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Zusammenfassung 

Zur Analyse mikrobieller Populationen wird heutzutage, neben Kultivierungstechniken, eine 

Sequenzierung der Gene der 16S beziehungsweise der 18S rRNS verwendet. Dadurch 

können Bakterien, Archaeen und eukaryotischen Mikroorganismen (z.B. Hefen und Pilze) 

nach Abgleich mit Referenzdatenbanken bestimmt werden. Meist erfolgt eine solche Analyse 

durch die Sequenzierung von kurzen Sequenzabschnitten mit einer Größe von 300-600 bp. 

Durch die technischen Entwicklungen der letzten Jahre ist es nun auch möglich, längere 

Sequenzfragmente zu generieren. Diese können entweder durch das Sequenzieren auf einem 

sogenannten long-read-Sequenzierer entstehen oder es werden synthetische Voll-

längenfragmente de novo nach der Sequenzierung auf einem short-read-Sequenzierer 

assembliert. In der vorliegenden Studie wurden mittels verschiedener Methoden entweder 

kurze, lange oder synthetische Volllängen-Sequenzfragmente erzeugt. Die dabei 

angewandten Methoden wurden verbessert oder teilweise neu entworfen und getestet. Dafür 

wurden künstliche mikrobielle Gemeinschaften (sogenannte mock communities), humane 

Fäzesproben und Kuhmilchproben herangezogen. Für die Sequenzierung kurzer Fragmente 

haben sich nach der Testung verschiedenerer Oligonukleotide, Analyseverfahren und 

Referenzdatenbanken die Verwendung von Oligonukleotidsequenzen, welche die variablen 

Regionen V3-V4 des 16S rRNS Gens amplifizieren als am besten herausgestellt. Die 

Verwendung von Silva oder RDP als Referenzdatenbanken sowie das Clustern der 

Sequenzen mit Hilfe von Programmen, die über sogenannte denoising Schritte verfügen, 

zeigten die besten Ergebnisse.  

Lange oder synthetische Volllängen-Sequenzfragmente des 16S/18S rRNS Gens sind von 

Vorteil, wenn eine Klassifizierung der Mikroorganismen bis hin zum Spezieslevel angestrebt 

wird. Mittels synthetischer Volllängensequenzierung (LoopSeq) konnte gezeigt werden, dass 

die Spezies-Klassifizierung im Vergleich zu den Ergebnissen, die durch die Sequenzierung 

kurzer Fragmente entstanden, verbessert wurde. Des Weiteren konnte gezeigt werden, dass 

diese Methode zur Identifizierung von gegebenenfalls pathogenen Mikroorganismen, zum 

Beispiel zur Identifizierung von Mastitis-Erregern in Milch herangezogen werden kann. 

Gleichzeitig wurde eine eigene Methode zur Sequenzierung von synthetischen Volllängen 

entworfen und evaluiert. Durch die hier vorgestellte Implementierung eines digital droplet PCR 

(ddPCR) Schrittes nach der Herstellung einer Genbibliothek für die Sequenzierung können 

nun deutlich verringerte Mengen an genomischer DNS (gDNS) für die Erzeugung der 

Bibliothek verwendet werden. Trotz niedriger initialer gDNS Mengen von unter 1 ng kann durch 

den ddPCR Schritt eine erfolgreiche Sequenzierung gewährleistet werden. Dies ist besonders 

für bestimmte Umweltproben interessant, die nur sehr geringe Mengen an Mikroorganismen 

aufweisen, wie zum Beispiel Wasser- oder Milchproben.  
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Abstract 

The analysis of microbial populations is primarily performed by either culture-dependent 

technologies or by sequencing approaches. If sequencing is applied, mostly the 16S and 18S 

rRNA genes are targeted to identify bacteria, archaea, and eukaryotic microorganisms such 

as yeasts and fungi. For determining the different microbial genera and species, the produced 

sequencing reads are compared to reference databases. Sequencing of the microbiota is 

usually performed by short amplicon sequencing targeting a small proportion of the 16S rRNA 

gene. Usually, amplicons of 300-600 bp in size are produced and sequenced. 

Nevertheless, several new technologies arose in the last couple of years that allow the 

sequencing of longer fragments. Either long-read sequencing approaches enable sequencing 

of up to several thousand base pairs, or so-called synthetic long-read methods are applied. 

For the latter, samples are fragmented and then sequenced on a short read sequencer, 

followed by a de novo assembly, which allows obtaining the full-length sequence.  

In this thesis, different sequencing approaches (including short, long, and synthetic long-read 

sequencing approaches) were tested, created, evaluated, and compared. For this, mock 

communities of known composition, human fecal samples, and bovine milk samples were used 

as targets. Short amplicon sequencing approaches were tested for their best performance 

concerning primers, pipelines, and parameters. This evaluation showed that targeting the 

variable regions (V-regions) V3-V4 of the 16S rRNA gene allowed the most accurate analysis 

of human fecal samples and mock communities. In further testing, it was found that RDP or 

Silva performed best as reference databases. Further, clustering approaches that include 

denoising steps such as those producing amplicon sequence variants (ASVs), or zero-radius 

operational taxonomic units (zOTUs) performed better than the standard OTU clustering 

approach. This study uses both long-read and synthetic full-length approaches to estimate 

whether the species-level classification could be improved compared to short amplicon 

sequencing. Indeed, I could show that by applying a synthetic full-length approach (LoopSeq), 

species-level classification was enhanced compared to short amplicon sequencing. Moreover, 

as a proof of concept, I showed that it is possible to identify putative mastitis pathogens at 

species-level in milk samples tested. Besides that an in-house synthetic full-length sequencing 

approach was established, which was further evaluated and tested here.  

By introducing a digital droplet PCR (ddPCR) step after library preparation, I could show that 

dramatically decreased input amounts, compared to traditional methods, of genomic DNA 

(gDNA, < 1 ng) are sufficient for successful library preparation and sequencing. Thus, when 

using ddPCR, 16S rRNA gene sequencing becomes accessible to low biomass samples (e.g., 

water or milk samples) as they often fail in preparing a sequencing library due to insufficient 

initial gDNA amounts. 
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1. Introduction 

1.1 Microorganisms, microbiota, and microbiomes  

Microorganisms are generally defined as organisms that can be seen only through a 

microscope. This group includes bacteria, protozoa, algae, and fungi. It is debated if viruses 

should be included (Wessner, 2010). Nevertheless, microorganisms are present everywhere 

on earth, and sterility in any biological sample is extremely rare (Madigan et al., 2014, p. 31). 

Different predictions about the actual number and variety of species of microorganisms on our 

earth exist. Through the years, estimations varied from 105 - 107 prokaryotic species (Whitman 

et al., 1998) to 1 trillion (1012) microbial species (Locey and Lennon, 2016). On earth, the total 

estimated number of microbial cells is ~2.5 x 1030. It is supposed that 66% of all 

microorganisms can be found in marine subsurface, 26% on terrestrial subsurface, 4.8% on 

soil surfaces, 2.2% in the oceans, and 1% in all other habitats. Those other habitats include 

freshwater and salt lakes, domesticated animals, sea ice, termites, humans, and domesticated 

birds (Madigan et al., 2014, pp. 32-34).  

All microbial taxa that are associated with a distinct environment are considered microbiota (of 

this habitat). However, the term microbiome includes, besides the catalog of the species of 

microbes present, also their genetic material (Cho and Blaser, 2012, Marchesi and Ravel, 

2015, Ursell et al., 2012, Whiteside et al., 2015). 

1.1.1 A brief history of microbiome research  

Robert Hooke published in 1665 his book “Micrographia” which was the first illustrated book 

on microscopy. The book contained 60 observations of objects that he investigated 

microscopically. Therefore, Hooke is assumed to be the first person to describe and publish 

microorganisms in detail (Gest, 2004). In the 1670s, Antonie van Leeuwenhoek was the first 

to report little animals or animalcules, which were later recognized as bacteria and protists 

(Lane, 2015). Moreover, he was the first to describe the human-associated microbiota as he 

reported and drew in 1680 bacteria that he had extracted from a human mouth (Egerton, 2006). 

Furthermore, he analyzed his own stool under the microscope and found several “animalcules” 

(Farré-Maduell and Casals-Pascual, 2019). In the 1840s, some bacteria of the gastrointestinal 

tract were described. For instance, John Goodsir described a microorganism that was obtained 

from the stomach of a patient. He further proposed that these microorganisms were the source 

of the patient’s illness condition. But this assumption was refused amongst others by Friedrich 

Theodor von Frerichs, a German pathologist who also described microorganisms in the 

digestive tract but considered those to be harmless (Farré-Maduell and Casals-Pascual, 2019). 

In 1853, Joseph Leidy published his work “A Flora and Fauna within living animals” (Leidy, 

1853), which is often referred to be a starting point of microbiota research (Trautwein, 2020).  
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The late 19th century and the early years of the 20th century represent the golden age of 

microbiology, where significant advancements in microbiology and bacteriology were made 

(Blevins and Bronze, 2010, Friedmann, 2014, Moxon, 1997). This time was essential for 

microbiota and microbiome research as well since many fundamental working techniques were 

developed, and hypotheses were made and confirmed.  

Robert Koch founded, with the so-called Koch’s postulates and his research work, the field of 

medical bacteriology. Of importance for all further microbial studies were his developments 

and achievements in the cultivation of microorganisms. He developed culturing strategies and 

techniques to study and observe changes in bacterial cultures over time (Blevins and Bronze, 

2010). Another influential researcher of that time was Louis Pasteur, who demonstrated that 

living organisms do not originate from non-living matter. Moreover, he set several 

fundamentals in microbiology. He invented techniques such as sterilization, aseptically 

working, and developed several vaccines (Smith, 2012, Walden, 2003).  

In 1885, Theodor Escherich published a study based on the isolation of one of today's most 

studied bacterial species. He named it Bacterium coli commune, which is today known as 

Escherichia coli. Escherich isolated the strain from neonatal stool samples and described it as 

common among neonates (Martinson and Walk, 2020). Only a year later, Escherich published 

his habilitation thesis entitled “The intestinal bacteria of neonates and their relationship to the 

physiology of digestion” (Hacker and Blum-Oehler, 2007). There, he described the bacterial 

composition of the infant’s intestinal tract. With this work, Escherich started to become one of 

the leading bacteriologists of his time (Farré-Maduell and Casals-Pascual, 2019, Hacker and 

Blum-Oehler, 2007). 

Henry Tissier, who worked at the Pasteur Institute in France, isolated bacteria from healthy 

babies’ stool. The bacteria that dominated healthy infants’ stool were Y-shaped and are now 

known to be Bifidobacteria. He proposed administering those bacteria to babies suffering from 

diarrhea, as he observed that those babies lacked the Y-shaped bacteria (Leahy et al., 2005, 

Siezen and Wilson, 2010). Also working at the Pasteur Institute, Ilya Mechnikov proposed in 

1908 that undesirable gut bacteria could cause premature aging of tissues and organs, which 

could be prevented or delayed through the admission of beneficial microorganisms. With that, 

he laid the fundamentals for future research on probiotics (Farré-Maduell and Casals-Pascual, 

2019, Gordon, 2016, Podolsky, 2012).  

