of the microbial world. 

Over the past fifty years, the introduction of molecular methods and 
sequencing technologies have provided the means to analyse characteristics 
encoded in the genome, thereby adding a layer of information into the study of 
microbes. The use of molecular techniques allowed researchers to study microbes 
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that could not be cultivated in a laboratory. Moreover, these techniques have 
facilitated the detection of known microorganisms in distinct habitats and 
samples. For instance, the introduction of molecular detection of pathogens 
became the gold standard for diagnosing viral and bacterial infections. The 
molecular methods also prompted studies that focused on microbial 
communities rather than on one microorganism. In particular, NGS technologies 
have become a routine way to peek into microbial communities (Abreu and Taga 
2016). These methods revealed that the great majority of microbes had not yet 
been identified and described. Analysis based on ribosomal RNA sequences (16S 
and 18S rRNA) recovered from environmental samples started in the late 1980s 
(Lane et al. 1985) and soon the establishment of PCR and DNA-sequencing 
methods simplified the analyses (Böttger 1989; Giovannoni et al. 1990; Wilson et 
al. 1990; Weisburg et al. 1991). The work was facilitated by the introduction of 
NGS, which allowed the massive parallel sequencing of different DNA 
fragments. Moreover, these methods enabled the comparison of microbial 
community structures in distinct habitats and the correlations of microbial 
groups with certain habitats and functions. 

Notably, NGS tools have allowed for so-called metagenomics by 
sequencing of all DNA from environmental samples. The analysis of molecular 
data has enabled the investigation of microbial communities as a whole. Even 
complete microbial genomes have been reconstructed using such data. The 
reconstruction of genomes based on metagenomic data, or metagenomics 
assembled genomes (MAGs), provides us with insights on the diversity and 
functionalities of microbial dark matter. For example, Anantharaman and 
collaborators reconstructed over 2500 MAGs from aquifer sediments, revealing 
the presence of previously unknown lineages of bacteria and archaea 
(Anantharaman et al. 2016).  

However, increasing knowledge of microbial communities has also 
revealed limitations on rRNA amplicon-based sequencing and metagenomics. 
Amplification kinetics in PCR targeting for 16S rRNA have been shown to impose 
a bias toward more abundant sequences, therefore missing or underrepresenting 
rare taxonomic groups in heterogeneous samples (Suzuki and Giovannoni 1996; 
Lee et al. 2012). Besides that, universal primers can be biased towards what is 
already known of microbial diversity. Therefore, dissimilar ribosomal sequences 
can be missed from the studies. Likewise, the functional analysis of communities 
describes the microbial lifestyles and metabolic pathways in a given environment 
but does not reveal the role of specific microbes. The reconstruction of assembled 
genomes from metagenomic data partially fill the gap, but fail to reveal structural 
variants of genomes, including rearrangements, gene insertions, duplication, 
horizontal gene transfer (HGT), mutations, and mobile genetic elements such as 
plasmids. Therefore, there has been a growing interest in new tools and strategies 
for the study of microbes at single cell resolution. 

Single-cell genomic sequencing was introduced to microbiology sixteen 
years ago and has been considered a promising tool for filling in the missing 
pieces in the studies of microbial diversity (Kaster and Sobol 2020). The feasibility 
of sequencing genomic DNA from single bacterial cells was first shown using 
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laboratory strains by Raghunathan and collaborators. DNA fragments 
corresponding to 30% of the genome, including a fragment of 662 bp of 16S rRNA 
gene, were recovered from single cells after sequencing amplicons produced by 
multiple displacement amplification (MDA) using random primers and allowed 
the identification of genes (Raghunathan et al. 2005). Soon after, Marcy and 
collaborators sequenced the genomes from uncultivated microbes of the 
candidate phyla TM7 revealing a collection of over 1000 genes. These genes 
helped to illuminate the physiology of the members of the phyla (Marcy et al. 
2007). Single-cell genome sequencing and single virus sequencing have been 
applied to identifying and characterizing groups of non-culturable 
microorganisms (Woyke et al. 2017, 2019; Martínez et al. 2020). And the analysis 
of single amplified genomes (SAGs) has proven useful to complement the 
metagenomics data and provide a more complete understanding of microbial 
communities (Abreu and Taga 2016; Doud et al. 2020; Kaster and Sobol 2020). 
Moreover, the single-cell studies have been useful in understanding the 
interactions of microorganisms within communities, particularly virus-host 
interaction. The gene composition observed from SAG and MAG was used as an 
indication of prophage infection (Labonté et al. 2015) and to follow the infection 
dynamics between viruses and an uncultured microbe (Roux et al. 2014).  

Single-cell microbial analysis is still a novel field and has many technical 
challenges to be addressed (Kaster and Sobol 2020). In the past few years, novel 
methods and strategies have been developed to facilitate the research. 
Particularly, cell sorting has gained attention due to the need for detecting 
specific groups relevant for each study design (Lee et al. 2015; Woyke et al. 2017). 
Function-driven single-cell analysis emerged as a novel strategy to sort and 
facilitate the assessment of microorganisms related to specific processes (Woyke 
and Jarett 2015; Doud and Woyke 2017; Doud et al. 2020). Doud and collaborators 
devised a method to select certain microbes from a rare biosphere due to their 
affinity to cellulose and analysed their capacity to degrade the substrate (Doud 
et al. 2020). Another method focusing on functionalities of microbes is the 
epicPCR, developed by Spencer and collaborators. Instead of analysing the whole 
genome, epicPCR targets specific genes to detect and identify microbial hosts for 
specific encoded functionalities by trapping individual cells within a 
polyacrylamide compartment (Spencer et al. 2016). The method has been used, 
for example, to screen bacterial hosts for antibiotic resistance genes in wastewater 
treatment plants (Hultman et al. 2018) and to investigate virus-bacteria dynamics 
in a marine environment (Sakowski et al. 2021). 

1.4 Answering biological questions 

The process of understanding the microbial world has proven to be challenging 
and requires flexibility to choose and employ the right strategies and methods in 
order to unravel the puzzle at hand. In my thesis, the application of molecular 
methods and the expansion of toolbox for studying microbes is exemplified in 
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studies composing three distinct research topics. Below is a brief introduction to 
each topic.  

1.4.1 Viral zoonosis epidemiology 

Vaccinia virus (VACV) is a zoonotic virus that belongs to the genus Orthopoxvirus 
(OPV) and the Poxviridae family, a group of large double-stranded DNA viruses. 
VACV are naturally found in South America, where several outbreaks in human 
populations have been reported since the late 1990s (Trindade et al. 2007; 
Domingos et al. 2021). Wildlife is involved in the maintenance of the virus in 
nature, and outbreaks in livestock are sources of human infection. Small wild 
rodents have been shown to replicate and shed the virus through faeces, and are 
thus believed to be the source of outbreaks (Ferreira et al. 2008; Abrahão et al. 
2009; D’Anunciação et al. 2012). Capybaras are large rodents and express habits 
that could be important in the viral transmission chain to humans. Previous 
studies have indicated the susceptibility of capybaras to VACV infection by 
recovering virus from experimentally infected animals (Moreira 1956) or by 
serological study of free ranging animals (Barbosa et al. 2014). However, VACV 
had not been detected in free-living animals before. Abrahão and collaborators 
have shown that the virus can be detected in PCR assay directly from clinical 
specimens (Abrahão et al. 2010). In this study, a qPCR-based assay is developed 
to detect VACV from capybara’s stool samples. 

1.4.2 Groundwater pollution and bioremediation by native microbial 
communities 

Chlorophenols (CP) are a group of xenobiotic compounds that have been used as 
pesticides and wood preservatives in the past. These substances are toxic and 
have been reported as persistent contaminants of soils, lakes, and ground water 
worldwide. In Finland, chlorophenols have been detected in several aquifers 
even three decades after their use has been suspended, and no improvement of 
contamination levels has been observed during decades of monitoring. Since the 
late 90s, more effort has been put into removal of chlorophenols by using 
different means. Bacteria with potential to degrade CP have been detected in 
contaminated sites in Finland since late 90s (Männistö et al. 1999, 2001), and it 
was previously shown that CP degraders may be isolated from bacterial 
communities originating from polluted areas. The aerobic pathway for 
degrading highly chlorinated phenols (HCP) is initiated by the enzyme 
pentachlorophenol hydroxylase (PcpB, encoded by the pcpB gene), an inefficient 
reaction (Arora and Bae 2014). The first section of study II introduces the 
development and application of a qPCR-based assay to investigate the potential 
for aerobic degradation of highly chlorinated phenols (HCP) in polluted sites. 
The detection of the pcpB gene by qPCR is applied to spot the potential for the 
metabolic process from natural communities. In addition, the total bacterial 
community diversity, and the presence of Sphingomonads’ (the only assumed 
HCP aerobic degrader group) is investigated through 16S rRNA gene survey.  
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However, a direct link to the presence of pcpB gene, potential HCP degrader 
groups and the reduction of CP is missing. 

1.4.3 Application of molecular methods for single cell studies 

The revelation of the complexity of microbial communities and interaction-
networks has called for new methods to narrow research from the community to 
the cellular level and therefore to understand the role of each microbe in the 
equation. For instance, the study II investigates the aerobic dehalogenation of 
HCP and the used tools (PCR and NGS) provided a profile of the microbial 
community and the detection of putative degraders. Despite that, the methods 
were not enough to provide a complete picture of the microbes involved in the 
HCP degradation, nor to define the microbes triggering the process through the 
enzyme pentachlorophenol hydroxylase. Similar question – “Who is doing 
what?” can be applied to other study contexts and microorganisms residing in 
various habitats. For example, who are the microorganisms carrying of antibiotic 
resistance genes in wastewater treatment plants? Therefore, there has been a 
growing interest in the development of methods that can facilitate the analysis of 
the microorganism carriers of specific genetic functionalities within diverse 
microbial communities. The recent efforts have heavily focused on single cell-
based studies. epicPCR is a well-engineered method that enabled the detection 
of “carrier microbes” without the need for generating extra data. Nonetheless, 
epicPCR data is limited to the identification of the “carrier microbes” and needs 
complementary methods to provide the profile of the entire studied community. 
Moreover, epicPCR would benefit by methods that produce monodisperse 
droplets such as droplets microfluidics.  
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Despite the developments in microbiology that, for example, allow sequencing 
of single genomes, a complete understanding of microbial diversity and 
functions is not yet possible. As such, there is a constant demand for research 
resources that help build a better understanding of microbes via experimentation 
design and new methods. In my thesis I aimed to improve this understanding 
by: 

i. employing PCR-based assay to detect and identify specific virus in 
relevant environmental samples (detection of Orthopoxvirus in 
capybara’s stool samples);  

ii.  characterizing microbial communities and their potential in removing 
highly chlorinated phenols from groundwater;  

iii. optimizing protocols for efficient DNA recovery from the emulsion 
PCR; and  

iv.  developing a new method for linking specific microbes and 
functionally important genes.  

 
Although the contexts of these studies were different, together they highlight not 
only the development of tools for studying microbes, but how these tools can be 
combined and applied to answer important biological questions.  
 

2 AIMS OF THE STUDY 
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The methods used in the articles I-IV that build this thesis are listed in the table 
below. Detailed descriptions of the methods can be found in the respective 
publications.  

TABLE 1 Methods used in the publications. 

 
Method      Publication 
 
 
Field sampling     I, II 
Experimental contamination of stool samples   I 
DNA extraction      I, II, III, IV 
qPCR      I, II 
PCR      I, III, IV 
ddPCR      III, IV 
DNA electrophoresis analysis    I, II, III, IV 
DNA sequencing and sequence analysis    I, II, IV 
Bacterial culture     IV 
Bacterial quantitation by plate count method   IV 
Cell culture     I 
Virus isolation     I 
 
 

3 MATERIALS AND METHODS 
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4.1 Detecting microbes in complex samples using PCR-based 
assays 

4.1.1 Orthopoxvirus in capybara’s stool samples (I) 

In this study, a non-invasive method to screen capybaras for VACV was 
developed using a qPCR assay to detect viral DNA from faecal samples. For 
optimization tests, capybaras’ faecal samples were collected from an area with 
no previous report of circulating virus. Later, field samples collected from varied 
locations were used for the validation of the screening method. The sampling 
sites and sample characteristics are described in Table 1 and Figure 1 (I). Initial 
processing of the samples consisted of ten-fold dilution (w/v) in PCR-grade water 
followed by clarification by centrifugation. The following tests aimed to define 
optimal conditions for viral DNA detection in qPCR and the detection limit of 
the assay in such conditions.  

Minimum non-inhibitory dilution was tested by diluting the faecal samples 
from 20 up to 2500-fold (w/v) in PCR-grade water and adding each dilution with 
104 plaque forming units per microliter (pfu/µl) of virus (I, Fig. 2a). Table 3 (I) 
shows the compilation of results showing that 200-fold dilution of faecal matter 
is enough to minimize inhibitory effect and detect viral DNA. An aliquot of each 
sample dilution previously added with virus was used for DNA extraction using 
the Phenol Chloroform Isoamyl alcohol (PCIA, 25:24:1) method (Sambrook 2012), 
and the yielded DNA used as a template in the qPCR reaction (I, Fig. 2b). A 
comparison of the amplifications showed that extraction of DNA works equally 
to diluted samples. Next, faecal samples were artificially introduced with viral 
loads of 1 to 104 pfu/µl to test the detection limit for the reaction using diluted 
samples. An aliquot was subjected to DNA extraction using PCIA and the results 
from both types of samples were compared (I, Fig. 2c and d). The results show 
that the virus can be detected from diluted samples in concentrations as low as 1 

4 RESULTS AND DISCUSSION 
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pfu/µl, while in samples where DNA was isolated the detection limit was 100 
pfu/µl (I, Table 4).  