In 1909 Arthur Kendall published his study on “Some observations on the study of the intestinal 

bacteria” (Kendall, 1909). There, he described his comments on stool microbiota and the effect 

of diet on the intestinal microbiota of monkeys (Aziz, 2009).  

In 1916, the German Alfred Nissle published a study where he showed that specific 

Escherichia coli (E. coli) isolates could inhibit the growth of co-cultured Salmonella and other 

enteropathogens. Nissle named this phenomenon antagonistic activity. He investigated further 
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how and if antagonistic E. coli strains could be used to treat intestinal diseases such as 

diarrhea (Nissle, 1916, Sonnenborn, 2016). One of the nowadays most commonly and 

frequently used probiotic strains is the E. coli Nissle 1917 strain (Wassenaar, 2016). This strain 

was shown to have an intestinal anti-inflammatory effect, but the mechanism of action is still 

not fully understood (Scaldaferri et al., 2016). Nevertheless, with this finding, Nissle contributed 

to the history of studying the human microbiota, but he also showed the potential for further 

investments in an industry promoted to support human health.  

Until the mid-1900s, it was only possible to grow bacteria aerobically on defined media on Petri 

dishes or in liquid culture. In 1944, Robert E. Hungate published a method that allowed him to 

cultivate an anaerobic Clostridium strain from the bovine rumen (Hungate, 1944). The 

complete experimental procedure to culture anaerobic bacteria was published in 1950 and the 

culturing approach to adapt for anaerobic methanogens in 1969 (Hungate, 1950, Hungate, 

1969).  

The mid-20th century is known as the golden age of antibiotic discoveries, as one-half of the 

drugs commonly used today were discovered in this period (Davies, 2006). At the same time, 

bacterial infections with Clostridium difficile were treated for the first time through fecal 

microbiota transplantation. Eiseman et al. (1958) treated four patients that were previously 

shown to not respond to any other treatment tested, with fecal samples of healthy donors. 

Those microbiota transplantations aimed to reinstall a normal function of the gut microbiota. 

Today, this method is especially favored for patients that show severe and complicated forms 

of Clostridium difficile infections and showed no lasting response to treatments with antibiotics 

(Baunwall et al., 2020, Khoruts and Sadowsky, 2016).  

In order to move from observation to experimental settings, mouse models became an 

important tool in microbiome research. Indeed, large mouse experimental studies assessing 

the role of the gut microbiota in physiology and disease are nowadays performed all over the 

world. This became only feasible after establishing techniques that allow generating germ-free 

mice. In 1965, Schaedler et al. described the first transfer of bacterial culture to germ-free 

mice. Thus, the effects of distinct bacterial species or fecal microbiota can be studied in detail, 

and functional microbiota-host relationships can be explored (Park and Im, 2020, Schaedler et 

al., 1965).  

During the late 1970s and the beginning of the 1980s, first publications aiming to find a 

molecular characterization method to distinguish bacterial genera arose. The ribosomal RNA 

(rRNA) was shown to be usable for bacterial phylogeny (Woese and Fox, 1977). Moreover, 

Woese & Fox (1977) were the first describing the three domains of life, archaea, bacteria, and 

eukarya, which they could differentiate through the use of the rRNA as a phylogenetic and 

evolutionary marker (Zhulin, 2016). In the mid-1980s, the 16S rRNA gene was first described 

to be used for the taxonomical differentiation of bacteria. Woese et al. (1985) described that 
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they could differentiate ten major groups of Eubacteria by using the 16S rRNA gene. Shortly 

afterward, Lane et al. (1985) published the first method for efficient 16S gene sequencing.  

Concerning sequencing, several developments were necessary before reaching the high-

throughput sequencing we are used to today. The first widely used sequencing method had 

been developed by Sanger in 1977 (Sanger et al., 1977). In addition, the polymerase chain 

reaction (PCR), necessary to obtain enough DNA from template molecules, had been 

described mid-1980s (Mullis et al., 1986, Mullis and Faloona, 1987). In any case, high-

throughput sequencing of the 16S rRNA gene became only possible with the so-called next-

generation sequencers. In 2005, 454 Life Sciences, a US-based biotechnology company, 

released the first next-generation sequencer (Margulies et al., 2005). Shortly after, the Solexa 

Genome Analyzer (2006) and the SOLiD sequencer (2007) followed. Finally, the human 

microbiome project (HMP), which started in 2007, aimed to develop research resources and 

analyzed if changes in the microbiome have an important impact on health and disease (NIH 

HMP Working Group et al., 2009). Thus, this project played a fundamental role in and for all 

subsequent microbiome studies. Lately, new sequencing techniques such as long-read 

sequencing (Branton et al., 2008, Eid et al., 2009), whole-genome (Gilissen et al., 2014), 

metagenome assembly (Ghurye et al., 2016), and shallow shotgun (Hillmann et al., 2018) 

sequencing gained interest by the community and each technique will certainly further impact 

microbiome research.  

1.1.2 The human gut microbiome  

The intestinal microbiota of a human is composed of approximately 4×1013 microorganisms 

and is, therefore, similar to the number of human body cells (Sender et al., 2016). The human 

microbiome is, per definition, the combined genetic material of a complex interacting entity 

composed of bacteria, archaea, viruses, and eukaryotic microbes that live inside the intestinal 

tract, on the skin, and in other places of the body. Nevertheless, definitions vary as phages, 

viruses, plasmids, and mobile elements are not always considered as parts of the microbiome 

(Berg et al., 2020, Gill et al., 2006). 

The most densely colonized organ of the human body is the gastrointestinal tract (GI), which 

harbors a diverse and dynamic community of different microorganisms (Coleman and Haller, 

2018). The adult human gut microbiota consists of hundreds to thousands of different bacterial 

species, mostly belonging to the phyla of Bacteroidetes, Firmicutes, Actinobacteria, and 

Proteobacteria with major inter-individual variations (Donaldson et al., 2016, Thursby and 

Juge, 2017). Parts of those differences might be explained by different environmental impact 

factors such as location, physiological status, medication, or yet unknown impact factors 

(Turnbaugh et al., 2007).  
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Generally, high microbiota diversity and temporal stability have been associated with health. 

A relative lack of diversity, on the other hand, has been linked to diseases like inflammatory 

bowel disease (IBD), obesity, and diabetes (Lloyd-Price et al., 2016). Concerning the temporal 

and intra-individual stability, it was shown that samples, which originated from the same 

individual are more similar to each other than samples obtained from different individuals. 

Thus, it is expected that healthy humans have, to some degree, a stable gut microbiota 

(Caporaso et al., 2011, Lozupone et al., 2012, Turnbaugh et al., 2009). Faith et al. (2013) could 

show that of the about 200 strains which they found in each of their 37 human-associated stool 

microbiota samples, on average, 60% of the strains stayed stable over their sampling period 

of five years. A more recent study by Lloyd-Price et al. (2017) confirmed the previous findings 

and stated that the gut microbiota of each individual is highly personalized.  

Dysbiosis describes a change and imbalance in the gut microbial composition (Petersen and 

Round, 2014). Such a state is associated with many diseases like IBD, Crohn’s disease, 

ulcerative colitis, colorectal cancer, diabetes, asthma, allergies, or even autism (De Almeida 

et al., 2019, Mahnic et al., 2020, Parracho et al., 2005, Petersen and Round, 2014). Moreover, 

Petersen & Round (2014) defined three categories into which dysbiosis can be classified. The 

first is marked by the loss of beneficial microorganisms, the second by the expansion of 

potentially harmful microorganisms or pathobionts, and the third by a general loss of microbial 

diversity. The general therapeutic goal after dysbiosis was determined as to regain a normal 

or balanced microbiota. Thus, if dysbiosis is suspected, it is aimed to improve the gut 

microbiota diversity, e.g., by fecal microbiota transplantation (Mosca et al., 2016).  

Even though several studies try to aim to define a healthy and normal gut microbiome, no 

general accordance with parameters or measures has been described. McBurney et al. (2019) 

stated that a valid definition of a healthy microbiome could only be derived if we would 

overcome the lack of validated biomarkers. One needs to be able to precisely define and 

measure microbiome-host interactions. This shows that technical improvements and 

standardization of research approaches are necessary to reliably study functional impacts on 

the microbiome and its effects on human health and disease. 

1.1.3 The bovine milk microbiome  

Not long ago, many scientists believed that milk inside the bovine udder, which is considered 

the intramammary microbiota, would be sterile (Rainard, 2017). Nevertheless, recent studies 

rather suggest that intramammary microbiota is a low biomass sample (i.e., low numbers of 

microorganisms) and, thus, sterility is to be doubted (Oikonomou et al., 2014, Oikonomou et 

al., 2012). Nowadays, it is assumed that the mammary gland of adult cows represents an open 

and functional system that is directly connected to the environment (Taponen et al., 2019). As 

most of the recent bovine milk studies used expressed milk, i.e., samples from milk that was 



Introduction 

6 

already outside of the mammary gland, the amount of microorganisms inside the mammary 

gland still needs to be investigated (Oikonomou et al., 2020). Nevertheless, Metzger et al. 

(2018) could show that milk, which was taken from the bovine cistern, was not sterile. Here, 

future studies that can confirm these primary findings are needed.  

As studies vary in layout and location, it is still difficult to find or define a shared healthy bovine 

milk microbiota. Nevertheless, Staphylococcus, Streptococcus, Pseudomonas, 

Bifidobacterium, Propionibacterium, Bacteroides, Corynebacterium, and Enterococcus were 

found to be commonly present taxa in the bovine milk microbiota (Addis et al., 2016, 

Derakhshani et al., 2018, Oikonomou et al., 2020, Oikonomou et al., 2014).  

Generally, the investigation of the bovine milk microbiota is complex. Standard cultivation-

based techniques are, at times, 20-30%, according to Taponen et al. (2019), culture-negative, 

even though samples were collected from cows diagnosed with clinical mastitis. Metagenomic 

studies, however, detect several microorganisms within those samples (Taponen et al., 2019). 

Thus, it must be investigated in detail whether divergence is due to the analysis technique or 

based on contamination.  

The benefits of cultivation-based techniques are the identification of unknown taxa and a good 

standardization, whereas disadvantages are very time-consuming analysis and an 

undetermined number of microorganisms due to those that are not culturable in standard 

conditions. The modern 16S rRNA gene sequencing approaches allow for an easy and 

convenient PCR-based approach, which can be used in high-throughput, provides higher 

resolution of analysis, and is thus more time-efficient. Nevertheless, training and 

bioinformatical knowledge are needed. Moreover, artifacts that arose through methodological 

biases must be studied and can sometimes not be fully evaluated (Addis et al., 2016, 

Breitenwieser et al., 2020, Dahlberg et al., 2019, Dahlberg et al., 2020). Besides the 

investigation method, several biasing factors influencing the bovine milk microbiota have 

already been described. As mentioned above, the way how and in which format raw milk is 

collected and potentially transferred or stored is important (Dahlberg et al., 2020, Hiitiö et al., 

2016, Kable et al., 2016, Kennang Ouamba et al., 2020). Housing, seasonal changes, and the 

health status of the animals should be kept in mind (Doyle et al., 2017, Du et al., 2020, Kuehn 

et al., 2013, Li et al., 2018, Lima et al., 2018, Metzger et al., 2018, Oikonomou et al., 2014, 

Parmar et al., 2020).  