Faecal samples are composed by substances that inhibit PCR reactions, and 
the faecal matrix composition is affected by diet (reviewed by Schrader et al. 
2012). The dilution of samples, or the alternative DNA extraction, in this study 
had the purpose of diminishing the potential inhibitory effect caused by the 
faecal matrix. The dilution of the faecal matrix implies the dilution of the 
inhibitory substances, however the same holds true for the viral DNA present in 
the sample. On the other hand, the DNA extraction procedure can eliminate 
many of the inhibitory substances. However, DNA can be lost during the process 
and, if not executed correctly, inhibitory substances can be carried over from the 
extraction reagents or even from the faecal matrix. The use of diluted faecal 
samples for viral detection by PCR has been shown before (Ferreira et al. 2008; 
Abrahao et al. 2009, 2010). As for the DNA extraction, customized protocols and 
kits have been developed for the studied animal. In this study I compared the 
PCR detection of virus using both sample dilution and DNA extraction using the 
standard phenol chloroform protocol. The lower detection limit observed in 
DNA extracted samples could be explained by the inhibition of reaction due to 
carry over of inhibitory substances. 

The above described protocol for sample preparation was validated with 
samples collected from urban and wild environments. In three samples, the 
screening resulted in amplification with qPCR. To rule out laboratory 
contamination, alternative OPV genes were targeted in qPCR and PCR as well (I, 
Table 2). Analysis of sequences obtained from fragments of two genes (C11R and 
A26L) demonstrated that the amplified DNA was highly similar to Brazilian 
VACV (VACV-BR) (I, Fig. 4a and b). The presence of a genetic marker in 
sequences obtained from a fragment of the gene A26L suggests clustering with 
VACV-BR group I, rather than VACV-BR group 2 or VACV-WR (I, Fig. 4c). 
However, it must be noted that several attempts to isolate the virus were 
unsuccessful.  

OPV have been detected in various regions of Brazil and South America. 
Wild and domestic species have been implicated in the natural circulation of 
virus (Lima et al. 2019; Domingos et al. 2021). The susceptibility of capybaras to 
OPV infections has been shown earlier by laboratory infection (Moreira 1956). 
Recently, serum neutralizing assays from free living animals have indicated the 
presence of neutralizing antibodies specific for VACV in free living capybaras 
(Barbosa et al. 2014; Antunes et al. 2020). However, no molecular data had been 
obtained from capybaras’ samples so far.  

The PCR-based assay optimized here to detect OPV from capybaras’ stool 
samples and showed the presence of DNA from Orthopoxvirus in wild capybaras. 
The detection of OPV DNA in samples collected from an urban park in Belo 
Horizonte, with no previous knowledge of virus circulation, has drawn attention 
for the silent circulation of OPV in such areas (Domingos et al. 2021). After the 
publication of article I, serological and molecular surveys of domestic and wild 
animals have confirmed the circulation of VACV in the same region (Costa et al. 
2017, 2018; Miranda et al. 2017). 
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The qPCR assay to detect viral DNA from faecal samples has proven to be 
a convenient tool for screening OPV in wild capybaras population since no direct 
contact with the animal is needed. Several OPV targets have been detected 
through qPCR, and genetic markers resembling VACV-BR identified. The 
detection of DNA from free-ranging capybaras suggest that capybaras may play 
a role in the circulation of VACV between wild and domestic environments. 
Nonetheless, a better genetic characterization of these putative new viruses is 
necessary to assign them to VACV groups. Moreover, to evaluate the real role of 
capybaras in VACV transmission cycle and their potential to spread viruses is 
necessary to broaden the scope of study to an eco-epidemiological approach. 
Therefore, capturing the animals to collect other sample types might be needed 
in the future. 

4.1.2 Examining microbial diversity from a successful bioremediation process 
(II) 

The first section of paper II dealt with the development and application of a 
qPCR-based assay to investigate the aerobic degradation of highly chlorinated 
phenols (HCP) in polluted sites. The detection of pentachlorophenol hydroxylase 
gene (pcpB, encoding the first enzyme of the degradation pathway) by qPCR was 
extensively tested in silico and applied to spot the potential for the metabolic 
process from natural communities. In addition, the total bacterial community 
diversity, and the presence of Sphingomonads’ (the only assumed HCP aerobic 
degrader group) was investigated through 16S rRNA gene survey.  

The molecular detection of the gene pcpB in Pursiala site revealed the 
presence of potential CP degraders. Moreover, it suggested that the 
microorganisms carrying pcpB were more abundant the closer the sampling was 
done in respect to the most contaminated area (but not on the hotspot) (II, Table 
2). The hotspot, however, presented 10-fold lower abundance compared to the 
next most contaminated well. The same trend was observed in Sphingomonad 
abundance, when group-specific 16S rRNA qPCR was used. Bacterial 16S rRNA 
gene counts were roughly similar in all five sampled spots. In Kärkölä, the 
investigation was carried out from a long term in situ experimental treatment. 
The treatment was based on water circulation to promote mechanical aeration (II, 
Fig. 1), and compared to the start level, results revealed a notable reduction in CP 
concentration (II, Fig. 3). The microbial analysis carried out after four and ten 
months of the beginning of the treatment revealed high relative abundance of 
pcpB genes and Sphingomonads – even higher than found in Pursiala (Table 3). 
These results suggested that aeration of groundwater could provide a stimulus 
to native degrader bacteria to increase CP mineralization rate by activation of the 
HCP pathway. However, without molecular data prior to the start of 
bioremediation process or RNA transcripts to indicate active metabolism, it was 
not possible to draw a direct connection to the observed changes. Therefore, to 
verify this assumption, an experiment was designed to test a natural bacterial 
community in a closed system. 
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A microcosm experiment was set up using groundwater and sediment 
collected from Pursiala, where high levels of CP and the pcpB gene were 
previously detected. Incubation bottles were filled with fully or partially aerated 
ground water and 1% (v/v) of sediment slurry sampled from the zone with the 
highest contamination level.  The samples were kept at 15 ˚C in the dark for 21 
days. Measurements taken during the experiment showed that oxygen was 
depleted in low aerated bottles after 10 days, while in fully aerated bottles the air 
saturation was at 64% by the end of the experiment. Inspections at the start and 
end of the experiment showed reduction of up to 96% of CPs, while the number 
of copies of the pcpB gene increased by 2400% and 360% in low and fully aerated 
samples, respectively (II, Fig. 2). Assessment of the microbial community by 16S 
rRNA gene sequencing revealed an increased proportion of Sphingomonads 
from 4% of total 16S rRNA sequences on water and sediment to average of 50% 
and 27% in low and fully aerated samples, respectively, by the end of incubation. 
The reduction of concentration of all forms of CP (HCP and lower chlorinated 
forms) during the microcosm incubation suggested that much of the CP was fully 
dechlorinated. 

The toxic potential of HCP and the long-term persistence in contaminated 
areas have demanded studies to address the removal of such compounds from 
the environment (Yang et al. 2021). In Finland, contamination levels have been 
monitored in HCP polluted areas, and cultivation-based studies of the microbial 
community allowed for the isolation of bacterial strains capable of aerobic HCP 
degradation (Männistö et al. 1999, 2001). Despite that, contamination levels of 
HCP have persisted. In this study, a PCR-based assay and DNA sequencing were 
employed to monitor the microbial community and the potential for aerobic 
biodegradation of HCP. The tools were employed to follow the ongoing 
experimental aeration treatment process in Kärkölä and suggested that the 
increase in pcpB gene copies and bacterial groups related to the degradation of 
HCP were connected to the lower levels of CP detected over time. These findings 
were verified by studying the process in a closed environment (microcosm). 
Hermon and collaborators employed microcosm experiments and functional 
genes and 16S rRNA enumeration to establish the correlation of environment 
conditions to processes encoded in the genes (Hermon et al. 2019). In our study, 
samples were collected from an area where the microbial biodegradation 
potential had been shown only by molecular methods. Although abiotic CP 
losses could not be verified in the microcosm, the changes in microbial 
community structure and pcpB counts corroborated the previous observations. 
Bio-stimulation with oxygen seems to support the growth of native CP degraders 
and facilitate the mineralization process of CP in the studied samples. 

In this study, the success of the bioremediation induced by aeration was 
indicated by the lower CP concentration at the end of the experiment, coupled 
with an increased number of copies of pcpB gene (measured by qPCR) and 
increased abundance of Sphingomonads (observed by amplifying and 
sequencing 16S rRNA gene). The abundance of pcpB gene was measured by qPCR 
and suggested a favourable environment for the microbes carrying such gene. 
Meanwhile the abundance of Sphingomonads was detected by amplicon 
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sequencing. Thus, revealing the change in microbial community profile and 
supporting the connection between the Sphingomonads group and the HCP 
degrading gene. Although successful in showing that the bioremediation process 
was induced by the aeration of a natural microbial community, the methods 
employed here were insufficient to determine the specific microbes that were 
stimulated and could be responsible for the bioremediation. Moreover, the 
complete degradation of HCP is a process that depends on several enzymes and 
therefore a set of genes (Arora and Bae, 2014), and a wider group of 
microorganisms. As such, a more complete picture of the HCP removal process 
would need to reveal the microorganisms involved in other steps of the process.  

4.2 Single-cell screening of microbes and specific functions 

In this work, a novel method was developed with the aim to track the diversity 
of microorganisms that carried a specific function at single cell resolution. In this 
method, molecular screening of single cells is conducted from mixed microbial 
sample by simultaneously detecting two genes of interest, one being the 
phylogenetic marker 16S rRNA and the other encoding a functional trait (Fig. 2; 
IV, Fig. 1). The bacterial sample is partitioned into single cell PCR droplets using 
droplet-based microfluidics technology. Within each droplet, one-step fusion 
PCR is carried out to fuse the genes into a concatemer and amplify the product. 
The amplicon product is recovered from the droplets and used to construct 
sequencing libraries. Carriers of the functional gene and microbial community 
diversity are revealed by sequencing the full-length concatemer and 16S rRNA 
gene, respectively. Dispersal of the antibiotic resistance gene was chosen to 
establish the tracking system. However, any other trait of interest encoded in the 
genome may be studied as well. For instance, some of the tests were carried out 
to optimize the system for studying the dispersal of pcpB gene (data not shown). 
The development of the tool required a series of experiments to ensure that 
external DNA was not amplified, targeted genes were fused successfully and also 
to verify the method's success in detecting single cells (described further below). 
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Figure 2. Overview of the method developed for single cell analysis. (A) Samples are treated 
with PMA, added to PCR reactions and partitioned by droplet microfluidics in 
order to have droplets with single cells. (B) Inside droplets, the taxonomic marker 
and the functional gene are amplified and fused. The amplicons are recovered and 
used to prepare sequencing libraries. (C) Sequencing of fused amplicons is done by 
any high-throughput sequencing method. (D) The analysis of the sequences 
obtained from 16S rRNA gene reveals the identity of the cells, while the functional 
gene sequence in the concatemer indicates the carriers. 

 

4.2.1 Inhibiting the amplification of external DNA (exDNA) (IV) 

External DNA (exDNA) is a known source of error in molecular detection of 
viable bacterial cells (Nocker and Camper 2006; Klein 2007; Emerson et al. 2017). 
Propidium monoazide (PMA) is a DNA-binding dye that attaches covalently to 
DNA after exposure to light. PMA does not enter intact cells and therefore it has 
been used for treatment of samples in order to immobilize exclusively the exDNA 
but not the intracellular DNA (Emerson et al. 2017). Once all total DNA is 
extracted from the sample, the PMA bound to exDNA prevents it from being 
amplified in a PCR reaction. Recently, PMA treatment has been used to prepare 
samples to be used in ddPCR assays. Gobert and collaborators optimized a PMA 
treatment of pig faecal samples to detect genomic DNA from viable bacterial cells 
(Gobert et al. 2018). In our study, intact and active individualized cells are the 
targets in single-cell analysis, and thus no DNA extraction is performed. 
Preliminary tests also revealed the presence of exDNA fragments in our bacterial 
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cultures. Therefore, to eliminate the bias caused by exDNA to single-cell analysis, 
we tested the efficiency of PMA treatment.  

The potential inhibitory effect of PMA to ddPCR was evaluated, by adding 
increasing concentrations of photo-activated PMA to ddPCR reactions 
(EvaGreen fluorophore) (IV, Fig. 2). The RFU of positive droplets obtained from 
channel 1 (Ch1, FAM) decreased with increasing PMA concentrations, reaching 
the same level of negative droplets at PMA concentration of 2.5 µM. In channel 2 
(Ch2, HEX/VIC), however, the RFU remained at similar levels at different PMA 
concentrations.  

These results suggested that PMA can interact with the ddPCR chemistry 
by possibly shifting the emitted fluorescent spectra to longer wavelengths than 
can be detected in Ch1; nonetheless not affecting the wavelengths detected in 
Ch2. According to the manufacturer, the PMAxxTM exhibits light absorption and 
emission in the following range: λAbs = 464 nm (before photolysis); λAbs/λEm= 
~510/~610 nm (with DNA/RNA, after photolysis) (Anon. 2019). However, the 
properties of PMA photolyzed in the absence of nucleic acid, as used here, are 
not described. Meanwhile, the absorption and emission wavelength ranges for 
EvaGreen (detected in ddPCR Ch1) and VIC (detected in ddPCR Ch2) are λAbs/Em 
= 499/526 and 533/559 nm, respectively. Therefore, we suggest that the 
fluorescence emitted by EvaGreen fluorophore in the droplets after PCR is 
absorbed by the excess of free photolyzed PMA, which in turn emits it in another 
wavelength range. The fluorescence is detected by Ch2, and therefore the droplet 
can be assigned as positive or negative based on the fluorescence detected. The 
ddPCR and qPCR assays rely on the fluorescence detected from samples, 
therefore the interaction of PMA with these chemistries should be further 
studied.  

Later, PMA was successfully used to treat cell suspensions and filtrate 
obtained from bacterial culture in order to prevent amplification of exDNA (IV, 
Fig. 3). 

4.2.2 One-step fusion PCR (IV) 

The antibiotic resistance gene (ARG) encoding beta-lactamase, blaCTX-M-14 (bla), 
found in the conjugative plasmid pEC13 (Mattila et al. 2017), was selected as the 
target trait for this project. A laboratory strain of Escherichia coli (E. coli K-12 
BL21Gold) carrying the conjugative plasmid pEC13 served as an ARG-positive 
carrier. Pseudomonas fluorescens (ATCC 13525), Salmonella enterica serovar 
Typhimurium (SL5676) and Klebsiella pneumoniae (DSM681) were selected as non-
carrier controls. Universal primers for bacteria, targeting the region V1-V2 of 16S 
rRNA gene (27F and 338R) were used as phylogenetic markers to identify species. 
The primer pair 293F and 320R was designed to amplify a fragment of 101 bp 
from bla, and an overhang encoding the reverse complement of 27F was added 
to the 5’ end of 320R. This overhang enables the assembly of the concatemer 
through the attachment to the amplified 16S rRNA fragment (IV, Fig. 4). 

The optimization tests for the bla-16S concatemer (i.e., combination of 
fragments from 16S rRNA and beta-lactamase gene) production in ddPCR were 
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carried out by using dual asymmetric one-step fusion PCR (IV, Supplementary 
Fig. 3). Varying ratios and concentrations were tested for each primer pair. The 
results were analysed based on the clustering of fluorescence intensities of 
droplets. Initially, each pair of primer was tested separately. The reactions to 
amplify 16S rRNA were prepared using 1 to 100-fold difference of forward to 
reverse primers, and in primer concentrations varying between 100 to 400 nM. 
After the screening, the amplification could be verified when using up to a 10-
fold difference in the ratio of primers. The reactions to amplify bla were also 
prepared using up to a 100-fold difference in forward to reverse ratio and the 
total primer concentrations tested were 100, 150 and 300 nM. Amplification of bla 
was verified in reactions using up to a 20-fold difference of forward to reverse. 
To continue the tests, 16S rRNA and bla primers were combined in the same 
ddPCR reaction to verify the efficiency to produce the concatemer. The 
concentration and ratio of 16S rRNA primers in the reaction were 225 nM, and 1 
to 5 of forward to reverse. bla was tested in ratio from 10 to 30-fold difference, 
and concentrations ranging from 100 to 300 nM. The clustering of droplets in four 
possible groups (due to random distribution of DNA in the samples) – negative, 
for both targets; two single-positive, for 16S rRNA or for bla; and double positive 
– and cluster separation were taken into consideration to narrow the primer 
ratios and concentration options. In further single-cell experiments, the 16S 
rRNA pair was used with a ratio of 1 to 5 forward to reverse and final 
concentration of 225 nM, and bla used in ratio 10 to 1 of forward to reverse in 200 
nM final concentration.  

The concatemer production in the reaction is due to the depletion of primers 
to produce the intermediate fragments, therefore the complementary ends of the 
two fragments prime the concatemer polymerization. Thus, the use of a variable 
ratio of forward to reverse will interfere with the efficiency of concatemer 
production.  The efficiency of concatemer production in bulk PCR has been 
shown to be higher when the outer primer concentration exceeds that of inner 
primers by 20-30 (Liu et al. 2018), however this has not been studied with single-
cell experiments. Spencer and collaborators used ten times more outer primers in 
the epicPCR reaction (Spencer et al. 2016), nonetheless the dynamic of the reaction 
differs from here due to the employment of a single inner primer. Testing other 
targets and primer combinations will be useful to show whether the same ratios 
used here are applicable or if each primer combination requires case-specific 
optimization. 

4.2.3 Sample partitioning (IV) 

Once the errors stemming from free DNA could be eliminated by treating the cell 
suspension with PMA, the next step was to verify feasibility of the sample 
partitioning with ddPCR. Assuming that the distribution of cells into droplets 
would occur similarly to the distribution of DNA molecules, it was hypothesized 
that by using the right cell density, it would be possible to obtain a single cell 
within a droplet. Therefore, serial 2-fold dilutions prepared from PMA-treated 
cell suspension of E. coli, P. fluorescens, S. Typhimurium and K. pneumoniae were 
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used as a template in ddPCR assays targeting the 16S rRNA gene. In parallel, cell 
suspensions were also plated to count the cell density. The bacterial density 
obtained using 16S rRNA ddPCR was similar to the density obtained by plating 
(IV, Fig. 5). The decreasing density was consistent with the dilution factor using 
both methods. However, higher cell density was detected by ddPCR from P. 
fluorescens and K. pneumoniae cell suspension (IV, Fig. 5b and 5d). The detection 
of more cells by ddPCR than by plating could suggest that the PMA treatment 
was inefficient. However, in every batch of tests, PMA control samples were 
prepared to guarantee the efficacy of the treatment. Therefore, the discrepancy 
should be explained by other means. The CFU counting method is limited to 
enumerating the cells that are viable and in a replicative state, therefore outlier 
metabolic states can bias the quantification of total intact cells in a sample (Barer 
and Harwood 1999 and references therein). On the other hand, the use of 
molecular detection after PMA treatment ensures that intact cells can be detected, 
despite the metabolic state. To find out the reason for variation, other methods 
for cell quantification, for example microscopic cell counting using DAPI or Most 
Probable Number (MNP) assay could be employed together. In this study we 
tested the feasibility of CASY cell counter and flow cytometry using a live/dead 
cell double staining kit for counting the cells in our assays (data not shown). 
However, such methods were not appropriate for the comparison purpose. 
Enumeration of bacterial cells using with CASY varied between measurements, 
therefore it was considered unreliable. The use of flow cytometry required a prior 
staining step and optimization of both staining and reading. It proved to be slow 
and demanding protocol to be executed alongside the ddPCR and plating, thus 
not compatible with the proposed task.  

4.2.4 Breaking ddPCR droplets (III) 

Recovering amplicons from ddPCR droplets is a critical step for the method, as 
the sequencing of these DNA fragments will indicate which are the carriers of the 
studied trait. Therefore, chemical and physical methods to efficiently break 
ddPCR droplets were analysed.  Three chemical methods: Chloroform, 1H, 1H, 
2H, 2H-Perfluoro-1-Octanol (PFO) and n-Octane; and two physical methods: 
rapid cooling with liquid nitrogen (LN2) and silica columns (III, Table 1) were 
studied. The emulsion samples were produced by combining ddPCR reactions 
prepared with EvaGreen Supermix for ddPCR and Droplet Generation Oil for 
EvaGreen using the QX200™ ddPCR System (Bio-Rad). Efficiency was given by 
calculating the percentage of DNA recovered from droplets in comparison to 
what was initially added to the reaction mix. Among chemical methods, 
efficiency of DNA recovery using chloroform was up to 61 ± 4% of the initial 
DNA, higher than n-Octane and PFO, which provided recovery of approximately 
59% (III, Fig. 2). Chloroform to oil ratio optimizations were tested but did not 
point to any value that could improve the outcome. Moreover, the use of n-
Octane resulted in undesired reversal of phases, making it more difficult to 
collect the aqueous phase from the bottom (III, Fig. 3). The use of LN2 for rapid 
cooling and breaking the ddPCR droplets yielded the recovery of up to 70% of 
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initial DNA and was shown to work with both EvaGreen and Probe ddPCR kits 
(III, Supplementary Fig. 1). The thermal procedure based on rapid freezing using 
liquid nitrogen was shown to be very effective in coalescing the droplets and 
recovering the DNA. For not requiring chemical compounds with special 
disposal practices, and for being easy and reproductible, the LN2 method is a 
convenient procedure for recovering the amplicons from ddPCR droplets.  

4.2.5 Identification of bla carriers in an artificial mixed sample (IV) 

After revising the steps for single-cell analysis, sample preparation, partitioning 
using ddPCR system and the PCR for linking the target genes, we proceeded to 
apply the method for artificially generated bacterial samples. The feasibility of 
the single-cell method to identify microbial cells hosting the bla gene in a sample 
of different bacterial species was studied. The mixed samples were prepared by 
combining E. coli carrying blaCTX-M-14 with S. typhimurium or K. pneumoniae 
after treatment with PMA. Mixed samples and cell suspensions from each strain 
were used in the single-cell ddPCR assay. The bacterial cell count for each strain 
was estimated via the colony counting method and 16S rRNA ddPCR assay. 
After the amplification, the amplicons were recovered according to the methods 
established in study III. The concentration of the amplicon recovered from 
droplets is very small, therefore, to prepare the sequencing libraries, the material 
had to be reamplified. Spencer and collaborators found that blocking primers are 
needed during the reamplification step to prevent cross-talking between cells 
due to the fusion of unrelated intermediate products recovered from fusion PCR 
(Spencer et al. 2016). Here, the potential for generating such false concatemer 
fragments is even higher due to the use of all four primers and the recovery of 
amplicon products from different cells. 16S rRNA fragments amplified from non-
carrier and 16S rRNA and bla fragments, produced during the step 1 of the fusion 
PCR and not fused, can be recovered from carrier-cells. Thus, the blocking system 
described by Spencer et al. was used for reamplification and NGS library 
preparation. 

The abundance of different OTUs with bla was determined by sequencing 
the bla_16S concatemer (IV, Fig. 6). The bacterial cell count in ddPCR and plating 
were consistent for E. coli and S. typhimurium, and higher counts were obtained 
by ddPCR for K. pneumoniae. The observation was compatible with earlier assays 
for detection of single cells. The identification of bla host cells from mixed 
samples by OTU abundance revealed 0.47-1.15% of noncarrier (S. typhimurium or 
K. pneumoniae) host reads, suggesting that the developed single-cell ddPCR 
process was effective in diminishing the occurrence of false positive concatemers 
sequences. Without the use of blocking primers, the number of false positives 
was significantly higher (data not shown). 
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4.3 Applications of single cell methods 

Single-cell technologies are promising tools for expanding even further the 
frontiers of microbiology. More than identification, single-cell sequencing can 
provide useful information for understanding the role of microbes in the 
environment and illuminating their interaction networks. Methods for linking 
specific functions to microbial taxa at single-cell resolution have been described 
earlier, hence providing promising tools for example to study functions that are 
disseminated via HGT (Brito 2021). In epicPCR, individual cells are encapsulated 
into acrylamide beads and then used as a template for a secondary emulsion 
where PCR amplification and fusion of targets is carried out (Spencer et al. 2016). 
This has been used to study functional genes (Spencer et al. 2016; Hultman et al. 
2018; Qin et al. 2019) and virus-bacterial host interactions (Sakowski et al. 2021). 
Recently, OIL-PCR was introduced as an easier alternative by reducing the 
procedure into a single emulsion step (Diebold et al. 2021). Studies III and IV of 
this thesis introduce yet another alternative method to link genes at single-cell 
resolution. Here ddPCR, a commercially available droplet microfluidics system, 
is used to entrap individual cells. The presented workflow prepares the samples 
to prevent the amplification of exDNA. This is followed by the controlled 
partitioning of the sample into single cells within ddPCR droplets.  In the PCR 
reaction, the targets are amplified and fused together. Amplicons are recovered 
efficiently from the emulsion and sequenced.  

Obvious though it may be, single-cell studies depend on having partitions 
with single cells. Therefore, ensuring that cells are delivered alone, and no free 
DNA is trapped together, is of major concern for the workflow. Here we 
demonstrated that the use of PMA to treat samples is beneficial for preventing 
the amplification of the exDNA commonly found in the environment. 
Partitioning is another challenge. Successful partitioning is dependent on the 
utilized method but also on the type of the sample. The methods for delivering 
single cells can employ flow cytometry, microfluidics and manual emulsification 
(as show by Spencer et al. 2019 and Diebold et al. 2021). Here, we demonstrated 
that ddPCR can be employed to trap cells into PCR droplets. While different cell-
enclosing tools can have benefits and disadvantages, all of them require having 
a bulk of cells detached from each other. We acknowledge that aggregates of cells 
and biofilms can clog the sample flow in sorting and microfluidic channels or 
result in several cells per partition in manual emulsification. Joyce and 
collaborators proposed that high ultrasonication (over 500 kHz) could be used to 
de-clump these cell aggregates (Joyce et al. 2011). Such a method could be 
considered in the initial preparation of samples for single-cell studies, if the 
sample type requires.  

Another challenge to address when preparing microbes for single cell 
studies is the cell lysis. For methods relying on amplification and detection of 
DNA, it is fundamental to have the cell lysed to facilitate the reactions to occur. 
While some microbial cells can be easily lysed by the high temperature achieved 
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in PCR, others can be very resistant and demand additional lysis methods. In 
epicPCR, the cells trapped in permeable acrylamide bead allows the employment 
of a variety of treatments for cell lysis, while the one-step emulsion PCR 
described in OIL-PCR requires the lysis reagents to be compatible with PCR.  

Fusion PCR is the key for the linking of functional genes and microbial taxa 
discussed here. The fusion PCR employed in epicPCR and OIL-PCR methods 
allows the successful production of amplicons only if the functional gene is 
present because the additional tail in the fragment will act as the primer for the 
amplification of the phylogenetic marker. This differs from the strategy used in 
this work, where even in the absence of the desired genetic trait the phylogenetic 
marker can be amplified from any bacterial cell present in the droplet. This 
enables the projection of the whole community simultaneously, in addition to the 
detection of microbes with the gene of interest. The engineering of primers to 
detect more than one functional gene at a time is discussed by Diebold et al. 
(2021). Nonetheless, the methods for single-cell analysis of microbes are 
advancing and can help answer research questions that would otherwise be 
difficult to tackle. 