Mastitis is an inflammation of the mammary gland and a disease, which economically impacts 

the dairy industry worldwide (Abebe et al., 2016). It is the most common disease in dairy cows 

and can lead to a decrease in life span, herd productivity, and milk production of dairy cows 

(Francoz et al., 2017). Mastitis is identified either by symptoms such as changes in milk 

secretion, udder swelling, reddening, pain, a rise in body temperature or disorder, by an 

increased somatic cell count (SCC), which estimate the number of immune cells in the milk or 
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by traditional plate-culture techniques targeting bacteria (Brennecke et al., 2021, Halasa and 

Kirkeby, 2020). Besides those measures, a limited number of other (sub-)clinical detection 

methods were developed. Examples include the identification of mastitis-related 

microorganisms using qPCR, MALDI-TOF, the California mastitis test, or diagnostic methods 

such as the UdderCheck, which is based on the detection of enzymatic activity, or the Milk 

Checker, which measures electrical conductivity (Martins et al., 2019). Nonetheless, 16S rRNA 

gene sequencing became a reliable and fast method over the years, potentially allowing a 

time-efficient long-term screening perspective. Hence, besides the time-consuming, often 

inefficient, and limited plate-counting approach, the techniques mentioned above suffer in 

classifying the complete microbiota at the species level, while this would be of great interest. 

Previously, it was shown that only some species are suspected to be mastitis-causing or 

mastitis-related strains (Dufour et al., 2019), namely Streptococcus uberis, 

Streptococcus agalactiae, Streptococcus dysgalactiae, Staphylococcus aureus, 

Corynebacterium bovis, Escherichia coli, and Klebsiella pneumoniae (Bolte et al., 2020, 

Cobirka et al., 2020, Dalanezi et al., 2020, Dufour et al., 2019). Thus, a method allowing to 

detect and ideally quantify putative mastitis pathogens at species-level would be ideal.  

1.2 The 16S rRNA gene as a taxonomical marker 

In the 1970s, the rRNA genes were found to be perhaps useful as an evolutionary marker gene 

(Woese and Fox, 1977). The rRNAs are primary components of the ribosome, which consist 

of a small subunit (SSU) and a large subunit (LSU), forming an RNA/protein complex for protein 

production from mRNA (Fox, 2010). In bacteria, the SSU is made up of 21 ribosomal proteins 

and the 16S rRNA. The LSU, however, is composed of 34 ribosomal proteins, the 23S and 5S 

rRNA (Berg et al., 2013, p. 1071). In contrast, the archaeal ribosome is composed of 50-70 

proteins, depending on the species, the 16S, 23S and 5S rRNA (Londei, 2010). In eukaryotes, 

80 proteins (in yeast 79) and the 18S, 23S, 5S and 5.8S rRNAs, respectively, form the 

ribosome (Wilson and Doudna Cate, 2012).  

At least one 16S rRNA gene copy can be found in all prokaryotes. This, and other factors such 

as structural and functional conservation and a sufficient size make the 16S rRNA gene a use-

and powerful molecular marker gene for deep taxonomical designation (Ludwig and Schleifer, 

1994, Wang and Qian, 2009). The bacterial 16S rRNA has an approximate size of 1,550 bp 

and is composed of nine so-called variable regions (V-regions), interspaced by conserved 

regions. The V-regions show noticeable sequence diversity when comparing different bacteria. 

Thus, those can be used as a molecular marker to differentiate between different bacterial 

species. Conserved regions, which were shown to be evolutionary conserved, flank the V-

regions and enable PCR amplification (Figure 1.2.1). Nonetheless, V-regions show different 
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extents of variability, and thus, none of the V-regions allow for differentiation of all bacteria 

(Baker et al., 2003, Chakravorty et al., 2007, Clarridge, 2004). Further, the conservation of the 

conserved regions is not absolute and differences between bacteria exist.  

 
Figure 1.2.1: Structure of the 16S rRNA gene. The 16S rRNA gene is composed of conserved regions 
(white) and variable regions (black). 
 

Even though it was shown that none of the V-regions could differentiate between all bacteria, 

some regions allow for a better taxonomic resolution than others (Bukin et al., 2019). Moreover, 

it has to be considered that taxonomic resolutions of bacteria seem to differ between different 

V-regions, depending on the evolutionary speed of divergence for each V-region in each 

bacterial group (Pinna et al., 2019, Yang et al., 2016). 

1.3 Amplicon sequencing strategies  

1.3.1 The use of the 16S rRNA genes in amplicon-based studies  

Initially, 16S rRNA gene sequencing was performed using Sanger sequencing, which uses 

dideoxynucleotides to block chain extension and labeled precursors for detection. Even though 

Sanger sequencing was greatly improved after its initial description (Sanger et al., 1977), it 

remained costly and time-consuming (Heather and Chain, 2016). In the late 1990s, a new 

sequencing technique, pyrosequencing, was described. Fluorescently labeled nucleotides 

were used to perform a sequencing by synthesis reaction (Ahmadian et al., 2006, Ronaghi et 

al., 1998). The first commercially available sequencer was based on this pyrosequencing 

technique and was released in 2005. This changed the sequencing research dramatically, as 

it allowed for parallel sequencing of several sequencing reactions. Thereby, the sequencing 

output was drastically increased compared to Sanger sequencing (Heather and Chain, 2016, 

Margulies et al., 2005). Shortly after the release of this machine, the 454, other nowadays so-

called second-generation sequencers followed. Namely, those were Solexa/Illumina's 

Genome Analyzer and Applied Biosystems SOLiD technology, the latter refers to sequencing 

by oligonucleotide ligation and detection (Voelkerding et al., 2009). 

The Illumina MiSeq sequencer is, until today, one of the most purchased and used sequencing 

machines. It was released in 2011 and allows to sequence up to 600 bp in a 2x 300 bp paired-

end mode on the MiSeq model, generating up to 15 Gb of data in a runtime of about 56 hours. 

With an error rate of ∼0.1% (Ardui et al., 2018), the MiSeq is very precise and, thus, a useful 

tool in microbiota analysis. As the read-length limit of Illumina MiSeq and other second-
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generation sequencers is between 400-600 bp, 16S rRNA gene analyses are mostly 

performed on one, two, or three adjunct V-regions (Bukin et al., 2019). 

For microbiota analysis, so-called amplicon approaches are used. Amplicon refers to DNA 

products of a polymerase chain reaction (PCR). The general amplicon sequencing approach 

for microbiota samples works as described in the following. First, samples are collected and 

either stabilized in stabilizer fluids or flash frozen. Samples can be stored, the colder, the better 

(ideally at -80°C). Next, genomic DNA (gDNA) is extracted from samples. Fixed amounts of 

gDNA are used in a first step PCR, which amplifies selected V-regions. The primers for that 

first step PCR are composed of the sequence that anneals to the constant regions and of 

sequences referring to an overhang. This overhang is then targeted in a second step PCR, 

where barcoding can be applied. Thus, every sample gets a unique combination of forward 

and reverse barcoding primer, which later allows to identify and categorize the sample. After 

this second step PCR, products are checked for sufficient quality, i.e., no side product or 

impurities should be visible by using agarose gel electrophoresis. Samples are cleaned up 

using, for instance, magnetic beads, the concentration is measured, and samples are 

normalized. After the pooling, the so-called library is denatured, diluted, and loaded on the 

cartridge for sequencing (Figure 1.3.1).  

 
Figure 1.3.1: Scheme of 16S rRNA gene sequencing. First, samples must be collected, aliquoted, and 
then either stored or gDNA has to be extracted. 1st-step PCR targets the selected V-regions, whereas 
2nd step PCR anneals barcodes to each product, allowing for multiplexing. Samples are cleaned up, and 
quality is controlled through the illustration of gel electrophoresis. The concentration of the amplicons is 
measured using a Qubit fluorometer, and normalization of the samples in equimolar ratios is performed. 
The final pool is denaturized and loaded on the sequencing cartridge before sequencing is performed.  
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Of note, both PCR steps can be conducted in one, but a two-step PCR allows for decreased 

detection levels (i.e., using less gDNA) and avoids PCR by-products since the cycle number 

is limited in each step (Berry et al., 2011). 

Even though standardization of short amplicon 16S rRNA gene sequencing protocols was 

improved over the last couple of years, experimental variance and differences in the study 

performance still exist. The human microbiome project (HMP), which was a research initiative 

from 2007 – 2016 to improve the understanding of the human microbiota in health and 

diseases, set several standards and illuminated possible pitfalls in microbiota or microbiome-

related research (NIH HMP Working Group et al., 2009, Turnbaugh et al., 2007). Some of 

those pitfalls evaluated within the HMP are, for example, effects on the bacterial community 

due to storage conditions (Lauber et al., 2010), differences in DNA extraction protocols (Sinha 

et al., 2015), design and use of different 16S rRNA gene primer (Nossa et al., 2010), 

sequencing machinery (Jumpstart Consortium Human Microbiome Project Data Generation 

Working, 2012), exact taxonomical classification, and improved data analysis pipelines (Edgar 

et al., 2011, Schloss et al., 2011). Until today, effects and preventive actions to improve the 

reliability of 16S rRNA gene sequencing studies are intensively researched and assessed. 

Nevertheless, until today variations in study design, performance and evaluation limit the 

comparability between microbiota studies and therefore, always need to be protocolled.  

1.3.2 Factors Limiting 16S rRNA gene amplicon analysis 

Unquestionably, 16S rRNA gene sequencing improved drastically within the last 30 years due 

to improvements in study design, sequencing strategy and capacity, and improved analysis 

pipelines. Nonetheless, several biasing factors must still be evaluated before studies are 

designed and subsequently performed. In this section, the following biasing factors are 

described in detail: sampling and sample storage, extraction method, primer choice and V-

region issues, amplicon generation and sequencing, sequencing machinery, and 

bioinformatical analysis and reference databases.  

Sample collection must be performed under clean and / or sterile conditions to prohibit sample 

or cross-contamination. The containers and equipment, such as gloves, spades, spoons, 

forceps, or liquid samplers, should be packaged accordingly (Gołębiewski and Tretyn, 2020). 

The detailed sample procedure is dependent on sampling content and study-specific concerns. 

Nevertheless, several important considerations were already previously discussed. This 

includes the sampling site, the impact of biomass (Bender et al., 2018, Karstens et al., 2019), 

the homogenization (Fidler et al., 2020, Gorzelak et al., 2015, Hsieh et al., 2016), and 

transportation to the laboratory or processing site (Choo et al., 2015, Dominianni et al., 2014, 

Pollock et al., 2018). For the sampling site, it could be shown in human fecal samples that 

within-sample difference accounts for minor shifts in taxonomical profiles but is negligible 



Introduction 

11 

compared to other technical and biological considerations such as primer choice, sequencing 

machinery, or reference database (Voigt et al., 2015, Wu et al., 2010a). To ensure the stability 

of microbial communities within one sample and prevent changes in the microbial composition, 

e.g., during the transportation of samples to the laboratory at ambient or only cold conditions, 

preservation buffers and stabilizers are widely used for microbiome research (Menke et al., 

2017). Commercial stabilizers such as the DNA stabilizer (STRATEC Biomedical AG, 

Birkenfeld, Germany), OMNIgene.GUT (DNA Genotek Inc., Ontario, Canada) or RNAlater 

(Thermo Fisher Scientific Inc., Waltham, USA) are high in cost and thus not always applicable. 

Some studies, e.g., Menke et al. (2017), Chongming et al. (2021), Han et al. (2018), or Chen 

et al. (2019), already showed that self-made stabilizer can show similar stabilizing effects 

compared to commercial products but are by far cheaper and relatively easy to produce. 

Nonetheless, it was reported that stabilizing agents could influence the resulting taxonomic 

composition of a sample (Gorzelak et al., 2015, Lim et al., 2020, Song et al., 2016). Extensive 

freeze-thaw cycles were shown to influence the microbial composition as well (Cardona et al., 

2012, Fouhy et al., 2015a, Gorzelak et al., 2015). Thus, those should be kept to a minimum by 

aliquoting the samples before freezing. Freezing and storage temperatures were also 

previously evaluated as a biasing factor (Guo et al., 2016, Tal et al., 2017, Tedjo et al., 2015). 

It could be shown that freezing, as soon and as cold as possible, performs best. Moreover, 

samples should be ideally extracted as soon as possible after arrival at the laboratory/testing 

facility (Gorzelak et al., 2015, Nel Van Zyl et al., 2020, Zhang et al., 2017). Summed up, 

samples should be collected under clean and, if applicable sterile conditions. Stabilizing agents 

allow a sample transfer at ambient temperature. At the testing facility samples should be 

homogenized, aliquoted and stored at very cold temperatures (ideally -80°C or below).  

Several aspects can impact the efficiency of the DNA extraction method. Thus, several studies 

investigated in detailed suitable and unsuitable protocols for DNA extraction. The investigated 

biases were, for example, uneven extraction efficiencies due to different lysis capabilities, the 

impact of inhibitors on the extraction efficiency, or the resulting DNA quality and quantity.  

Generally, protocols or commercial DNA extraction kits perform either or a combination of 

mechanical, enzymatic, or chemical lysis. It was shown that mechanical lysis or a combination 

of enzymatic and mechanical lysis increased the resulting DNA yield and allowed for better 

detection of gram-positive bacteria, most likely due to a more powerful cell wall disruption 

compared to other lysis protocols (Costea et al., 2017, Markusková et al., 2021, Teng et al., 

2018, Videnska et al., 2019). The remaining sample debris and organic compounds such as 

humic acid, bile salts, and polysaccharides are the main sources of inhibitors after DNA 

extraction (Pollock et al., 2018). Thus, an efficient DNA extraction protocol should include steps 

or measures that guarantee the elimination of such compounds. If samples or environments 

of low biomass are targeted (e.g., milk samples, oral samples, water samples, etc.), special 
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precautions and testing must be performed beforehand to guarantee that samples do not get 

contaminated by either contaminant DNA (DNA originating from sampling or laboratory 

environments including DNA extraction systems) or by cross-contamination (Eisenhofer et al., 

2019).  

The choice of appropriate primer and/ or V-region depends on several factors such as technical 

properties, e.g., read-length that can be sequenced using a defined methodology or 

machinery, the targeted environment, or if comparability with previous studies is desirable. 

Generally, no accordance with one sequencing strategy, primer pair, or V-region was found 

for short amplicon sequencing. The most frequently used V-regions depend on the 

environment targeted but are often V1-V2/V3, V3-V4/V5, or V4 (Abellan-Schneyder et al., 

2021a, Bharti and Grimm, 2019, Fouhy et al., 2016). The choice of primer or V-region affects 

the resulting taxonomic profiles and taxonomic resolution (Bukin et al., 2019, Pollock et al., 

2018). Moreover, different V-regions differ in their ability to identify some bacteria and different 

primer pairs have distinct affinities for DNA binding and thus, introduce biases during PCR 

(Kim et al., 2011, Knight et al., 2018). Other biasing sources during the amplicon generation 

step are the gDNA input amount, the number of cycles used for PCR, the PCR process, or the 

used DNA polymerase.  

The use of different initial gDNA concentrations for amplicon generation can impact the 

resulting taxonomical profiles. Thus initial concentrations should always be stated (Multinu et 

al., 2018). Sze & Schloss (2019) recommended using DNA polymerases with the highest 

possible fidelity and using as few PCR cycles as possible to reduce possible biases. Rausch 

et al. (2019) found that one- or two-step PCR procedures slightly differed from each other when 

analyzing the resulting taxonomical profiles. But significant and strong differences in taxonomic 

profiles were due to differences in selected V-region rather than amplification method.  

After the amplicon generation, short 16S rRNA gene sequencing studies can be biased by 

using different sequencing platforms and the downstream analysis pipelines. D'Amore et al. 

(2016) benchmarked the use of different experimental strategies and sequencing platforms for 

16S rRNA gene amplicon sequencing. They found that the taxonomical composition of 

samples was biased by the platform, sequenced region, and primer choice. Thus, they 

recommended to always perform a small trial using mock communities of known composition 

in the early stage of a sequencing project to assess possible biasing factors and to identify the 

most suitable protocol for the given research question. Today, bioinformatical analysis 

pipelines can be divided into two groups. The first group includes pipelines such as Mothur 

(Schloss et al., 2009), Qiime (Caporaso et al., 2010), or USEARCH-UPARSE (Edgar, 2013), 

which rely on operational taxonomic units (OTUs). The second group includes more recent 

pipelines, for example, DADA2 (Callahan et al., 2016), Qiime2 (Bolyen et al., 2019), or 

USEARCH-UNOISE3 (Edgar, 2018), which build-up on so-called amplicon sequence variants 
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(ASVs) or zero-radius OTUs (zOTUs). During data processing, sequences are clustered, either 

at a 97% (OTUs) or 99% (ASVs / zOTUs) sequence similarity threshold. The 97% identity 

approach carries the risk that multiple species, which show only very little sequence variation, 

are falsely grouped into one OTU. The newer pipelines correct for sequencing errors by 

different denoising approaches and require higher sequence identities, thus the risk of 

grouping different species into one OTU is reduced but the risk of falsely identifying new 

species due to sequencing errors increase (Almeida et al., 2018, Callahan et al., 2017, Nearing 

et al., 2018). Prodan et al. (2020) compared the six above-mentioned bioinformatic pipelines 

for the analysis of amplicon data. They found that differences in sensitivity and specificity were 

large for the six tested pipelines. Thus, pipelines should be chosen wisely and after testing. 

The taxonomic assignment, which is performed after sequence clustering, is done using 

databases of known 16S rRNA gene sequences. Such databases are, for example, 

GreenGenes (DeSantis et al., 2006), the Ribosomal Database Project (Cole et al., 2014), 

EzBioCloud (Yoon et al., 2017) or Silva (Quast et al., 2013). Sierra et al. (2020) showed that 

the use of different reference databases could lead to variations and differences, especially at 

genus-level classification, in taxonomic compositions of given samples. Lately, some studies 

have described that taxonomic resolution could be improved by using environmental-specific 

databases (Dueholm et al., 2020, Escapa et al., 2020, Myer et al., 2020). Meola et al. (2019) 

could, for example, show that by using their environmental-specific database, taxonomic 

accuracy could be greatly increased for the tested samples. Summed up, a variety of factors 

can influence the taxonomic classification of given samples, and thus, documentation and 

consistency are essential to minimize this effect when studies shall be compared.  

 

1.4 DNA- vs. RNA-based studies  

Even though most microbiota and microbiome studies rely on sequencing the 16S rRNA gene, 

direct 16S rRNA sequencing using the RNA as starting material is also possible. Directly 

sequenced rRNA samples will emphasize metabolic active bacteria of a sample, whereas DNA 

will only show the microbial rRNA gene composition of strains within a sample, whether active 

or not. The amount of rRNA correlates with growth rate, and the decrease of rRNA content is 

associated with a decreased growth rate (Blazewicz et al., 2013). But several limitations of 

rRNA being used as an indicator for microbial activity in mixed microbial samples are also 

known. Some of those are, for example: that the relationship of activity and rRNA is not always 

constant, between different bacteria, the rRNA concentration and growth rate differ, or the 

relationship between non-growth activities, such as cell motility, coping oxidative stress, or 

conjugation, was not investigated sufficiently and thus, might falsify the relationship of rRNA 
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and activity (Blazewicz et al., 2013). Standard DNA amplicons are biased by the number of 

ribosomal operons bearing a bacterial species. In general, copy numbers vary from one up to 

more than 15 copies per genome (Klappenbach et al., 2001, Vetrovsky and Baldrian, 2013). 

Primer bias, due to unequal amplification or primer binding and amplification efficiencies, also 

plays a significant role in such analysis and is often referred to as problematic. The benefits 

and drawbacks of the DNA and RNA-based approaches are summarized in Figure 1.4.1.  

 
Figure 1.4.1: Benefits and drawbacks of RNA- and DNA-based sequencing approaches. Primer-free 
RNA approaches allow us to study not only bacteria but also archaea and eukaryotic microorganisms. 
But RNA based methods are more difficult, time-consuming, and often not tested for high throughput. 
DNA-based methods are widely accessible, easy, and tested for high throughput at low costs. 
Nevertheless, those methods are limited due to the introduced primer bias, which defines the targeted 
microorganism (e.g., standard 16S rRNA gene primer targets only bacteria).  
 

Gremion et al. (2003) described that the combination of both DNA and RNA-based amplicon 

sequencing could be used to not only describe the microorganisms present in an environment 

but also to find those being metabolic active. Moreover, they found that frequently and in the 

high amount identified bacterial genera of the DNA-based approach were not found in the 

RNA-based analysis. Therefore, it can be assumed that those might not represent active 

constituents of the analyzed samples. Besides those mentioned above, only a few methods 

using direct 16S rRNA-derived amplicons for sequencing are published. Rosselli et al. (2016) 

described a primer-free sequencing approach, where the rRNA is enzymatically fragmented 

and subsequently sequenced. This method allows the detection of different taxonomical 

abundances and assesses physiological active genera. The authors suggest using this method 

as a complementary and not alternative approach to standard 16S rRNA gene sequencing, as 

due to its different approach, the results are not directly comparable. Karst et al. (2018) 

published a primer-independent full-length sequencing approach, which allows studying not 

only bacteria and archaea (16S) but also eukaryotic microorganisms (18S). This approach 

relies on the extraction of SSU rRNA, polyadenylation, and subsequent reverse transcription 
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using a poly-T primer. Thus, a primer bias is not given here, but the method is by far more 

tedious and not tested for high throughput. Interestingly, the authors could show that with their 

primer-free approach they were able to find a large proportion of novel microbial diversity.  