4.4 Future considerations 

While the common approaches for single cell studies, such as whole genome 
single cell sequencing, are a promising solution also for unravelling details of 
microbial life, some of its aspects can be a throwback. The challenge for 
reconstruction of complete genomes with good quality and the amount of data 
generated can hinder the advance in understanding specific processes. The 
method described in this thesis can be employed in transitioning steps from 
microbial communities to single cells, as the data generated is specific to chosen 
genetic trait. Therefore, the range of applications for this method is vast for 
processes carried out by microorganisms. These include for example questions 
explored in this thesis like the aerobic degradation of pentachlorophenol and 
distribution of antibiotic resistances. The method could also be utilized to study 
interactions between microbes, such as bacterial viruses and their hosts or the 
acquisition of novel traits by HGT. The method described here enables the study 
of genetic encoded functionalities that can be in the bacterial genome or in 
extrachromosomal nucleic acid inside. In the future, such methodology could be 
adapted to study transcripts by coupling cDNA from different genes inside a 
single cell, thus enabling not only the detection of carriers of specific DNA 
targets, but also the study of gene interactions upon certain stimuli.  
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Estimates of diversity and recent findings on uncultured microbes reveal that the 
vast world of microbes is still largely unknown. The challenges in understanding 
such a diversity and the complex interactions of microbes with their surrounding 
environment have prompted constant development and improvement of tools 
and study methods. Molecular biology was introduced in the past fifty years and 
has proven useful in studying microbes. Advances in other fields of sciences such 
as nanomaterials and microfluidics have provided technologies that can be 
employed in new methods and resources for microbiologists. Recently, single-
cell technologies have been developed, hence allowing deeper investigation of 
microbial diversity and interactions. The combination of molecular and single-
cell data with findings from classical methods (such as cultivation-based 
methods) is advancing our understanding of the microbial realm.  

This thesis was dedicated to assess microbes (prokaryotes and viruses) 
using molecular techniques and explored contexts from communities to single 
cells. In studies I and II, cultivation and molecular techniques were used to detect 
viruses and bacteria in the context of communities. In study I, the methods were 
employed to look for clues that could link free-ranging capybaras to the 
maintenance of VACV in nature and the spark of outbreaks in farms. The work 
revealed the presence of viral DNA in animal faeces and indicated the possible 
silent circulation of the virus in a previously unknown area. In the second study 
(II), microcosm-based experiment was employed to observe the degradation of 
pentachlorophenol under controlled conditions. In this study, the response of a 
natural microbial community structure and metabolic capacity to degrade HCP 
under different cultivation conditions were observed with molecular methods.  

Finally, studies III and IV focused on the development of a new method to 
facilitate the analysis of single bacterial cells. In this method, genetically encoded 
functionalities are linked to 16S rRNA fragments from the same cell by fusion 
PCR. The technical challenges were addressed by using the cultivation-based and 
molecular tools to provide a reliable method. The adoption of commercial 
platforms for the workflow – ddPCR system for cell partitioning and PCR; and 

5 CONCLUSIONS 
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NGS for amplicon-based sequencing – makes the method accessible for many 
laboratories and research groups.  

It can be concluded that molecular methods were sufficient to address the 
questions of studies I and II. Moreover, the combination of molecular methods 
and modern tools allowed the elaboration of an accessible method to study 
microbes at single-cell resolution. This shows that the field of development and 
optimization of novel methods is far from being saturated. And by keeping the 
mind open to ways of exploiting tools, methods and strategies, and maintaining 
rigorous analysis and fidelity to the scientific method, one can improve the 
resolution of findings. 
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a b s t r a c t

The xenobiotic priority pollutant pentachlorophenol has been used as a timber preservative in a poly-
chlorophenol bulk synthesis product containing also tetrachlorophenol and trichlorophenol. Highly
soluble chlorophenol salts have leaked into groundwater, causing severe contamination of large aquifers.
Natural attenuation of higher-chlorinated phenols (HCPs: pentachlorophenol þ tetrachlorophenol) at
historically polluted sites has been inefficient, but a 4-year full scale in situ biostimulation of a
chlorophenol-contaminated aquifer by circulation and re-infiltration of aerated groundwater was
remarkably successful: pentachlorophenol decreased from 400 mg L�1 to <1 mg L�1 and tetra-
chlorophenols from 4000 mg L�1 to <10 mg L�1. The pcpB gene, the gene encoding pentachlorophenol
hydroxylase - the first and rate-limiting enzyme in the only fully characterised aerobic HCP degradation
pathway - was present in up to 10% of the indigenous bacteria already 4 months after the start of
aeration. The novel quantitative PCR assay detected the pcpB gene in situ also in the chlorophenol plume
of another historically polluted aquifer with no remediation history. Hotspot groundwater HCPs from this
site were degraded efficiently during a 3-week microcosm incubation with one-time aeration but no
other additives: from 5400 mg L�1 to 1200 mg L�1 and to 200 mg L�1 in lightly and fully aerated micro-
cosms, respectively, coupled with up to 2400% enrichment of the pcpB gene. Accumulation of lower-
chlorinated metabolites was observed in neither in situ remediation nor microcosms, supporting the
assumption that HCP removal was due to the aerobic degradation pathway where the first step limits the
mineralisation rate. Our results demonstrate that bacteria capable of aerobic mineralisation of xenobiotic
pentachlorophenol and tetrachlorophenol can be present at long-term polluted groundwater sites,
making bioremediation by simple aeration a viable and economically attractive alternative.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Pentachlorophenol (PCP) is a xenobiotic with no known natural
sources (Crawford et al., 2007). Due to its high toxicity and poor
biodegradability PCP is a commonly used model pollutant in
environmental research. Large-scale production and use as a timber

preservative from the 1930s to the 1980s, typically in a chlor-
ophenol mixture with 2,3,4,6-tetrachlorophenol (TeCP) as the main
component, resulted in persistent environmental pollution (Bryant
and Schultz, 1994; M€annist€o et al., 2001; Rautio, 2011). In the
phenolic form PCP is very poorly soluble in water, but with pKa of
4.74 the majority of it is present as the phenolate form in near-
neutral environments, rendering the sodium and potassium salts
over four orders of magnitude more soluble and prone to polluting
large aquifers (Olaniran and Igbinosa, 2011). The same applies to
2,3,4,6-TeCP with pKa of 5.38. Some 30 years after banning, these
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higher chlorinated phenols (HCPs) are still found to contaminate
soil and groundwater at Finnish sawmill sites where chlorophenol
impregnants were used (Sinkkonen et al., 2013).

One reason for the environmental persistence of PCP may be the
lack of microbial degraders capable of catabolising the xenobiotic
thermodynamically stable molecule at the prevailing conditions.
PCP biodegradation is well possible in anaerobic conditions, but it
leads to lower-chlorinated compounds (Bouchard et al., 1996;
D'Angelo and Reddy, 2000). The long-term persistence of the
compound in boreal oxygen-deficient groundwaters (constantly
around þ8 �C) and successful degradation after water aeration and
fertilisation (e.g. J€arvinen et al., 1994; Tiirola et al., 2001a) indicates
that aerobic organisms may rule the process at low temperatures.
On the other hand, aerobic degradation of chlorophenols may
compete with ferrous iron oxidation for the supplied oxygen (see
Langwaldt et al., 2007 and references therein). Even though PCP
degradation has been studied actively already in the 1980s, the
genes encoding a PCP mineralisation pathway have been fully
described only in Sphingobium chlorophenolicum L-1 (Copley et al.,
2012; Hlouchova et al., 2012, and references therein). Its aerobic
oxidative dechlorination pathway initiated by pentachlorophenol
hydroxylase (PcpB) is notably inefficient, with PCP turnover to
tetrachlorobenzoquinone proceeding with a kcat of 0.024 s�1.
Interestingly, the same enzyme initiates degradation of TeCP, hy-
droxylating it directly to tetrachlorohydroquinone, the second
metabolite in the PCP mineralisation pathway (Hlouchova et al.,
2012). TeCP may even be the preferred substrate: according to
Tiirola et al. (2002b) PcpB is only expressed in Novosphingobium
lentum MT1 when induced by 2,3,4,6-TeCP. Both degradation
monitoring in bacterial liquid cultures (2,3,4,6-TeCP; Novos-
phingobium lentum MT1) (Tiirola et al., 2002a) as well as kinetic
studies with the purified enzyme (2,3,5,6-TeCP; Sphingobium
chlorophenolicum L-1) (Hlouchova et al., 2012) have confirmed PcpB
to bemore reactive on TeCP than PCP.We are not aware of any other
pathways for TeCPs biodegradation that have been characterised on
a genetic and enzymatic level. Also trichlorophenol can be hy-
droxylated by PcpB (Hlouchova et al., 2012), but other pathways
exist including that of betaproteobacterial genus Cupriavidus initi-
ated by trichlorophenol monooxygenase TcpA (S�anchez and
Gonz�alez, 2007).

pcpB gene homologs have been detected in multiple Sphingo-
monas sensu lato (i.e. sphingomonad) isolates that degrade PCP in
culture, both in the United States and Canada (Crawford et al., 2007)
as well as Finland (Tiirola et al., 2002b). However, there are only
two earlier works reporting cultivation-independent detection of
the pcpB gene (PCR amplification, cloning and sequencing), in Ca-
nadian mixed slurry bioreactors (Beaulieu et al., 2000) and in
Montana soil biopiles (Crawford et al., 2007). Quantitative poly-
merase chain reaction (qPCR) assays have greatly aided testing,
justification and monitoring of bioremediation of various recalci-
trant pollutants, perchloroethene-degrading Dehalococcoides with
reductive dehalogenase genes as one of the benchmark examples
(Ritalahti et al., 2006). For HCP degraders, no such assays have been
available; to our knowledge, there are no earlier reports of PCR
determination of the presence, abundance or diversity of any HCP
degradation gene at original polluted sites or during HCP biodeg-
radation. Investigation of HCP degrader communities have relied
on likely biased and often cumbersome laboratory cultivation
protocols (B�ecaert et al., 2000; M€annist€o et al., 2001).

The aim of the current work was to establish protocols that
enable cultivation-independent investigation of sphingomonads
and pcpB gene carrying organisms. Novel assays were set up to
cover the known diversity of the pcpB gene, amplifying shorter
(qPCR) and longer (sequencing) fragments of the pcpB gene. We
hypothesised the pcpB gene to be directly detectable at historically

contaminated groundwater sites and its relative abundance in
bacterial community to increase upon oxygenation of the water.
Firstly, the novel assays were tested on plume microbial commu-
nity samples from Pursiala site with long-term chlorophenol
contamination but no bioremediation history. Secondly, ground-
water from Pursiala was incubated aerobically in microcosms to
quantify changes in chlorophenols and degrader communities.
Thirdly, we report chlorophenol dissipation and pcpB gene abun-
dance in K€ark€ol€a, another long-term contaminated aquifer, that
underwent 4-year in situ biostimulation by aeration. Our study
sheds light on the potential for aerobic degradation of HCPs and the
responsible in situ degrader communities.

2. Materials and methods

2.1. Sites and sampling

We studied two former sawmill sites in Finland where KY5, a
commercial fungicide consisting mostly of tetrachlorophenol
(2,3,4,6-TeCP, 75e80%), pentachlorophenol (5e15%) and tri-
chlorophenol (2,4,6-TriCP, 5e15%), had been used for timber
treatment, resulting in persistent soil and groundwater pollution.
In Pursiala, Mikkeli (N61.672, E27.290) KY5 was used for 32 years
(1954e1986, with estimated 500e1500 kg a�1) and in K€ark€ol€a
(N60.866, E25.268) for 54 years (1930e1984, with estimated
7000e10 000 kg a�1) (Rautio, 2011). At both sites, the highest re-
ported groundwater chlorophenol concentrations have been
around 100 000 mg L�1. Groundwater chemistry at both sites has
been followed up regularly through an extensive system of sam-
pling wells established to monitor the plume. The well casings
extended 1m above ground, they were capped and locked and only
accessed by certified sampling personnel, who changed sampling
hose between wells to minimize risk of cross-contamination.

In Pursiala, site investigation and follow-up has revealed no
evidence of significant chlorophenol degradation or biotransfor-
mation in situ (Rautio, 2011). Five wells P1-P5, representing a 350-
m long contamination gradient towards the CP hotspot, were
sampled for microbial analyses in April 2013. In June 2016 Pursiala
well P5 (hotspot) was sampled again for well bottom sediment
slurry (1 L), as well as for groundwater (4 L) 1m above the well
bottom, to test the presence of aerobic PCP degradation potential.
Sampling glass bottles were filled to the top and stored in the dark
at 4 �C for 7 d before the start of the incubations. For both sam-
plings, we received well-specific background data from the
collaborating consultant companies who analysed groundwater
samples taken minutes prior to the sediment sampling.

In K€ark€ol€a, the hotspot (most contaminated soil) has been
removed, preventing further CP emissions. Aerobic full-scale closed
circle in situ bioremediation (biostimulation) was started in June
2012 to clean up the polluted aquifer, following the principle
scheme in Fig. 1. Anaerobic contaminated water is pumped up from
the recharge well, fully aerated by simple mechanical ejector
(10e12mg O2 L�1), and reinjected through an infiltration well
located 200m upstream in the CP plume. Aerated water infiltration
rate has been approx. 65m3 d�1. Changes in groundwater table and
properties during the course of remediation were followed up with
an extensive system of monitoring wells (Figure S1). In addition,
twowells were sampled for microbial analyses in October 2012 and
April 2013 (4 and 10 months of remediation, respectively): well K1
just next to infiltration well and well K2 halfway between the
infiltration and recharge wells.