Nevertheless, it must be noted here that the RNA-based approach also poses several 

drawbacks. The most prominent one is that RNA is less stable than DNA and is prone to 

degradation (Gołębiewski and Tretyn, 2020). Moreover, RNA is differentially expressed under 

changing environmental conditions and is therefore unsuitable for quantitative estimation of 

microbial diversity within an environment. Reverse transcription and difficulties in RNA 

extraction are further biasing steps. Still, they might be minor when direct rRNA analysis allows 

for novel findings in relationships between microbial diversity, ecosystem functions, and 

interactions (Liu et al., 2019a). 

 

1.5 Full-length SSU rRNA sequencing approaches 

1.5.1 Third generation sequencing approaches 

Until today, most microbiota or microbiome-related studies use short amplicon 16S rRNA gene 

strategies and thus second-generation sequencers such as the Illumina MiSeq. As reported 

above, one of the main drawbacks of this approach is the comparably short read-length of a 

maximum 2×300 bp. Thus, only parts and not the full-length 16S rRNA gene can be 

sequenced. Newest methods, using a so-called third-generation sequencer, overcome this 

read-length limitation.  

The main differences between second- and third-generation sequencing approaches are 

differences in speed and read length. Third-generation sequencers allow sequencing of up to 

several thousand base pairs in real-time (Schadt et al., 2010, van Dijk et al., 2018). Today, the 

most prominent third-generation sequencers are Oxford Nanopore Technologies (ONT) 

MinION and the Pacific Biosciences (PacBio) Sequel Series (Ameur et al., 2019, Branton et 

al., 2008, Eid et al., 2009). PacBio’s sequencer relay on single-molecule real-time (SMRT) 

sequencing strategies. Therefore, so-called SMRTbells, which are circular templates, are 

created by ligating adapters to either extracted DNA or RNA. The SMRTbells are then loaded 

on a so-called SMRT cell. There, the SMRTbells diffuse into tens of thousands of single 

sequencing units, which are called zero-mode waveguides (ZMWs). In each of those ZMWs, 

a single DNA polymerase forms a complex with the template and gets immobilized on the 

bottom of the ZMW. Labeled nucleotides are added to the SMRT cells, and if a labeled dNTP 

is incorporated by the polymerase, a light pulse is produced, which is different for each base. 

Moreover, by tracking the speed of the polymerase, kinetic data can be generated, which 

enables the detection of modified bases (Eid et al., 2009, Heather and Chain, 2016, Rhoads 
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and Au, 2015). The other, nowadays frequently used third-generation sequencing technology 

is the one offered by ONT. There, a single strand of either RNA or DNA is translocated through 

a nanopore. The pocket-size sequencing device, the so-called MinION, has at least 800 

nanopores and allows detecting a change in the ionic current when DNA or RNA sequences 

pass through the pore, which is facilitated by an ATP-consuming adapter protein (Jain et al., 

2016). Due to the different steric demands of the different bases, the different changes in 

current can be used to decode the sequence. This technology does not need fluorescent-

labeled dNTPs because the bases are identified by their three-dimensional properties, and 

therefore, it is also possible to determine base modifications (Laver et al., 2015, Xu and Seki, 

2020).  

Several studies showed that long-read sequencing strategies could improve the taxonomic 

resolution of 16S rRNA gene sequencing, as the whole 16S rRNA gene and not only parts, 

could be sequenced (Benítez-Páez et al., 2016, Callahan et al., 2019, Cuscó et al., 2019, Earl 

et al., 2018, Matsuo et al., 2021). Nevertheless, some studies suffer from still high overall 

sequencing error rates, especially if sequenced with ONTs MinION or with high costs and 

overall lower throughput. Further, surprisingly, the bioinformatic base calling is time consuming 

and should not be underestimated in total processing time (own observation). Regardless, 

Johnson et al. (2019) could show that by sequencing the full-length 16S rRNA gene, the 

taxonomic resolution was improved, and the ability to distinguish between different bacterial 

species and even strains was given.  

1.5.2 Synthetic full-length approaches  

Besides the above-mentioned real full-length sequencing approaches, relying on long-read 

sequencing machineries, alternative approaches exist. So-called synthetic long-reads are 

based on sequencing strategies of specific barcoding and fragmentation, which allow a later 

de novo assembly of short reads to their initial full-length (Goodwin et al., 2016). Thus, 

sequencing can be performed on the more accurate second-generation sequencing types of 

machinery but allow for better taxonomic resolution due to the later assembled longer reads. 

This technology is benefitted by the higher accuracy and availability of second-generation 

sequencers but needs higher coverage and is thus by far more expensive (McCoy et al., 2014). 

In the context of microbiota or microbiome research, only a limited number of synthetic-long 

read strategies were published or used. Burke & Darling (2016) described a method for full-

length 16S rRNA gene sequencing using a synthetic approach. They amplified near full-length 

16S rRNA genes with the commonly used 27F and 1391R primers. Then they fragmented the 

produced amplicons using a transposase. By incorporating a unique 10N-tag into their initial 

primer sequence, they were able to de novo assemble the sequences back to the full length 

after sequencing the smaller fragments on an Illumina machinery. Thus, Burke & Darling 
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(2016) provided the first proof of principle for generating near full-length 16S rRNA gene 

sequences in a cost-effective and potentially high-throughput manner using a precise second-

generation sequencing device. Based on this method, Karst et al. (2018) described an 

improved strategy, which also allows for primer-free full-length 16S rRNA sequencing. 

Therefore, RNA is used as starting material, polyadenylated, reverse transcribed using a poly-

T primer and then tagged by using individual 15N-tags at the 5’- and 3’-site. Full-length 

molecules, which are too long for direct sequencing, are fragmented by tagmentation to enable 

sequencing on an Illumina machinery and in-silico de novo assembly is enabled by extracting 

corresponding 15N-tags for forward and reverse reads (Karst et al., 2018). Deutscher et al. 

(2018) used the methodology of Burke & Darling (2016) and could show that wild flies from 

different locations were accompanied by different Asaia strains. Such an analysis would not 

have been possible using only short amplicon reads. Nevertheless, Deutscher et al. (2018) 

stated that the full-length method does not only bear advantages. Insufficient sequencing depth 

is a major problem. This could, on the one hand, lead to an underrepresentation of sequences 

with the same molecular tag, which can therefore not be de novo assembled back to the full 

length. On the other hand, molecular tagging could be imprecise, leading to the fact that the 

same molecular tag is not observed more than once. Nevertheless, this can be compensated 

by only accepting tags as real tags when they are detected more than once (Deutscher et al., 

2018).  

Lately, a new synthetic full-length approach based on a commercially available kit-based 

system was described. Loop Genomic, a 2015 founded company, provides novel technologies 

for long-read DNA sequencing. They offer several microbiome kits, including a 16S and a 16S 

& 18S long-read kit. Those build-up on the reconstruction of full-length molecules after 

sequencing small fragments on a short-read sequencer. Therefore, a unique molecular 

identifier (UMI) is attached to each initial sequence. The UMI is afterward distributed 

intramolecularly and allows thereby a later reconstruction to the full-length as all sequences 

originating from the same initial strand can be identified. A detailed protocol of this technique 

and the general workflow is unpublished. Nonetheless, it is known that the technique builds up 

on previously described methods by Stapleton et al. (2016) and Hong et al. (2014), which 

include enzymatic steps as well as self-circularization of the constructed amplicons (Callahan 

et al., 2021, Chung et al., 2020). Jeong et al. (2021) could show that the full-length 16S 

approach, using the LoopSeq kit, improves the taxonomical resolution of different bacteria 

compared to short-amplicon sequencing.  
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1.6 Non-SSU rRNA gene-based sequencing strategies  

Besides the amplicon-based sequencing strategies, metagenomic sequencing is used to not 

only study the communities' microbiota but to gain both taxonomic and functional analysis of 

the analyzed sample (Fricker et al., 2019). Metagenomics is defined as the analysis of the sum 

of all genetic material present in a distinct environment (Thomas et al., 2012). Besides 

metagenomic analysis, also RNA-based sequencing approaches can be used to assess 

specific microbiome-related research questions. Metatranscriptomic analyses are RNA 

sequencing analyses, which allow insights into the expressed transcripts of a given sample. 

Thus, allowing to study and to compare gene expression under different environmental 

conditions and allowing insight on pathway activities (Hatch et al., 2019, Shakya et al., 2019). 

So, RNAseq allows to gain insight into genes that are actively expressed within a microbiome 

(Bashiardes et al., 2016). Fremin et al. (2020) showed that an adaption of the common 

ribosome profiling protocol could be used to investigate thousands of translated mRNAs of 

mixed cultures simultaneously in microbiome samples. However, finding the source genome 

for each footprint is impossible.  

1.6.1 Shotgun metagenomic sequencing  

The term shotgun sequencing refers to the preparation method for DNA, which gets later 

sequenced. The first part of a shotgun metagenomic sequencing protocol is to extract the DNA 

of the community. Then, the DNA is fragmented into smaller parts by using either nebulization, 

sonication, or adaptive focused acoustics technology such as the Covaris technology. 

Afterward, those smaller fragments are prepared for sequencing, including steps for 

purification, ligation, or amplification of sequencing primers, normalization, and pooling of the 

samples (Madigan et al., 2014, pp. 210-211, Poptsova et al., 2014). After sequencing, the 

resulting reads can either be used to assemble microbial genomes or can be used for 

assembly-free approaches such as taxonomic profiling of functional analysis (Pérez-Cobas et 

al., 2020). The advantage of shotgun metagenomic sequencing compared to 16S rRNA gene 

sequencing in assigning taxonomy is resolution. While 16S rRNA gene sequencing can only 

resolve species-level classification in the case of full-length sequencing or genus level 

classification when short amplicon sequencing is applied, metagenomic sequencing allows 

species and even strain level classification. However, this does not rely solely on 16S rRNA 

genes but also on other genes present and ascribed to a species (Pérez-Cobas et al., 2020, 

Scholz et al., 2016). Moreover, shotgun metagenomic sequencing is not only limited to bacteria 

and archaea due to the presence of the 16S rRNA gene but allows for detecting besides 

bacteria and archaea, also viruses, fungi, and perhaps parasites from a given sample (Dulanto 

Chiang and Dekker, 2019). Nevertheless, those advantages come with higher sequencing 
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costs, complex and time-consuming bioinformatical needs, and the fact that host-derived 

contaminations are present (Liu et al., 2021). Therefore, shotgun sequencing should only be 

applied when besides the taxonomical assignment, functional analysis or the resolution of 

bacterial genomes is favored. Nevertheless, the challenge will be to develop and perform 

bioinformatic analysis that allows easy, precise, and time-efficient analysis of the targeted 

samples. Besides, researcher must be trained intensively to analyze the complex data sets 

and tools, databases and programs used. The software or tools for metagenomic shotgun 

sequencing need to be understandable and useable as they have a major impact on the 

resulting outcome (Couto et al., 2018, Quince et al., 2017).  

1.6.2 Shallow shotgun metagenomic sequencing 

As described before, shotgun metagenomic sequencing provides good functional and 

taxonomical resolution of mixed communities within a sample. In contrast, 16S rRNA gene 

sequencing only allows taxonomic resolution to genus or sometimes species level but is more 

cost-effective and easier to analyze. Nevertheless, there is a need for a high-resolution 

functional and taxonomic analysis that would be more affordable when compared to shotgun 

metagenomic sequencing (Hillmann et al., 2018). This is the case for shallow shotgun 

metagenomic sequencing (SSMS), where samples are not sequenced as deep as for shotgun 

metagenomic sequencing, and therefore, sequencing costs are reduced. Thus, SSMS is more 

cost-effective while allowing for species-level classification and functional analysis of the 

targeted sample. Nevertheless, caution must be taken as Santiago-Rodriguez et al. (2020) 

could show that sequencing depth (coverage) impacts the subsequent taxonomical analysis 

and sequencing depth is dependent on the research question due to different needs, e.g., 

bacterial species-level classification did only need 0.5-0.75 Gb data, while for virus profiles 

sequencing depths of up to 5 Gb were necessary.  

1.6.3 Metatranscriptomic and metatranslatomic analysis  

Metatranscriptomic analysis uses RNA to investigate changes in the transcriptome, i.e., the 

mRNA content of a given sample, which can be used to investigate how microbial communities 

react to stress, time, or environmental changes (Shakya et al., 2019). For metatranscriptomic 

analysis, mRNA needs to be extracted and rRNA depleted. Then, primers are ligated to the 

mRNA, and the mRNA is reversed transcribed, and prepared for sequencing, including library 

purification, normalization, and pooling. Schirmer et al. (2018) showed that metatranscriptomic 

paired with metagenomics could allow for the profiling of disease-related changes in 

microbiomes and provided new information on microbiome interactions. Li et al. (2019) could 

show that their metatranscriptomic analysis of the rumen microbiome allowed to better 

investigate rumen microorganisms and their association with host performances when 
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compared to metagenomics. Summed-up, the main benefits of metatranscriptomic in 

microbiome studies are: (1) gaining information on which genes are transcribed (up- or down-

regulated) at a certain time-point and under defined condition, which leads to (2) enabling to 

gain information of potential functions of the microbiome and (3) those functional information 

can be used to investigate and identify metabolic pathways (Bashiardes et al., 2016, Franzosa 

et al., 2014).  

Besides the mRNA-based metatranscriptomic approaches, metratranslatomic analysis 

focuses on sequencing only mRNA, which is used as a template for translation. Therefore, 

only the mRNAs that are covered by the ribosome during translation are sequenced. Only very 

few approaches for metatranslatome analysis have been described to this day, despite 

ribosome profiling being an often-used approach for single-culture analysis. Fremin et al. 

(2020) described the only published study where the translation of genes in complex 

microbiomes was studied on a large-scale using ribosome profiling. They could successfully 

show that using their adapted protocol, ribosome profiling data for uncultured fecal microbiota 

samples could be collected and that those results allowed to study protein synthesis across 

the taxa present in the stool samples. Giehren (2021, unpublished) showed that adapting the 

classical ribosome profiling protocol (e.g., as described by Hücker et al. (2017), and Neuhaus 

et al. (2017)) for mixed-bacterial cultures is possible using an in-house analysis pipeline. 

Moreover, they could improve the ribosome profiling protocol to make it accessible for low 

nucleic acid concentrations extracted from bacteria or mixed-community samples (e.g., mice 

gut samples).  

In summary, multi-omics data, including metatranscriptome and metatranslatome analysis, 

allow researchers to gain deeper knowledge and understanding on functional gene expression 

and regulation in microbiomes at diverse environmental conditions.  

 

1.7 Objective of the study  

In the last twenty years, 16S rRNA gene sequencing substantially increased not only popularity 

but also in feasibility. As preparation became easily operable and sequencing more accessible 

and cost-efficient, 16S rRNA sequencing became a standard technique to study the microbiota 

of a given environment or context. Nevertheless, no general accordance on the exact protocols 

exists, e.g., which primer, V-regions, or DNA extraction method to use and thus, amplicon 

preparation methods, sequencing approaches, and the bioinformatic analysis differ from study 

to study.  
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Therefore, the overall aim of this study is to test, compare and find the most suitable 16S rRNA 

sequencing approach for different given demands. The following questions and tasks were 

answered and executed throughout the doctoral project.  

1. How do samples have to be collected, stored, and treated to guarantee sample 

integrity? What are the most suitable DNA and RNA extraction protocols, and what is 

the difference in targeting RNA vs. DNA for 16S rRNA sequencing? To answer those 

questions, the following section 2.1 describes the best protocols for storage, 

extraction, and primer use for DNA and RNA-based sequencing approaches, as well 

as a comparison of the latter two approaches based on short amplicon 16S rRNA 

data.  

2. How should short amplicon 16S rRNA gene sequencing be performed targeting 

human fecal samples? What are critical parameters that must be addressed, what are 

the most suitable protocol details, and which bioinformatical tools and reference 

databases are performing best? Section 2.2 gives recommendations on which primer, 

pipelines, and parameters perform best for fecal sample 16S rRNA gene sequencing.  

3. How can short amplicon sequencing be adapted for samples of low biomass? To 

target this question, the implementation of a ddPCR step after amplicon generation 

was assessed. It was checked whether the implementation of this step allowed to 

decrease the initial gDNA input amount needed and whether the step impacted the 

reliability of the sequencing results.  

4. How can we measure the microbial load of a sample? Considering that, a comparison 

of sequencing-based approaches (16S rRNA gene sequencing using spike-in 

controls) and cell-counting (flow cytometry) was performed. Moreover, benefits and 

drawbacks of each method were analyzed and are discussed. 

5. How feasible and efficient are different full-length 16S rRNA sequencing approaches? 

What are the main benefits and drawbacks of synthetic full-length vs. long-read 

sequencing approaches? Different full-length sequencing approaches are analyzed, 

evaluated, and compared to short-amplicon sequencing results in section 2.5.  

6. How can full-length 16S rRNA gene sequencing be used for detecting putative 

pathogenic bacteria? What is the main improvement and benefit of full-length 

sequencing compared to short amplicon sequencing? Using bovine milk samples, 

synthetic full-length 16S rRNA gene sequencing was performed and compared to 

short amplicon sequencing in section 2.6. Besides the comparison of those two 

techniques, it was investigated if full-length sequencing would improve the detection 

of potentially pathogenic bacteria, which are associated with mastitis in cows.  
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2. Results 

The results of sections 2.2 and 2.6 of this dissertation were published previously in peer-

reviewed journals, and the original publications are added. The results of section 2.3 are 

currently under review in a scientific journal. Sections 2.1, 2.4 and 2.5 are presented as drafted 

manuscripts which are intended to be sent for publication. The personal contributions are as 

follows: 

Section 2.1: 
Abellan-Schneyder I, Rothfischer F, Singer MT, Neuhaus K: Setting standards for 16S rRNA 

sequencing – storage, extraction, and handling. 

Personal contribution: The study was designed by I. Abellan-Schneyder under supervision of 

K. Neuhaus. Experiments were performed by I. Abellan-Schneyder with the help of F. 

Rothfischer and M. T. Singer. Data analysis was performed by I. Abellan-Schneyder. The draft 

of the manuscript was written by I. Abellan-Schneyder and edited by K. Neuhaus. 

Section 2.2: 
Abellan-Schneyder I, Matchado MS, Reitmeier S, Sommer A, Sewald Z, Baumbach J, List M, 

Neuhaus K (2021). Primer, pipelines, parameters: issues in 16S rRNA gene sequencing. 

mSphere 6:e01202-20.  

Personal contribution: The study was designed by I. Abellan-Schneyder. I. Abellan-Schneyder 

performed wet-lab experiments and sequencing with the help of A. Sommer and Z. Sewald. 

M. S. Matchado and S. Reitmeier conducted the bioinformatic analysis. J. Baumbach, M. List 

and K. Neuhaus supervised the study and provided funding. I. Abellan-Schneyder wrote the 

first draft of the manuscript, which was edited by all other co-authors. 

Section 2.3: 
Abellan-Schneyder I, Schusser AJ, Neuhaus K (2021) How low can we go? Implementation of 

ddPCR allows amplicon sequencing of ultra-low amounts of gDNA from low biomass samples. 

Under review.  

Personal contributions: I. Abellan-Schneyder conducted the main experiments and supervised 

A. J. Schusser, who helped to develop the protocols. Further, I. Abellan-Schneyder analyzed 

the data, wrote the first draft, and prepared figures. K. Neuhaus provided resources and was 

involved in supervision, conceptualization, and conducted final review & editing.  
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Section 2.4:  
Abellan-Schneyder I, Ahmed M, Reitmeier S, Metwaly A, Haller D, Neuhaus K: Cell-counting 

in human fecal samples comparing flow cytometry versus spike-in standards in 16S rRNA gene 

sequencing. Personal contributions: I. Abellan-Schneyder, M. Ahmed, M. Metwaly, D. Haller 

and K. Neuhaus designed the study. I. Abellan-Schneyder and M. Ahmed performed the 

experiments. S. Reitmeier helped with the scripts for the bioinformatical spike-in analysis. A. 

Metwaly provided the human fecal samples. A. Metwaly, D. Haller and K. Neuhaus supervised 

the study. I. Abellan-Schneyder wrote the first draft of the manuscript, which was edited by K. 

Neuhaus.  

Section 2.5:  
Abellan-Schneyder I, Sewald Z, Schusser AJ, Grimm M, Neuhaus K: Synthetic versus long-

read 16S rRNA gene sequencing approaches – benefits, drawbacks, and feasibility. Personal 

contributions: I. Abellan-Schneyder designed the study under supervision of K. Neuhaus. I. 

Abellan-Schneyder performed the experiments with the help of A. J. Schusser (synthetic full-

length sequencing) and M. Grimm (long-read sequencing), which both were supervised by I. 

Abellan-Schneyder. Z. Sewald coded the synthetic full-length sequencing downstream 

analysis pipeline. I. Abellan-Schneyder wrote the first draft of the manuscript, which was edited 

by K. Neuhaus.  

Section 2.6:  
Abellan-Schneyder I, Siebert A, Hofmann K, Wenning M, Neuhaus K. Full-length SSU rRNA 

gene sequencing allows species-level detection of bacteria, archaea, and yeasts present in 

milk. Microorganisms 2021, 9(6):1251. 

Personal contributions: I. Abellan-Schneyder and K. Neuhaus conceptualized the study. 

I. Abellan-Schneyder performed all experiments except for the sample collection and gDNA 

extraction, which was performed by A. Siebert and K. Hofmann. I. Abellan-Schneyder and 

K. Neuhaus analyzed, validated, and curated the data. Resources, funding, and project 

administration were provided M. Wenning and K. Neuhaus. The original draft was prepared 

and writing by I. Abellan-Schneyder. The draft was reviewed and edited by all other authors.  
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2.1 Setting standards for 16S rRNA gene sequencing – storage, extraction, 
handling  

Drafted manuscript 

2.1.1 Abstract  

Short amplicon 16S rRNA gene sequencing is the gold standard for evaluating the microbiota 

of a given sample such as human gut samples, soil, or milk. After samples are taken, they 

must be stored and transported in an efficient and safe way to the research laboratory. 