Standardised methods and accredited commercial laboratories
were used in the groundwater analyses. CPs were quantified with
GC-MS according to CSN EN 12 673, with a detection limit of
0.05 mg L�1 for each congener. Groundwater O2 was measured
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according to SFS-EN 25 813, alkalinity according to SFS 3005:1981
and soluble iron according to SFS 3027:1976. Groundwater humic
substances were not analysed in this study, but according to earlier
references little organic substrates other than chlorophenols are
present at either of the sites (Rautio, 2011; Tiirola et al., 2002a).

Samples for microbial analyses (DNA extraction) were collected
by pumping sedimented particles (‘sediment slurry’) from the
bottom of the groundwater wells established tomonitor the plume,
at 13e41m depth, to get more microbial biomass than that present
in the groundwater alone. Another reason for sampling solids was
to target sphingomonads, which were assumed to be sessile instead
of planktonic (Pollock and Armentrout, 1999; Tiirola et al., 2002a).
Well-bottom sediment slurry was collected by filling a sterile 50-ml
plastic tube to the top, leaving minimal headspace. Chlorophenols
are assumed to be highly soluble in these groundwaters of near-
neutral pH, but if either limited solubility or biodegradation
would affect the chlorophenol concentrations experienced by
groundwater (planktonic) vs. sediment slurry (sessile) bacteria, this
should show as different CP congener distributions in the two
matrices. An in-house modification of the standard method
(Sinkkonen et al., 2013) was used for CP test extractions from
slurries from two K€ark€ol€a wells sampled in October 2012; the
relative abundances of the different chlorophenol congeners were
very similar in water (mg L�1 - accredited commercial laboratory)
and sediment slurries (mg kg�1 dwt - in-house method), with
Pearson correlation above 0.99.

2.2. Nucleic acid extraction

The sampled slurries were allowed to settle in the dark at 4 �C
for 4e6 d, after which the clear supernatant was decanted and
discarded. Sediment DNA was extracted in duplicate with MO BIO
PowerSoil DNA Isolation Kit (MO BIO, Carlsbad, CA, USA). A suffi-
cient pellet for DNA extraction was collected by centrifuging mul-
tiple 2-mL volumes of the sedimented slurry at 10 000 g according
to manufacturer's recommendations. To maximize DNA yield from
clayey low-biomass subsurface sediments, we replaced the kit's
PowerBead Tubes with ’G2 Beadbeating Tubes' purchased from

GEUS, Copenhagen, Denmark. The G2 tubes areMO BIO PowerLyzer
tubes with added G2 blocking agent (modified and fragmented
salmon sperm DNA) to prevent immediate irreversible adsorption
of released DNA on clay. The sample pellets and PowerSoil Bead
Solution from the PowerLyzer Tubes were added to G2 tubes, vor-
texed briefly and allowed to stand for 5min before addition of C1
solution and continuation of the extraction according to the man-
ufacturer's protocol. Cells were disrupted by FastPrep FP120 Ho-
mogenizer (MP Biomedicals) for 40 s at 6.0m s�1. DNA was stored
at �20 �C in aliquots.

DNA yield and quality were analysed with the Quant-IT Pico-
Green dsDNA Assay Kit (Invitrogen, Thermo Fisher Scientific) and
by agarose gel electrophoresis. The yields varied from 0.04 to
12.6 mg g�1 dry sediment but did not correlate with well depth,
groundwater O2, PCP or total CP concentrations. Because sediment
sampling by pumping slurry from the groundwater well bottom is
unlikely reproducible or representative in terms of particle size
distribution, and because DNA extraction efficiency cannot be ex-
pected to be equal in sediments of different grain sizes and organic
matter contents, we report the final sediment results not as abso-
lute (per sediment dry weight) but as relative abundances.

2.3. pcpB gene primer design

The pcpB gene sequences were retrieved from GenBank,
including sequences from pure cultures as reviewed by Crawford
et al. (2007) as well as clones of Beaulieu et al. (2000) and
Crawford et al. (2007), and aligned in ARB 5.2 (Ludwig et al., 2004).
The alignment of the pcpB gene homologs detected by Saboo and
Gealt (1998) in Proteobacteria not able to degrade PCP
(S. chlorophenolicum L-1 pcpB gene positions 365e784) did not
overlapwith themajority of the other sequences and could thus not
be used to exclude these non-sphingomonad non-degrader pcpB
gene variants. As the forward primer pcpB-G by Beaulieu et al.
(2000) (GGSTTCACSTTCAAYTTCGA, S. chlorophenolicum L-1 pos.
250e269) covered the full known diversity, only reverse primers
for qPCR (short amplicon) and diversity analyses (longer amplicon)
were designed (Table 1), taking into account both coverage as well

   Closed circle aerated soil bio-reactor

 Infiltration
     well

  Recharge
      well

 Increased flow velocity
 by increased gradient

  Bioreactor, degradation of CPs  Contaminated
  ground water
 (CPs)

   Oxygen-less zone    Oxygen-rich zone

   No above ground
       treatment

Fig. 1. Principle of K€ark€ol€a in situ bioremediation of chlorophenols (CPs).
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as thermodynamic properties, and complementarity of the primer
pair using NetPrimer (Premier Biosoft, 2013). PrimerBLAST (Ye
et al., 2012) was used to test in silico the specificity of both
primer pairs. Specificity of the pcpB gene primers was tested also
in vitro with non-CP contaminated reference samples.

2.4. Gene enumeration by quantitative PCR: pcpB, sphingomonads,
Bacteria

The pcpB gene was quantified with pcpB-G and pcpB_356r. qPCR
was testedalsowith the longeramplicon,whichshowedseparationof
the samples comparable to the shorter amplicon (copy number
Spearman correlation 0.87, p¼ 6� 10�5, n¼ 14 K€ark€ol€a DNA ex-
tracts), but lower amplification efficiency, as expected. Sphingomo-
nadswere quantifiedwith the family-specific 16S rRNA gene primers
of Zhou et al. (2012) SA429f (50 TAAAGCTCTTTTACCCG30) and SA933r
(50AAACCACATGCTCCACC30). (Note that in the original reference, the
reverseprimer isgivenas in forwardstrand). Bacterial 16S rRNAgenes
were quantified with primers pE (50AAACTCAAAGGAATTGACGG30)
and pF’ (50ACGAGCTGACGACAGCCATG30) (Sinkkonen et al., 2014)
with product length of approx.170 bp, NetPrimer ratings of 85 and 84
with no cross-dimers, and coverage of 94% of Bacteria according to
SILVA TestPrime (SILVA 117 RefNR database, one mismatch allowed).

All qPCR reactions were run with LightCycler 96 (Roche) in
white LightCycler 8-Tube Strips (Roche) for increased sensitivity.
Triplicate reactions of 20 mL consisted of 1� FastStart Essential DNA
Green Master (Roche) supplemented with 0.02% BSA (Fermentas,
Thermo Fisher Scientific), 0.5 mM of both primers (Oligomer, Hel-
sinki, Finland) and 2 mL of template (0.4e16 ng). The program
consisted of preincubation at 95 �C for 10min; cycling of melting at
95 �C for 10 s, annealing for 20 s and elongation at 72 �C for 20 s
(30 s for the longer sphingomonad-16S rRNA amplicon); melting to
97 �C at 0.1 s�1 with 5 readings s�1. The optimised annealing
temperatures were 53 �C, 55 �C and 57 �C, and cycle numbers 40, 40
and 30, for the pcpB gene, sphingomonad-16S rRNA gene and
bacterial 16S rRNA gene primers, respectively. Genomic DNA of
fully sequenced strains purchased from DSMZ (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany), extracted with GeneJET Genomic DNA
Purification Kit (Fermentas, Thermo Fisher Scientific) and quanti-
fied with Quant-IT PicoGreen dsDNA Assay Kit (Invitrogen, Thermo
Fisher Scientific), were used as standards: S. chlorophenolicum L-1
(DSM 6824) for the pcpB gene (3.2� 100e3.2� 105 copies) and
sphingomonad-16S rRNA gene (9.6� 100e9.6� 105 copies),
Cupriavidus necator JMP134 (DSM4058) for bacterial 16S rRNA gene
(8.0� 101e8.0� 105 copies). Triplicate no-template-controls (with
required threshold cycle >6.7 cycles higher than for the most dilute
sample) and duplicate standard series (R2> 0.985) were included in
each run using dilution aliquots of each standard, which was re-
melted a maximum of three times to minimize degradation. Re-
sults were analysed with LightCycler 96 SW v.1.1 (Roche). The
amplification efficiencies were ~90% for the pcpB gene and
sphingomonad-16S rRNA gene and nearly 100% for bacterial 16S
rRNA gene, with y-intercepts of the standard curves at 34, 38 and
34 cycles, respectively. Bacterial 16S rRNA gene copy numbers were

found to correlate with extract DNA concentration (Spearman
correlation 0.95, p¼ 4� 10�9, n¼ 18 DNA extracts), supporting the
reliability of this qPCR assay.

2.5. High throughput sequencing by Ion PGM: pcpB gene and
bacterial 16S rRNA gene

The pcpB gene was amplified with pcpB-G and pcpB_512r in
DNA Engine DYAD (MJ Research, St. Bruno, Canada) at 50 mL vol-
ume of 1� Biotools buffer, 1 U Biotools Polymerase (Biotools
Ultratools for 16S rRNA gene; Biotools, Spain), 0.2mM of each
dNTP (Fermentas, Thermo Fisher Scientific), 0.04% BSA (Fermentas,
Thermo Fisher Scientific), and 1.0 mM of both primers (Oligomer,
Helsinki, Finland). The PCR program consisted of preincubation at
94 �C for 5min; 40 cycles (pcpB gene) or 35 cycles (sphingomo-
nads) of melting at 94 �C for 45 s, annealing at 55 �C for 45 s and
elongation at 72 �C for 30 s (40 s for longer sphingomonad-16S
rRNA amplicon); final elongation at 72 �C for 5min. The ampli-
cons were cleaned up with High Pure PCR Product Purification Kit
(Roche) for Ion Torrent PGM (Life Technologies, Thermo Fisher
Scientific) sequencing. Barcoded sequencing adapters were ligated
to the PCR products using the Ion Xpress Plus gDNA fragment li-
brary kit with Ion Xpress barcode adapters (Life Technologies,
Thermo Fisher Scientific). Ion PGM Template OT2 400 (Life Tech-
nologies, Thermo Fisher Scientific) was used for the emulsion PCR
and Ion PGM 400 Sequencing Kit (Life Technologies, Thermo
Fisher Scientific) for final sequencing, which was done on the Ion
314 Chip (Life Technologies, Thermo Fisher Scientific) using the
Ion Torrent PGM.

Bacterial 16S rRNAgenewasamplifiedas inMikkonen et al. (2011)
with primers fD1 (50AGAGTTTGATCCTGGCTCAG30) and PRUN518r
(50ATTACCGCGGCTGCTGG30) in final volume of 50 mL of 1� Biotools
buffer,1 U Biotools Ultratools Polymerase (Biotools, Spain), 0.2mMof
each dNTP (Fermentas, Thermo Fisher Scientific), 0.05% BSA (Fer-
mentas, Thermo Fisher Scientific), 0.6 mM of both primers (Oligomer,
Helsinki, Finland) and 0.5e2 ng of template DNA. The cycling condi-
tions were as for the pcpB gene except that the annealing and elon-
gation steps were both 1min and cycle number was limited to 28. To
shorten the fragment size suitable for the sequencing chemistry, the
products were re-amplified using barcoded adapter primers
A_nn_fD1 (50CCATCTCATCCCTGCGTGTCTCCGACTCAGnnAGAGTTTGA
TCMTGGCTCAG30), where nn refers to a 10e12 bp long barcode.
Shearing the product, Pippin prep purification of the 460e540 bp
long constructs (Sage Science, Beverly, MA, USA) and ligation of the
adapter P1 on the other side of the construct was done for pooled
samples as previously described (M€aki et al., 2016) utilizing the
chemistry of the Ion Xpress Plus gDNA fragment library kit (Life
Technologies, Thermo Fisher Scientific). Downstream reactions
were performed as described for the pcpB gene amplicons.

2.6. Ion Torrent amplicon sequence data analysis

High-throughput sequence data was analysed in mothur
(Schloss et al., 2009). The pcpB gene sequence data were filtered
based on quality and length (minimum quality window

Table 1
Novel pcpB reverse primers. The degenerate positions are underlined. Positions refer to S. chlorophenolicum L-1 pcpB (total size 1617 bp).

Primer name Application Sequence (5'¼>30) Positions Amplicon length with pcpB-G Netprimer rating

pcpB_356ra qPCR TCGGTCTCATTCTGGTTGTAG
TCGGTCTCATTCTGGTTATAG
TCGGTCTCGTTCTGATTGTAG

336e356 107 bp 92e100

pcpB_512r Sequencing CCGATCACCCAGCGYGG 496e512 263 bp 75e88

a Equimolar mix of three primers - degeneracy forms not detected are not included.
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average¼ 20 at window size¼ 10; maximum primer
mismatch¼ 3 and barcode mismatch¼ 2; maximum homopoly-
mer length¼ 6, no ambiguous bases, minimum length¼ 200), the
primers and barcodes were trimmed out, and the data were
rarefied to 175 sequences per sample. Unique sequences were
aligned in ARB with the reference pcpB gene sequences used in
primer design.