Stabilizing buffers, allowing the sample to be transported at ambient temperature, facilitate this 

process. Nevertheless, different commercially available stabilizing agents and self-made 

buffers show varying degrees of stabilizing potential, potentially influencing the outcome of the 

analysis. Thus, the performance of three stabilizing agents on stabilizing DNA and RNA was 

evaluated and compared. We further investigated if different nucleic acid extraction methods 

added bias to our analysis. Our results demonstrate that sample collection, extraction of 

nucleic acids, and the later amplicon preparation should be planned carefully under 

consideration of the study's needs.  

 

2.1.2 Introduction 

The study of the human microbiome is challenging because it has to be performed by culture-

independent analyses (Robinson et al., 2010). Hence, a variety of different molecular 

techniques were developed, such as qPCR, fluorescence in situ hybridization, rRNA, and 

whole community analysis, e.g., via whole-genome sequencing, conventional metagenomics, 

and proteomics (Theron and Cloete, 2000).  

Not only analysis methods differ among microbiome studies. Starting with the sample 

collection, different methods and protocols change widely in their applications and use of 

chemicals. To ensure the stability of microbial communities within one sample and prevent 

changes in the microbial composition, preservation buffers and stabilizers are widely used for 

microbiome research (Menke et al., 2017). Commercial stabilizers such as DNA stabilizer 

(STRATEC Biomedical AG) or RNAlater (Thermo Fisher Scientific Inc.) are high in cost and 

thus not always applicable. Several studies already showed that self-made stabilizers have 

similar stabilizing effects compared to commercial products but are by far cheaper and 

relatively easy to produce. Ideally, a stabilizing solution should show simultaneous effects to 

stabilize DNA and RNA, and facilitate homogenization of the sample. Until now, most studies 

examined only stabilizing effects either DNA or RNA, but to our knowledge, no study 

investigated if both types of nucleic acids could be preserved within a sample at the same time 
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(Camacho-Sanchez et al., 2013, Menke et al., 2017). Thus, testing different buffers that are 

suitable to stabilize both DNA and RNA were considered.  

The use of the SSU rRNA gene for identification (16S in bacteria/archaea and 18S in 

eukaryotes) was established in 1977 and revolutionized the ability to identify microbes (Pace 

et al., 2012). Based on their ubiquitous presence, evolutionary stability, and the distinguishable 

changes in its variable sequences, SSU rRNA genes are an ideal phylogenetic marker to 

identify and distinguish between different taxa (Janda and Abbott, 2007). One of the easiest 

and convenient methods to identify microbial populations is sequencing of the 16S ribosomal 

RNA (rRNA) encoding genes, followed by a comparison to known bacterial sequence 

databases (Eckburg et al., 2005). To produce amplicons, in general, 10-50 ng of high-quality 

DNA are needed. For RNA-based studies, the input amount varies but is mostly described to 

be between 10 ng to 10 µg per sample (Li et al., 2017, Rosselli et al., 2016). Thus, besides the 

storage of the initial sample and the extraction of nucleic acid, also amplicon generation plays 

an important role and is a step that can be biased due to different procedures.  

Here, we want to investigate the best-practice procedure for the collection of stool samples, 

the extraction of both DNA and RNA, and the following 16S rRNA amplicon preparation using 

those nucleic acids.  

 

2.1.3 Material and Methods 

Composition of stabilizing buffers 
Three different stool stabilizing buffers were tested on their efficiency to stabilize DNA and 

RNA in stool samples under different environmental conditions. Commercially available DNA 

stabilizers (STRATEC Biomedical AG) and RNAlater (Thermo Fisher Scientific Inc.) were 

compared to a self-made stool stabilizing solution (SStab). SStab is composed of 1,400 ml 

MilliQ water which was stirred while adding 60 ml 0.5 M EDTA, 37.5 ml 1 M sodium citrate 

(258 g), and 7.95 M Ammonium sulfate (1050 g) in 100 g amounts. The solution was cooled, 

pH was set to 5.2 using sulfuric acid at room temperature. Then the solution was filtered 

through a 0.2 µm filter cup.  

Preparation of human gut sample 
Stool samples were obtained from healthy volunteers after informed consent and collected in 

stool sample tubes (Sarstedt AG & Co.). Tubes were previously filled with 4 ml stabilizing buffer 

and collected samples were directly resuspended by shaking and vortexing. Samples were 

aliquoted and stored at -80°C.  
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RNA isolation  
After homogenization of the thawed sample, fecal content was centrifuged (700×g, 4°C, 5 min) 

to remove the remaining solid fecal matter. One milliliter of the supernatant was transferred to 

a fresh microfuge tube and filled up to 2 ml with ice-cold 1× PBS (137 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, and 1.8 mM KH2PO4). Samples were then centrifuged (9,000×g, 4°C, 5 min), 

and the supernatant was discarded. The pellet was resuspended in 0.5 ml ice-cold 1× TE 

buffer (composed of 10mM Tris-HCl containing 1mM EDTA x Na2, pH 8). RNA isolation was 

either performed as previously described by Zoetendal et al. (2006) with minor changes or 

using the Zymo Quick-RNA Fecal/Soil Microbe Microprep Kit (Zymo Research). If the protocol 

by Zoetendal et al. (2006) was used, the following modifications were conducted. DNase 

digestion was not performed using the RNeasy mini kit but using TURBO DNase (Thermo 

Fisher Scientific Inc.) as described by the manufacturer's protocol. Afterwards, an ethanol 

precipitation was performed using 1/10 volume 3 M NaOAc (pH 5.2), 1/100 volume of glycogen 

and 3 volumes of 100% EtOH. Precipitation was performed overnight at -20°C. After 

centrifugation (13,400×g, 4°C, 20 min) and two wash steps with 80% EtOH, pellet was briefly 

dried and resuspended in 50 µl 1× TE buffer. If the Nanodrop measurement indicated impurity 

of the samples, they were cleaned up using the Zymo purification and concentrator columns 

(Zymo Research).  

DNA isolation 
DNA isolation from feces was performed using a shortened version of the method described 

by Godon et al. (1997). In brief, 2 ml aliquots were thawed on ice and vortexed several times. 

Then, 600 μl of the sample was transferred into a bead-beating tube and 250 μl of 4 M 

guanidinium thiocyanate, and 500 μl 5% N-lauroylsarcosine sodium salt were added. The 

samples were incubated for 60 min at 70°C while shaking at 700 rpm. Bead-beating was 

applied using the MP Biomedicals FastPrep24 (MP Biomedicals Inc.) thrice for 40 s at 6.5 m/s. 

Between the runs, samples were cooled with dry ice. Next, 15 mg poly(vinylpolypyrrolidone) 

were added and briefly vortexed. Samples were centrifuged for 3 min at 15,000×g at 4°C 

before transferring the supernatant into a fresh 2 ml sample tube. The supernatant was 

centrifuged for 3 min at 15,000×g and 4°C. Subsequently, 500 μl of clear supernatant were 

transferred into fresh 2 ml tubes and 5 μl RNase (10 mg/ml) was added. The samples were 

incubated for 20 min at 700 rpm and 37°C. Finally, after RNA digestion, DNA was cleaned up 

using NucleoSpin gDNA Clean-up filters following the manual (Macherey-Nagel). After DNA 

extraction, DNA concentrations were recorded using Nanodrop (NanoDrop Technologies, 

Inc.). By performing an agarose gel electrophoresis, it was checked whether DNA degradation 

was observable.  
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16S rRNA gene sequencing  
For amplification of the variable region and addition of adapters, 1st-step PCR was performed 

in 50 μl volumes containing 24 ng of gDNA mixed with 1x Phusion HF buffer, 0.2 mM dNTPs, 

0.125 μM of each 341F-ovh (5’ TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG-

CCT ACG GGN GGC WGC AG 3’) and 785R-ovh Primer (5’ GTC TCG TGG GCT CGG AGA 

TGT GTA TAA GAG ACA G-GAC TAC HVG GGT ATC TAA TCC 3’), 0.5625% (v/v) DMSO 

and 0.5 U of Phusion HF II DNA polymerase. Primers were designed to have a 16S gene 

complementary site (marked green) as well as an adapter site to fuse the barcodes (overhang, 

marked blue). In a thermocycler, denaturation took place at 98°C for 40 s followed by 15 cycles 

of denaturation (98°C for 20 s), annealing (55°C for 40 s) and elongation (72°C for 40 s), and 

a final elongation step at 72°C for 2 min. The 2nd step PCR, which is needed for multiplexing, 

was performed in 100 μl volumes containing 10 μl of the 1st-step PCR product, 1x Phusion HF 

buffer, 0.2 mM dNTPs, 0.125 μM of each forward and reverse barcode used (e.g., SC501-Fw 

5’ AAT GAT ACG GCG ACC ACC GAG ATC TAC AC-ACG ACG TG-TCG TCG GCA GCG 

TC 3’ and SA701-Rv: 5’ CAA GCA GAA GAC GGC ATA CGA GAT-AAC TCT CG-GTC TCG 

TGG GCT CGG 3’), 0.25% (v/v) DMSO and 1 U of Phusion HF II DNA polymerase. 2nd step 

primers contained a 1st-step complementary region (part of the overhang, marked in blue), 

barcode sequence (marked in red), and the Illumina P5/P7 adapter sequence (marked yellow). 

After denaturation at 98°C for 40 s, 10 cycles of 98°C for 20 s, 55°C for 40 s and 72°C for 40 s, 

a final elongation step at 72°C for 2 min followed. For validation of the successful library 

production, 8 μl of 2nd step product were loaded onto a 1.5% (w/v) agarose gel. Electrophoresis 

was performed with 110 V for 40 min, and the gel was checked visually for the appearance of 

bands at desired size (about 570 bp) in comparison to a molecular size standard (ladder). The 

remaining 92 μl of 2nd step PCR product were purified with 1.8x AMPure XP beads following 

the manufacturers' protocol. DNA was eluted in 25 μl nuclease-free water. After measuring the 

concentrations of the purified samples with the help of the Qubit™ dsDNA HS Assay, samples 

were adjusted to 0.5 nM and pooled. Libraries for sequencing were prepared as described by 

the manufacturer. Pools were denatured, diluted, and mixed with denatured PhiX control 

solution (Illumina Inc.). Finally, 12 pM of the denatured sample libraries and 15% PhiX library 

were loaded onto the cartridge, and the run was started. 

Small ribosomal subunit (SSU) rRNA isolation 
To separate the SSU rRNA from total RNA, six different SSU rRNA extraction methods were 

evaluated.  
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1. Agarose gel extraction 

First, 10 µg denatured total RNA was loaded onto a 1.5% (w/v) agarose gel (pre-stained using 

GelRed). For a size reference, the 1 kB DNA ladder (Thermo Fisher Scientific Inc.) was loaded. 

The gel was run for 40 min at 110 V before illumination on a blue LED light source was 

performed. Then, the SSU rRNA was cut out from the full gel. The agarose gel slab was 

dissolved and cleaned up with a Zymo Gel Recovery Kit (Zymo Research).  

2. Agarose gel squeeze extraction 

Following the same setup of the first separation protocol for the extraction of SSU rRNA from 

total RNA, 10 µg sample were loaded on an agarose gel. Then the gel part, including the SSU 

rRNA, was cut out and instead of recovering the RNA through a kit and column-based clean-

up, the agarose gel piece, including the SSU rRNA, was simply squeezed in between two 

parafilm covered glass slides, and the exited liquid was recovered.  