Raw bacterial 16S rRNA gene amplicon sequences were pro-
cessed in mothur with the default methods (Schloss et al., 2011):
filtered based on quality and length (minimum quality window
average¼ 15 at window size¼ 10; maximum primer and barcode
mismatch¼ 1, maximum homopolymer length¼ 8, no ambiguous
bases, minimum length¼ 150) and screened to leave only well-
aligned sequences (132e249 bp). These were preclustered with
maximum difference¼ 2 (approx. 99% identity), chimeras were
detected and removed, remaining sequences were classified
against Greengenes taxonomy, based on which sequences of
chloroplasts, mitochondria, Archaea, Eukaryota and unknown
kingdom were removed. The remaining 60 000 sequences were
classified as Bacteria and 94% could be identified to phylum level.
ClearCut was used to calculate Neighbour Joining tree based on
uncorrected pairwise distances between aligned sequences. Data
was rarefied to 969 sequences per sample prior to calculation of
phylogenetic a-diversity (command: phylo. diversity). Bacterial
16S rRNA gene sequences from in situ samples with MIMARKS
details have been submitted to NCBI Sequence Read Archive under
BioProject PRJNA349270.

2.7. Microcosm incubations for Pursiala groundwater

Three replicate incubation glass bottles of 162mL, closed
airtight with butyl septum, were filled to the top with partly or
fully aerated well P5 groundwater, inoculated with 1% v/v settled
sediment slurry of 14% drymatter aerated fully (vigorous bubbling
and stirring at 300 rpm for 2 h to minimize chemical oxygen de-
mand upon incubations), and amended with 10% ignited sand (w/
v, grainsize 0.5e1.2mm, Saint-GobainWeber, Helsinki, Finland) to
facilitate mixing. Preparations and incubations were carried out at
15 �C. The two initial aeration levels used were low, with 2mg L�1

O2 (16e20% air saturation at 15 �C), and high, with 10mg L�1 O2
(101e104% air saturation). Bottles were incubated for 21 d in the
dark, mixing every other day by gently rotating each bottle 7
times. Oxygen concentration was monitored with non-invasive
sensor spots and Microx transmitter (PreSens, Germany). After
the last day mixing, sediment was allowed to settle for 1 h before
decanting 60mL water for chlorophenol analysis. The remaining
contents of the bottle were shaken horizontally at 200 rpm for
5min to gently detach microbes from the surfaces and homoge-
nize flocs before sampling the water and suspended sediment for
DNA-based analyses.

Concentrations of chlorophenols were analysed from the
groundwater before and after incubations by SGS Inspection Ser-
vices (Kotka, Finland) according to CSN EN 12 673. DNA was
extracted from the initial sediment slurry (1.62mL, matching the
inoculation volume) with MO BIO PowerLyzer PowerSoil DNA
Isolation Kit (MO BIO, Carlsbad, CA, USA), and from the initial
groundwater (150mL) and incubated water (40mL) with MO BIO
PowerWaterDNA IsolationKit (MOBIO,Carlsbad,CA,USA). ThepcpB
gene was quantified as described above, except for using Maxima
SYBR Green/Fluorescein qPCR Master Mix (Thermo Scientific) and
Bio-Rad CFX96 Real-Time System (Bio-Rad Laboratories, Inc.). Bac-
terial communitieswere characterised by Ion PGMhigh throughput
sequencing of 16S rRNA gene V1-V2 region, amplified from2.5 ng of
template DNA using Maxima SYBR Green/Fluorescein qPCR Master
Mix (Thermo Scientific) to amplify first with general bacterial Ta
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primers 27 F (50AGAGTTTGATCMTGGCTCAG30) and 338R
(50TGCTGCCTCCCGTAGGAGT30) for 30 cycles (anneal at 53 �C) and to
append the sequencing primers and barcodes in additional 8 cycles.
Products purified with Agencourt AMPure XP purification system
(BeckmanCoulterLifeSciences, Indianapolis, IN,USA)werepooled for
400 bp library sequencing, template prepared with Ion PGM Hi-Q
View OT2 Kit and sequenced with Ion PGM Hi-Q View Sequencing
Kit on Ion316Chipv2 chip (all Life Sciences, ThermoFisher Scientific).
The data was analysed in mothur as described above.

3. Results

3.1. Potential aerobic HCP degraders in chlorophenol plume

The qPCR amplification efficiency with the newly developed
primers for pentachlorophenol hydroxylase gene (pcpB gene) was
~90% using the standard curve of the positive control strain
(Sphingobium chlorophenolicum L-1). Both the novel primers pro-
duced amplicons of expected size with pcpB-G (Table 1). Product
melting temperatures were the same for all the samples, and
within 0.5 �C from the melting temperature of the positive control
(i.e. standard). Specificity of the primers was successfully verified
both in silico (no false positives from sequence databases) and
in vitro (no PCR product detected from non-PCP contaminated
reference samples: sandy and humus soils with and without hy-
drocarbon contamination).

The pcpB gene, however, was successfully detected and quan-
tified by direct qPCR in the CP plume at the historically polluted
Pursiala site. Relative abundance of the gene in the bacterial com-
munity was highest in the second-most contaminated sampling
well (2‰ of bacterial 16S rRNA gene copy number), and approx.
tenfold lower in the hotspot, possibly related to lower oxygen
concentration (Table 2). The pcpB gene copy numbers were at the
detection limit of the assay at the midpoint of the studied 350-m
plume (slightly above the limit of 20 copies mL�1 in one duplicate
DNA extract, below it in the other), and below detection limit at the

two sampling wells furthest from the hotspot (HCP <30 mg L�1 and
O2< 1mg L�1).

As expected, the number of bacterial 16S rRNA genes per
quantity of extracted DNA was unchanged in the plume, but the
abundance of sphingomonads varied hundredfold (Table 2). Sig-
nificant positive correlation was observed between sphingomonad
and pcpB gene assay results (Spearman rho¼ 0.73, p¼ 0.016, n¼ 10
extracts). Proteobacteria represented over 50% of the bacterial
community characterised by high-throughput sequencing
(Figure S2). Betaproteobacteria was the most abundant class
(especially Burkholderiales), whereas the relative abundance of
Alphaproteobacteria (especially Sphingomonadales) increased up the
plume. The abundant Sphingomonadaceae OTUs that could be
classified down to the genus level were identified as either Sphin-
gomonas or Novosphingobium.

3.2. HCP degradation in aerated microcosms

Regardless of detection of the pcpB gene, there was no prior
knowledge of the viability and HCP degradation potential of the in
situ bacterial community at the Pursiala site, where no bioreme-
diation had been studied or attempted. We returned to the site
three years after the initial analysis and resampled the hotspot well
P5 to test biotic effects of groundwater aeration in microcosms. PCP
concentration was unchanged (440 mg L�1), whereas TeCPs were
reduced by more than half, still remaining at extreme concentra-
tion of 4900 mg L�1. With proportions of 8% and 86% of the total
chlorophenol concentration (5700 mg L�1), respectively, this isomer
distribution resembles relatively closely that of the original KY5
impregnant.

Vigorous 2 h aeration in the laboratory per se, without incuba-
tion, did not cause groundwater HCP loss (PCP concentration of
fully aerated water was 450 mg L�1 and TeCPs 4800 mg L�1), whereas
following 3-week incubation at 15 �C in the dark decreased both
total PC and HCP concentrations by up to 96% (Fig. 2). The original
groundwater PCP concentration decreased on average by 13% in the
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Fig. 2. Decrease in Pursiala groundwater HCPs coupled with increase in Sphingomonadaceae and the pcpB gene upon aerobic incubation in microcosms. Groundwater was aerated to
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bottles of low initial aeration level (final range 330e440 mg L�1) and
TeCPs concentration by 83% (final range 220e1500 mg L�1). In the
bottles of high initial aeration level, PCP decreased on average by
51% (final range 200e240 mg L�1) and TeCPs on average by 100%
(final range 5e6 mg L�1). Trichlorophenols decreased on average by
82% and 99% in the microcosms of high and low initial aeration
level, respectively. Proportion of PCP enriched during incubation,
being 17e61% of total CPs in the less and 95% in the fully aerated
bottles.

Fully aerated bottles remained aerobic throughout the incuba-
tion (endpoint air saturation 64%), whereas oxygen was depleted
from the less aerated bottles in the middle of the experiment.
However, known anaerobic PCP degradation metabolites 2,3,4,5-
TeCP and 2,4,5-TriCP (Field and Sierra-Alvarez, 2008) did not
accumulate but reduced on average by 12% and 49%, respectively.
Moreover, also total trichlorophenols decreased on average by 82%,
dichlorophenols by 37% and monochlorophenols by 90% in the less
aerated bottles, showing no indication anaerobic dehalogenation
after oxygen depletion. pH varied from 7.8 to 8.1, at which chlor-
ophenols are highly soluble, and losses due to sorption were likely
minimal as no foreign organic matter was added to the glass bot-
tles. 0.5% AgNO3 used to kill abiotic control bottles, on the other
hand, had dropped pH to 4e5, rendering PCP and TeCPS in poorly
soluble protonated forms. This unfortunately prevented accurate
quantification of possible abiotic losses.

The relative abundance of Sphingomonadaceae in both initial
sediment and water upon start of the incubationwas 4%, increasing
on average to 50% and 27% in the microaerophilic and fully aerated
bottles, respectively (each based on >15 000 bacterial 16S rDNA
sequences) (Fig. 2). The pcpB gene copy number was 1.7� 103

copies (ng extracted DNA)�1 in the initial sediment and similar
1.5� 103 copies (ng extracted DNA)�1 (or 6.7� 102mL�1) in the
initial water, increasing on average by 2400% (to 5.2� 105 copies
mL�1) and by 360% (to 7.8� 104 copies mL�1) in the micro-
aerophilic and fully aerated bottles, respectively.

3.3. HCP degradation upon in situ aeration

Small-scale aeration tests similar to the one described above had
earlier been performed at the K€ark€ol€a site (data not shown),
encouraging initiation of full-scale aquifer aeration by closed circle
groundwater circulation in June 2012. After 47 months of in situ
biostimulation, groundwater total CP concentration at the sampling
well in the middle of the Infiltration and Recharge wells had
decreased from6000 to<100 mg L�1, TeCPs from4000 to<10 mg L�1,
and PCP from 400 to <1 mg L�1 (Fig. 3). Before aeration the per-
centage of PCP out of total CPs had been stably 4.5% for three years.
After the start of the remediation its relative abundance increased
slightly (8-month average 5.6%), but also this most chlorinated
isomer was degraded rapidly with a dissipation curve resembling
that of TeCPs. Also total chlorophenol concentration decreased
(fourth year average in well K2 56 mg L�1), indicating that chlor-
ophenols were not only dechlorinated but mineralised. No major
changes were observed in groundwater chloride concentrations
(approx. 20mg L�1 close to infiltration well and at recharge well,
and 25mg L�1 at K2 between them) were observed, possibly due to
the comparatively low concentration of contaminants. However, a
decreasing trend over time was seen in groundwater alkalinity in
all the three monitoring wells, likely caused by HCl produced upon
chlorophenol mineralisation (Figure S3).

Oxygen concentration in well K1 increased from 0.5mg L�1 to
9.7mg L�1 during the first month of remediation, and groundwater
close to infiltration well remained well-aerated (>5mg L�1)
throughout the 4 years. In well K2 oxygen concentrations were
mostly above detection limit (0.2mg L�1, up to 2.7mg L�1) during

the first 15 months of remediation, but undetectable after that.
Differences in groundwater aeration from the infiltration well to
the recharge well were evidenced by differences in groundwater
iron content, which was <1mg L�1 in well K1 but approximately
7mg L�1 in the recharge well (Figure S3). Iron precipitation in and
around the infiltration well gradually decreases infiltration capac-
ity, and regular removal of the iron sludge and occasional acid wash
of the well screen were required to maintain infiltration capacity
stable for four years.

Microbial communities in K€ark€ol€a were sampled 4 and 10
months after the start of the in situ aeration. The pcpB gene was
detected in high abundance of up to several percent of bacteria both
next to the infiltrationwell (K1, aerobic zone) and halfway between
infiltration and recharge wells (K2, transition zone), tenfold higher
abundance than in the Pursiala well with the highest pcpB gene
abundance (Table 3). Again significant positive correlation was
observed between the sphingomonad and pcpB gene copy numbers
(Spearman rho¼ 0.76, p¼ 0.031, n¼ 8 extracts). Alphaproteobac-
teria (especially Sphingomonadales) were on average more abun-
dant than in Pursiala (Figure S2), corresponding with higher
sphingomonad abundance (Table 3). Well K1 October sample bac-
terial community resembled those of Pursiala, whereas in the next
April the candidate phylum TM7 had become curiously abundant.
In the transition zone well K2 Epsilonproteobacteria (specifically
the sulfur-oxidizing genera Sulfuricurvum and Sulfurimonas)
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dominated the bacterial community (Figure S2).
A longer pcpB gene ampliconwas successfully amplified from all

the K€ark€ol€a samples, as well as from well P4 in Pursiala (the one
with the highest pcpB gene abundance), enabling investigation of
diversity of the gene with Ion PGM high-throughput sequencing.
Except for obvious sequencing errors related to difficulties in Ion-
Torrent homopolymer calling (indels resulting in frameshift that
would make the enzyme dysfunctional), sequences from all the
samples represented a single variant matching the pcpB gene of
Novosphingobium lentum MT1. The same variant was recovered by
direct Sanger sequencing of the purified pcpB gene amplicons from
spring samples (without cloning; successful sequencing with both
forward and reverse primers done at the DNA Sequencing and
Genomics Laboratory core facility, University of Helsinki, Finland;
Data S1).

4. Discussion

The use of chlorinated phenols as impregnants in the sawmill
industry has caused wide-scale pollution of soil and groundwater.
Decades after banning, these pollutants are still found in high
concentrations at such sites. As the chlorophenol degradation po-
tential of indigenous microbial community has been shown by
cultivated groundwater isolates from the chlorophenol plume
(M€annist€o et al., 1999, 2001), the explanation for the persistence of
chlorophenols, at least at this site, must lie in unfavourable envi-
ronmental conditions. Successful degradation of both higher chlo-
rinated phenols (HCPs, i.e. pentachlorophenol and
tetrachlorophenol) was observed in an aerated and fertilized
bioreactor fed with groundwater from the historically polluted
K€ark€ol€a aquifer in the 1990s (reviewed by Langwaldt et al., 2007),
but the efficiency of this pump-and-treat technology was insuffi-
cient to reduce aquifer chlorophenol content. Therefore full-scale in
situ aeration of K€ark€ol€a site by re-infiltration of aerated polluted
groundwater upstream of the pumping (recharge) well was started
in 2012. Neither additives such as fertilisers nor bioaugmentation
was used. Impressive decrease, following first or second-order
degradation kinetics, was observed in HCP concentrations during
the four years of observation (2012e2016). PCP/TeCP ratio
increased slightly in the beginning, but biostimulation by aeration
brought down the concentration of also the fully chlorinated
phenol remarkably efficiently: after few-months lag period, PCP
concentration at the long-termmonitoringwell (halfway the 200m
line between infiltration and rechargewells) came down by >99.5%
in four years. To our knowledge, this is the first report of successful
aerobic full-scale in situ bioremediation of HCP-contaminated
aquifer. There is at least one documented case of successful
anaerobic (dechlorinative) PCP remediation in situ with permeable
barrier technology, but this required both bioaugmentation as well
as supplemental electron donor (Cole, 2000).

The key to successful aerobic in situ remediation in K€ark€ol€a was
assumedly the proliferation and competitiveness of native bacteria
capable of HCP degradation once oxygen became available. Verified
HCP degraders have been isolated from the K€ark€ol€a groundwater
and on-site fluidised-bed bioreactor before (M€annist€o et al., 2001;
Tiirola et al., 2002b), but there was no prior cultivation-
independent knowledge of their abundance or competitiveness in
the aquifer in situ conditions. Iron oxidizing bacteria compete for
the newly available oxygen, but are according to Langwaldt and
Puhakka (2003) less competitive than chlorophenol oxidisers in
the contaminated groundwater. Since little readily utilisable sub-
strates other than chlorophenols are present in the K€ark€ol€a
groundwater (Tiirola et al., 2002a), heterotrophs able to utilize
them as carbon and energy source are likely to get competitive
advantage.Ta
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We developed novel primers for the pcpB gene, encoding the
first and rate-limiting enzyme in the only well-known HCP min-
eralisation pathway, which enabled first ever cultivation-
independent detection and quantification of HCP degradation po-
tential in situ. Notably high relative abundance of the pcpB gene in
the bacterial community was observed in the K€ark€ol€a monitoring
well-bottom samples taken during the fastest phase of the degra-
dation, with 3e10% of bacterial cells possessing the pathway
(assuming equal qPCR efficiency for the 16S rRNA gene and pcpB
gene, and that each cell has two copies of the former and one of the
latter). In groundwater samples the relative abundance might have
been either lower (due to preference for growth attached to sur-
faces), higher (due to preference for assumedly higher oxygen level
in the water), or similar. Anyhow, such a percentage of potential
degraders of any persistent pollutant in an in situ community is
exceptionally high. Considering that the genewas not found in non-
chlorophenol polluted reference samples, and even laboratory pure
cultures are known to readily discard it in the absence of chlor-
ophenol selection pressure, such high abundance can only result
from proliferation of the degraders at the in situ conditions,
matchingwell with the first or second-order decrease in HCPs upon
aeration. Unfortunately the final proof of in situ HCP decrease by
PcpB-initiated biodegradation remains to lack, as we cannot
conclusively verify growth or increased metabolic activity of the
degraders during the remediation; no samples were taken for mi-
crobial analyses before the aeration started, and no RNA was
extracted for transcript analyses. Moreover, the PcpB-initiated
aerobic mineralisation pathway, where the first reaction is the
rate-limiting step, is not known to accumulate any metabolites that
could be observed in the groundwater.

Another aquifer historically polluted with chlorophenol timber
preservatives, Pursiala, was sampled to investigate the presence
and abundance of the pcpB gene in HCP plume at a site with no
remediation history. The pcpB gene was detected in three sampling
wells closest to the hotspot. No product was amplified from the two
wells further down the plume (groundwater PCP �3 mg L�1, TeCPs
�25 mg L�1), supporting the specificity of the PCR assay for
chlorophenol-contaminated environments. However, this detec-
tion of the pcpB gene in situ, even if only in contaminated soils, does
not mean the organisms present produce functional PcpB at the in
situ chemical and physical conditions. Moreover, detection of the
only well-characterised pathway does not mean that the bacteria
carrying it account for any HCP decrease; in fact, in Pursiala the
persistence of the pollution suggests the opposite. We thus aerated
the Pursiala hotspot groundwater, inoculated it with sediment from
the same well (where the pcpB gene was earlier detected), and
observed changes in chlorophenols, the pcpB gene and bacterial
community in microcosms. After 21-day incubation at 15 �C, HCP
concentration decreased by 96% and the pcpB gene increased by
360% in the fully aerated microcosms, whereas HCP concentration
decreased by 77% and the pcpB gene increased by 2400% in the
lightly aerated microcosms. These results provide strong evidence
that catabolically capable degraders (carrying the pcpB gene) were
present at the contaminated aquifer and could be activated by
aeration to efficiently degrade both TeCPs and PCP. Lower HCP
degradation rate in the less-aerated microcosms was likely caused
by lack of measurable oxygen after day 10, ceasing aerobic
biodegradation - however, no increase in anaerobic dehalogenation
products was observed either. Lower counts of the pcpB gene (and
lower relative and absolute abundance of sphingomonads, the
assumed host taxon) in the fully than the lightly aerated micro-
cosms is more curious. This may be explained by the fact that PcpB
itself causes oxidative stress by releasing H2O2 in uncoupled, futile
cycles - the enzyme is notably inefficient and apparently represents
“evolution in progress” (Hlouchova et al., 2012). Indeed,

Novosphingobium lentum MT1, the dominant strain from the
K€ark€ol€a chlorophenol-treating bioreactor ran in the late 1990s, was
found to bemicroaerophilic and to degrade HCPsmore efficiently at
8 �C than at room temperature (Tiirola et al., 2002a).

Other suggested routes for bacterial PCP degradation include the
actinobacterial (formerly rhodococcal but renamed mycobacterial)
pathway initiated by cytochrome P-450 (Uotila et al., 1992) and
strictly anaerobic dehalogenases (Field and Sierra-Alvarez, 2008).
Unfortunately, the genes are not well-characterised and specific
primers to study either of these pathways are, to our knowledge,
not available; shotgun metagenomics or metaproteomics on
controlled study systems could shed light on their relevance in situ.
However, Mycobacterium was not abundant in the bacterial com-
munities of the aerated chlorophenol-degrading systems, Myco-
bacteriaceaea relative abundances being <0.5% in the K€ark€ol€a wells
and <0.03% in the Pursiala microcosms. In poorly aerated
contaminated environments especially the anaerobic degradation
pathways would be highly beneficial, and indeed some of the
lower-chlorinated phenols observed in the aquifer may originate
from reductive dechlorination. Unfortunately there is no indication
of such natural metabolism having markedly decreased contami-
nant concentrations in Pursiala (Rautio, 2011); one reason for this
may be that anaerobic biodegradation of chlorophenols generally
requires addition of organic electron donors (Field and Sierra-
Alvarez, 2008). Former suggested anaerobic degraders did not
seem to be major members of the indigenous communities; for
example Clostridium and Desulfitobacteriumwere absent or formed
max 1‰ of the bacterial communities in the K€ark€ol€a and Pursiala in
situ samples. Accumulation of lower-chlorinated phenols, typical of
anaerobic dechlorination, was not observed upon bioremediation
treatments either, even after running out of oxygen (K€ark€ol€a
Recharge well or Pursiala less-aerated microcosms). Also fungi are
known to have several pathways for PCP modification and at least
partial degradation, but the associated enzymes do not seem to be
chlorophenol-specific but cometabolic (Field and Sierra-Alvarez,
2008). Our findings suggest that the curious aerobic HCP mineral-
isation pathway initiated by pentachlorophenol hydroxylase PcpB
is present and provides some competitive advantage even in Pur-
siala non-aerated plume. Also in Pursiala groundwaters with little
other carbon sources (Rautio, 2011), HCPs can serve as an abundant
source of carbon and energy, if any oxygen becomes available.
PcpB-initiated pathway grants the host cell access to this rich
resource, but causes marked metabolic stress to the host itself
(Hlouchova et al., 2012). The pcpB gene was both transferred hor-
izontally and discarded from the genomes of previously studied
isolates surprisingly readily, especially considering that the gene is
likely present as a single copy situated in a chromosome, not in a
plasmid (Tiirola et al. 2002a, 2002b; Copley et al., 2012). The
presence of the pcpB gene might thus serve as a “biosensor”, indi-
cating the current situation - bioavailability and/or ecological effect
of HCPs - in the in situ bacterial community.

Earlier studies on culturable isolates have established that the
pcpB gene is found exclusively in sphingomonads (Tiirola et al.,
2002b; Copley et al., 2012). Amplification of fragments somewhat
homologous to the pcpB gene has been reported also from non-
degrader Gammaproteobacteria and Betaproteobacteria (Saboo and
Gealt, 1998), but there are no reports of non-sphingomonads be-
ing able to utilize the gene for HCP degradation. Our cultivation-
independent results are in agreement with the pcpB gene being
present exclusively in sphingomonads, as positive correlation was
observed between the two at both sites. Slightly higher (max.
twofold) counts for the pcpB gene than sphingomonad 16S rRNA
genes were detected in some extracts, but this could be explained
by the slight variability in the amplification efficiencies of the
differently sized amplicons (107 vs. 504 bp, respectively).
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Betaproteobacteria, especially Burkholderiales, were even more
abundant in the bacterial communities than Sphingomonadales.
This order contains many well-characterised degrader taxa, for
example genus Cupriavidus known for trichlorophenol degradation
potential (S�anchez and Gonz�alez, 2007). As no correlation was
observed between their and the pcpB gene relative abundance
(Spearman rho¼�0.25, p¼ 0.31, n¼ 18 extracts), Betaproteobac-
teria were unlikely the class carrying this gene.

Sequencing (both Sanger and next generation) revealed the
presence of only one variant of the pcpB gene in K€ark€ol€a and Pur-
siala. The Sanger sequences of the amplified 263 bp fragment
showed 99% identity to the pcpB gene of Novosphingobium lentum
MT1 (two mismatches, synonymous, other of which at the degen-
erated base of the reverse primer). The same variant of the gene has
been earlier detected in multiple sphingomonad isolates, repre-
senting several genera, cultivated from the on-site aerobic biore-
actor that processed contaminated K€ark€ol€a groundwaters (Tiirola
et al., 2002b), as well as in some of the Canadian mixed slurry
bioreactor clones reported by Beaulieu et al. (2000). The complete
lack of diversity in such an abundant degradation gene at two long-
term contaminated sites 150 km apart seems surprising. Three
possible explanations include limited distribution of the other pcpB
gene variants, high positive selection for the observed variant and/
or limited divergence/evolution. We never detected the pcpB gene
in soils that were pristine or oil-polluted, and both
S. chlorophenolicum L-1 and N. lentum MT1 are notorious for their
readiness to discard the gene in cultivation (Tiirola et al., 2000a;
Copley et al., 2012). PCP-polluted sites may thus represent the only
“islands” where the pathway is maintained and multiplied (via
reproduction and horizontal gene transfer). Out of the several pcpB
gene variants detected in North America - or other thus far un-
known center of origin and diversity - perhaps only one has made
its way to the studied sites in Finland. It is also possible that the
MT1-type pcpB gene is selected for in aquatic environments, such
as K€ark€ol€a and Pursiala groundwaters and the Canadian mixed
slurry bioreactors of Beaulieu et al. (2000). However, we detected
the same variant of the gene, and only that, also in chlorophenol-
contaminated surface soils at a third site in Finland over 200 km
away from the sites of this study (unpublished data).

5. Conclusions

� Novel PCR-based assays were developed that enable investiga-
tion of the presence, abundance and diversity of all known
variants of the gene encoding pentachlorophenol hydroxylase
(pcpB).

� Applying these assays, we were for the first time able to detect
and quantify a gene specific for degradation of higher chlori-
nated phenols (HCPs: pentachlorophenol and tetra-
chlorophenol) in situ at polluted sites.

� Detection of pcpB in chlorophenol plume and its high abun-
dance during aerobic HCP degradation both ex situ and in situ
indicate that the specific degraders are present and can be
activated by groundwater aeration.

� Cultivation-independent analysis supported the earlier
cultivation-dependent results of pcpB being present only in
sphingomonads, and of only one of the pcpB variants being
found in Finland.

� Bacteria capable of aerobic mineralisation of xenobiotic HCPs
present at long-term polluted groundwater sites make biore-
mediation by simple aeration a viable and economically
attractive alternative.
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(recharge and infiltration)
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Figure S1. Map of Kärkölä site. K222/2 in the map is well K1 and MV6 in the map is well K2.
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pcpB sequences (Sanger, consensus) from the three wells where a 263 bp PCR product
was successfully amplified

>11_Karkola1_spring_250bp
caatttcgagaacaccgacgcgaagcccatcctggacttctcgacccttcccgggcgttttccgttcatcatgatctaca
atcagaacgagaccgaacgcgtgcttcggcagcatctcgatgcaacgttcaacttccgtccggaatggggaacgcaactg
cttacgctgaaacaaggcgagagcggcatcgaagtgggacttcgccttgcagacggcagcaaggaaacgatccgcccgcg
ctgggtgatc

>13_Karkola2_spring_169bp
tctcgacccttcccgggcgttttccgttcatcatgatctacaatcagaacgagaccgaacgcgtgcttcggcagcatctc
gatgcaacgttcaacttccgtccggaatggggaacgcaactgcttacgctgaaacaaggcgagagcggcatcgaagtggg
acttcgcct

>17_Pursiala4_spring_256bp
cacgttcaatttcgagaacaccgacgcgaagcccatcctggacttctcgacccttcccgggcgttttccgttcatcatga
tctacaatcagaacgagaccgaacgcgtgcttcggcagcatctcgatgcaacgttcaacttccgtccggaatggggaacg
caactgcttacgctgaaacaaggcgagagcggcatcgaagtgggacttcgccttgcagacggcagcaaggaaacgatccg
cccgcgctgggtgatc

*all 3 show 99% identity to Novosphingobium lentum MT1 pcpB gene for pentachlorophenol-4-
monooxygenase (2 mismatches, synonymous) and even higher identity with Novosphingobium sp.
K1 (1 mismatch, synonymous - the degenerated base of the reverse primer)*
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ABSTRACT
Droplet microfluidics is a technology that enables the production and manipulation of small volumes. In biosciences, the most popular appli-
cation of this technology is Droplet Digital™ PCR (ddPCR™), where parallel nanoliter-scale PCR assays are used to provide a high sensitivity
and specificity for DNA detection. However, the recovery of PCR products for downstream applications such as sequencing can be challenging
due to the droplets’ stability. Here we compared five methods for disrupting the droplets to recover DNA. We found that rapid freezing in liquid
nitrogen results in a clear phase separation and recovery of up to 70% of the DNA content. Liquid nitrogen freezing can thus offer a simple and
environmentally friendly protocol for recovering DNA from ddPCR.

METHOD SUMMARY
The coalescence of the Droplet Digital™ PCR emulsion droplets is achieved by rapid freezing in liquid nitrogen. Thawing of the frozen emulsion
forms separate oil and aqueous phases; the latter contains the DNA, which is readily available for secondary PCR reactions and other downstream
applications (see Graphical abstract).

GRAPHICAL ABSTRACT

Generate droplets
and perform PCR

Freeze 1 min
in LN2, thaw at

room temperature

Collect upper
phase

Study product with
electrophoresis or next-
generation sequencing

KEYWORDS:
amplicon recovery • breaking droplets • Droplet Digital™ PCR (ddPCR™) • droplet microfluidics • emulsion PCR

Droplet microfluidics (DM) technology has proved to be a unique and versatile tool for a broad range of biological assays. It relies on
the physicochemical properties of two immiscible liquids and their manipulation through interconnectedmicrofluidic channels, enabling
the generation and manipulation of small and separated volumes [1–3]. The properties of the droplets, such as size and stability, can be
adjusted by altering themicrofluidic channel geometry, flow rate and reagent composition [1–3]. As a result, droplets can bemanipulated
in a controlled manner for different ends.

DMhas been used for various purposes ranging frommolecular analyses to the cultivation of individualmicrobes [3,4]. The replication
of microbes inside droplets has revolutionized the study of metabolism, antibiotic resistance and enzyme activity [4,5]. Methods have
also been developed to select and cultivate combinations of organisms for studying cell–cell interactions [6]. Lately, DM has even been
explored for studying single cells [7,8]. Nonetheless, themost popular and well-established use of DM has been for nucleic acid detection
and quantitation.

The Droplet Digital™ PCR (ddPCR™) system is a droplet-based PCR platform commercialized by Bio-Rad (CA, USA) and has been
widely used for pathogen detection [9,10], food quality analysis [11], environmental studies [12] and medical research [13]. ddPCR relies
on DM’s generation of numerous nanoliter-sized droplets, inside which independent DNA amplification reactions are carried out. As with
quantitative PCR, the increase in DNA copy number due to specific amplification is revealed via fluorescent dye. However, ddPCR analysis
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Table 1. Summary of methods used for breaking the ddPCR emulsion.
Method Protocol Procedure Ref.

Chemical Standard chloroform protocol (Bio-Rad) i) Remove excess oil
ii) Add 20 μl of TE buffer
iii) Add 70 μl of chloroform
iv) Homogenize by vortexing at top speed for 1 min
v) Centrifuge at 16,000 × g for 10 min
vi) Collect the aqueous phase

[16]

n-Octane protocol i) Remove excess oil
ii) Add 20 μl of TE buffer
iii) Add 23.3 μl of n-Octane
iv) Homogenize by vortexing at top speed for 1 min
v) Centrifuge at 16,000 × g for 10 min
vi) Collect the aqueous phase

1H,1H,2H,2H-Perfluoro-1-octanol protocol i) Remove excess oil
ii) Add 20 μl of TE buffer
iii) Add 23.3 μl of PFO
iv) Homogenize by vortexing at top speed for 1 min
v) Centrifuge at 16,000 × g for 10 min
vi) Collect the aqueous phase

Physical Silica column (GeneJET PCR purification kit,
Thermo Scientific)

i) Add 70 μl of binding buffer
ii) Add 70 μl of isopropanol
iii) Homogenize by vortexing at top speed for 1 min
iv) Transfer to silica column and proceed according to manual

[17]

Thermal i) Remove excess oil†

ii) Add 20 μl of TE buffer†

iii) Freeze for 1 min
iv) Thaw at room temperature
v) Collect the aqueous phase

Volumes are adjusted per single emulsions (20 μl of PCR reaction and 70 μl of Droplet Generation Oil) processed by the QX200 Droplet Generator.
†Optional step.
PFO: 1H,1H,2H,2H-perfluoro-1-octanol; TE buffer: Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, pH 8.0).

is based on the end-point fluorescence intensity measured for each separate droplet, thereby increasing method sensitivity. After the
ddPCR process, the droplets are usually discarded, despite their potential as material for downstream genetic studies. For instance,
DNA recovered from droplets has been used for production of next-generation sequencing libraries for single-cell genetics [8,14] and
transcriptomics studies [15]. The lack of efficient methods for breaking the ddPCR emulsion forms a major challenge to using the PCR
products in downstream analysis.

In this study we addressed the challenge of recovering DNA from droplets generated by the QX200™ ddPCR System (Bio-Rad, CA,
USA). Different chemical and physical methods were compared: chloroform, n-Octane and 1H,1H,2H,2H-perfluoro-1-octanol (PFO) as
chemical treatments, and freeze-thawing and silica columns as physical methods (Table 1).

The ddPCR emulsion samples were prepared with QX200 ddPCR EvaGreen Supermix and QX200 Droplet Generation Oil for EvaGreen
according to the manufacturer’s instructions. To assess the efficiency of DNA recovery, DNA fragments up to 1 kb were added to the
ddPCR master mix as input. Initially, GeneRuler 100-bp DNA ladder (Thermo Fisher Scientific, MA, USA) was used as the DNA control,
containing fragment sizes ranging from 100 to 1000 bp. Later, purified PCR amplicons or Qubit R© dsDNA HS Standard #2, of sizes 263 bp
and 1 kb, respectively, were chosen. Up to three independent emulsion samples were combined into one tube to form a single replicate;
the number of replicates per protocol in each experiment varied from one to seven. The initial and recovered DNA was quantified using
the Qubit dsDNA high-sensitivity assay (Thermo Fisher Scientific, MA, USA). The method efficiency was calculated as the percentage of
DNA recovered against the initial DNA input for each sample (Supplementary Table 1).

Our reference method for DNA retrieval was the chloroform protocol described in the Bio-Rad ddPCR application guide [16]. Briefly,
this protocol consists of combining the emulsion replicates, removing excess oil and homogenizing the sample with Tris-EDTA buffer
(10 mM Tris, 1 mM EDTA, pH 8.0) and chloroform (Sigma-Aldrich, MO, USA). These steps were followed by a high-speed centrifugation
to separate the phases into a lower oil phase and an upper aqueous phase, with the latter containing the DNA.

We tested the efficiency of the standard protocol with several chloroform-to-oil ratios (Chl:O), which were achieved by increasing or
decreasing the chloroform volume and keeping other conditions identical. A Chl:O of close to 2 was the protocol recommendation, for
which 70 μl of chloroform was added to the combined emulsion sample after removing the excess oil. Higher ratios (Chl:O >2) were
achieved by adding twice the volume and lower ratios (Chl:O <2) were achieved by adding a third of the chloroform volume. The average
recovery of DNA using the standard protocol (Chl:O ratio ≈ 2) was 45 ± 4%. Chl:O >2 yielded 34 ± 18% of the initial DNA, and Chl:O <2
yielded 61 ± 4% recovery (Figure 1). Despite the differences in the DNA recovery, the results presented here do not demonstrate which
chloroform-to-oil ratio could improve the outcome. Whereas Chl:O <2 provided higher apparent recovery, in some samples Chl:O >2 was
necessary for a clear phase separation.
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Figure 1. Efficiency of DNA recovery from ddPCR droplets. Three solvents were tested to break the droplets in ddPCR emulsion: chloroform, n-Octane
and 1H,1H,2H,2H-perfluoro-1-octanol. Adjustments of chloroform-to-oil ratio (Chl:O) were tested. In addition, two physical methods were tested:
freezing-thawing in liquid nitrogen and purification with silica columns. The number of replicates used for each method is shown at the bottom of the
respective column and the bars represent the standard deviation of the recovery percentage.
LN2: Liquid nitrogen; PFO: 1H,1H,2H,2H-perfluoro-1-octanol.

Figure 2. Phase separation after breaking the ddPCR emulsion. The photo panel shows the phase separation by using (A) chloroform, (B) n-Octane, (C)
1H,1H,2H,2H-perfluoro-1-octanol and (D) liquid nitrogen. The arrows indicate the aqueous phase. In the tubes on the right, the intact emulsion sample is
shown before (E) and after (F) removing the excess oil, with the emulsion layer indicated by the white brackets.

In addition to chloroform, two other chemical compounds, n-Octane and PFO (both Sigma-Aldrich), were compared. The use of low-
density n-Octane resulted in an undesirable reversal of the phases when compared with other treatments (Figure 2A–D), making the now
lower aqueous part hard to retrieve. DNA was successfully recovered from only one of the three replicates using n-Octane. For PFO, the
average recovery of DNA was 59 ± 1% (Figure 1). A comparison of the DNA yields between the alternative chemical methods showed
that PFO and n-Octane were as good as Chl:O <2. Nonetheless, with regard to phase separation, PFO appeared to perform better than
n-Octane or chloroform; PFO resulted in a clear upper aqueous phase, while n-Octane resulted in inverted phases and chloroform left a
cloudy layer between the two phases (Figure 2A).

Two physical methods were also investigated to explore alternative means for recovering DNA from the emulsion. The GeneJET
PCR Purification Kit (Thermo Fisher Scientific, MA, USA) was tested as a physical silica column extraction method for recovering DNA
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from the droplets. The emulsion was homogenized with the binding buffer and added to the silica columns for binding, washing and
recovery, according to the manufacturer’s instructions (including isopropanol addition, as recommended for short fragments) [17]. The
silica columns from the GeneJET PCR Purification Kit were able to recover 36 ± 2% of the DNA from the emulsion.

As a second physical method, we developed a temperature-based protocol for breaking the emulsion samples. Initially, the freezing
temperature of the oil was investigated by storing 250-μl aliquots at -20◦C (freezer), -80◦C (dry ice/deep freezer) or -195◦C (liquid nitrogen
[LN2]) for up to 24 h. Incubation at -20 and -80◦C did not result in state change, while samples in LN2 were quickly frozen. In further
experiments, samples were cooled in LN2 for 1 min, followed by thawing at room temperature. Initial tests showed that freeze-thawing
was enough to coalesce the droplets (Figure 2D–F). The average DNA recovery from the aqueous phase of LN2-frozen emulsions was up
to 68± 5% of the total DNA.Minor changes to the procedure – for example, keeping or removing the excess oil or adding Tris-EDTA buffer
to the emulsion – did not have a significant effect on the yield. Phase separationwas successfully achievedwith emulsions preparedwith
both kits commercialized by Bio-Rad: ddPCR for EvaGreen R© and ddPCR for Probes (Supplementary Figure 1). When compared with the
other methods, the LN2 protocol was able to provide the highest recovery rate with minimal sample manipulation steps. This approach
differs from the rest likely due to two simultaneous processes: first, the rapid expansion of the water droplets increases the liquid–liquid
boundary surface area, lowering the concentration of adsorbed, stabilizing surfactant; and second, the buildup of additional surfactant
may be limited by the low temperature [18].

In conclusion, we show that our novel LN2-basedmethodology is a simple and an efficientway to recover DNA fromddPCRemulsions.
Chloroform and fluorinated solvents pose a safety risk and generate hazardous waste; LN2 is available in most research institutes and
can provide a safer and greener alternative. In addition, the recovery rate achieved using LN2 presents less variation when compared
with other protocols and prevents contamination risk by minimizing the need for manipulation and addition of reagents in the sample.
This method can support the use of the ddPCR system, not only as a tool for quantitative analysis, but also as a sample preparation
process for downstream applications such as secondary PCR and sequencing. The suggested method also provides an alternative way
to handle fluorinated oil-based emulsions in general and to collect the encapsulated contents for many types of applications.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.future-
science.com/doi/suppl/10.2144/btn-2020-0076
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Supplementary figure 1 – Applicability of LN2 method to break ddPCR emulsion. ddPCR reactions 

were prepared with ddPCR™ Supermix for Probes (no dUTP) and Droplet Generation Oil for Probes 

(three tubes on the left) or ddPCR™ Supermix for EvaGreen® and Droplet Generation Oil for 

EvaGreen® (three tubes on the right). The tubes (A) and (D) show the emulsion before using LN2 

method, and tubes (B), (C), (E) and (F) shows the oil and water layers after breaking the emulsion. 

Supplementary table - Raw data from experiments studying DNA recovery from droplets using 

chemical and physical procedures. 
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