3. MOPS gel extraction 

3-(N-morpholino)propanesulfonic acid (MOPS) gel electrophoresis is a common method used 

for RNA separation. 1% MOPS agarose gels were prepared using 10 ml 5x MOPS buffer 

(10 mM MgSO4, 0.5 M MOPS, 2.5 M NaCl), 36 ml nuclease-free water, and 0.5 g agarose. 

The mixture was boiled in a microwave, cooled to about 55°C, and then 8.8 ml 37% 

formaldehyde and 1 µl GelRed were added in a fume hood. After the gel was cooled down, 

1 µg denatured total RNA was mixed up with 2x RNA loading dye (Thermo Fisher Scientific 

Inc.) and loaded on the gel. The gel was run at 110 V for 40 min. Bands containing the SSU 

rRNA were cut out and gel extraction was performed using the Zymo Gel Recovery Kit (Zymo 

Research).  

4. PAGE gel breaker extraction 

Denaturing PAGE gels were produced using 6 M urea in a 3.75% PAGE set-up. The sample 

pockets of the PAGE gel were washed with buffer, and the gel was pre-run for 25 min at 140 V. 

Sample wells were washed again twice before the samples were loaded to prevent urea 

accumulation on the bottom of the sample wells. The gel was run for 70 min at 140 V and post-

stained in SYBR Gold nucleic acid gel stain (Thermo Fisher Scientific Inc.). Under illumination, 

the bands were cut out of the gel. For size reference, several markers with different ranges 

were used. 

5. E-Gel electrophoresis 

The E-Gel precast agarose electrophoresis system (Thermo Fisher Scientific Inc.) was used 

in the double-comb format. The denatured total RNA sample was loaded in the top row comb 
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and gel was run until the SSU rRNA reached the bottom row. Then, the SSU rRNA was 

extracted by pipetting the liquid from the lower pocket. 

6. Well-gel electrophoresis 

Based on the E-Gel method, a similar method revolving around a normal agarose gel 

electrophoresis was performed. For this, a normal 50 ml 1.5% (w/v) agarose gel was set up 

and pre-stained using the GelRed pre-stain. Instead of only one comb for loading, two combs 

(an upper and lower comb) were inserted into the gel. Sample loading of up to 10 µg of 

extracted total RNA was performed. The gel tray was not fully covered with running buffer but 

only filled up to half of the gel thickness to enable a later recovery from the lower pocket without 

losing material to the surrounding buffer. Electrophoresis was performed until the SSU rRNA 

reached the lower pocket. The sample was pipetted out and used for further analysis.  

RNA/DNA quality control 
To ensure that the RNA products were of sufficient quality and quantity, RNA samples were 

controlled on a 2100 Bioanalyzer system (Agilent Technologies). Depending on the RNA 

concentration, either the RNA Nano 6000 or Pico 6000 reagent kit (Agilent Technologies) was 

used. 

Direct 16S rRNA sequencing 
For reverse transcription, 120 ng RNA was used. Therefore, the RNA was mixed with 1 µl 

10 mM dNTPs (Sigma), 0.13 µM 785R-primer, and filled up to 15 µl with nuclease-free water. 

Samples were incubated for 5 min at 65°C and then cooled down for at least 1 min on ice. 

Reverse transcription was performed by adding 4 µl SSIV buffer, 1 µl 100 mM DTT, 1 µl 

SUPERase•IN RNase Inhibitor, and 1 µl SuperScript IV reverse transcriptase (Thermo Fisher 

Scientific Inc.). The reaction was performed at 55°C for 10 min followed by incubation at 80°C 

for 10 min. cDNA was amplified by PCR. The 1st-step PCR was performed in 50 µl volumes 

containing 5 µl cDNA product, 1x Phusion HF Buffer, 0.2 mM dNTPs (Sigma), 0.125 µM of 

each 341F-primer and 785R-primer, 0.5625% (v/v) DMSO, and 0.25 µl of Phusion HF II DNA 

polymerase (Thermo Fisher Scientific Inc.). PCR was performed as followed: 98°C for 40 s, 

followed by 15 cycles of 98°C for 20 s, annealing at 55°C for 40 s and 72°C for 40 s followed 

by a final extension step at 72°C for 2 min. Samples were cooled down to 8°C in a final storage 

step.  

To enable multiplexing, barcodes were added in a 2nd-step PCR. For this, a 50 µl PCR was 

prepared using 2 µl of the 1st-step PCR product, 1x Phusion HF Buffer, 0.2 mM dNTPs, 

0.125 µM of each forward and reverse barcode primer, which were designed as previously 

described by Klindworth et al. (2012), 0.25% (v/v) DMSO and 0.5 µl of Phusion HF II DNA 

polymerase. PCR conditions were 98°C for 40 s, 10 cycles of 98°C for 20 s, 55°C for 40 s and 
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72°C for 40 s as well as a final extension step at 72°C for 2 min. Final amplicons were 

validated, cleaned-up, normalized, pooled, and sequenced as described for the DNA standard 

method under 16S rRNA gene sequencing.  

Sequencing data analysis  
Data were analyzed as previously described (Lagkouvardos et al., 2015). In brief, raw 

sequence reads were processed using IMNGS (Lagkouvardos et al., 2016), an in-house-

developed pipeline based on UPARSE (Edgar, 2013). Parameters were used as default 

settings were set. Further analyses were performed in Rhea (Lagkouvardos et al., 2017).  

 

2.1.4 Results 

Evaluation of preservation buffers and storage solutions for nucleic acid extraction 
from stool  
DNA and RNA yields and qualities differed between the different stabilizing buffers at different 

time points (Fig 2.1.1A). Samples stored in DNA stool stabilizer (DS) showed weaker RNA 

extraction potential and more degradation than samples stored in RNAlater (RL) or self-made 

stool stabilizer (SStab). RNA extracted from DS samples, stored for longer than two days, was 

prone to be degraded (Fig 2.1.1B). DNA yields were generally the highest for DNA extracted 

from samples stored in DS (except stored one week at RT) but were comparable in quality to 

those extracted from RL or SStab (Fig 2.1.1C). RNA yields, however, did not show a general 

trend in terms of higher concentrations based on a certain stabilizing agent (Fig 2.1.1D). 
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Figure 2.1.1: Three different stabilizing agents were compared, the commercially available DNA 
stabilizer (DS), RNAlater (RS), and the self-made stool stabilizer (SStab). DNA and RNA extraction were 
performed after storing fecal samples for a different time period at different temperatures (A). RNA and 
DNA extraction was successful for most samples (marked with a green hook, symbolizing effective) 
besides RNA extraction of stool samples stored in DS (marked with a red cross for fail) for longer than 
two days (B). Mean concentration of DNA (C) and RNA (D) in the respective tested conditions. For every 
condition, three biological replicates were tested, error bars represent the variation of the replicates.  
 

In a further experiment, it was assessed whether 16S rRNA gene sequencing profiles 

generated from the same human donor samples, either stored in DS or SStab, produced 

comparable results. As distances in the non-metric multi-dimensional scaling (NMDS) plot 

were shown to be small (Fig 2.1.2A) and clustering was due to sample origin and not stabilizing 

solution, when analyzing the phylogenetic tree (Fig 2.1.2B), comparability of the stabilizing 
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agents was given. Here it should be noticed that samples which were prviously stored (2 days, 

-20°C) were used.  

 
Figure 2.1.2: Beta-diversity analysis of human samples either stored in DS or SStab. NMDS plot 
calculated from the generalized UniFrac dissimilarity matrix (A) and hierarchical clustering of the 
samples in a phylogenetic tree (B) show that clustering is due to sampling origin (human donor) and not 
due to stabilizing agent used.  
 

Improving total RNA and SSU rRNA extraction 
For the extraction of total RNA, the performance of a previously described protocol using a 

phenol-chloroform-based (P/C) method (Zoetendal et al., 2006) was compared to using a 

commercially available kit system (Zymo Quick-RNA Fecal/Soil Microbe Microprep Kit). 

Overall, the kit-based approach performed superior as a lower degree of degradation was 

observed in the kit-based electropherogram (Fig 2.1.3). Moreover, the rRNA ratio of 16S/23S, 

which should ideally be ≥ 2, was drastically decreased in the P/C based method compared to 

the kit-based extraction, which could also be observed in small 23S rRNA bands at the agarose 

gel loaded with RNA extracted using the P/C based method (Fig 2.1.3A). Thus, even though 

the P/C-based method is cheap, kit-based methods are preferred as those do not lead to partly 

degraded total RNA.  
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Figure 2.1.3: Agarose gel electrophoresis and electropherograms of total RNAs isolated either using a 
phenol-chloroform-based method (A) or the Zymo Quick-RNA Fecal/Soil Microbe Microprep Kit (B).  
 

In the next step, it was investigated how SSU rRNA could be extracted from total RNA 

efficiently. Six different extraction protocols were tested and compared (see section SSU rRNA 

isolation in the method section of this part for further details). Except for the MOPS extraction 

method, for all other five methods, SSU rRNA could be successfully extracted and verified 

using a Bioanalyzer (Fig 2.1.4). Using either the squeeze or PAGE extraction, for most 

samples SSU rRNA could be gained and detected. Nevertheless, also the E-gel or Well-gel 

extraction led to good results. Using the agarose extraction protocol, only smaller amounts of 

SSU rRNA could be satisfactorily be shown.  
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Figure 2.1.4: Agarose gel electrophoresis and electropherograms of SSU rRNAs isolated by six different 
extraction approaches: agarose extraction (A), squeeze extraction (B), MOPS extraction (C), PAGE 
extraction (D), E-gel extraction (E) and Well-extraction (F). Besides the MOPS extraction, all extractions 
methods allowed to successfully isolate clean SSU rRNA. The red oval in the gels marks the SSU rRNA 
band.  
 

16S rRNA gene versus direct-16S rRNA sequencing  
The use of DNA or RNA as a starting molecule for amplicon sequencing was investigated next. 

Amplicons using both nucleic acid types (DNA/RNA) as starting molecules were prepared. In 

general, it must be noticed that the use of RNA instead of DNA for amplicon sequencing of the 

16S rRNA changed the analysis outcome due to resulting differences in the taxonomical 

profiles and absolute abundances of the detected taxa. At the DNA level, the presence or 

absence of different taxa can be determined, whereas, on RNA level, conclusions about the 

metabolic active taxa are possible. DNA-based rRNA gene sequencing resulted on average in 

33,051 reads per sample, whereas the read count was on average lower for the direct rRNA 

sequencing with 21,350 reads (Tab 2.1.1). For the DNA-based approach, a mean of 145 OTUs 

per sample was found, and for the direct rRNA approach, on average, 132 OTUs. The β-

diversity revealed that using RNA or DNA as a starting molecule leads to significant differences 
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in the sample composition (Fig 2.1.5A). The hierarchical clustering tree shows that only one of 

the ten tested samples clustered by sample origin and not by processing methodology 

(Fig 2.1.5B). This indicates that the results of those two different sequencing strategies cannot 

not directly be compared.  

 
Table 2.1.1: Number of sequences per sample after every processing step in the IMNGS pipeline.  

Method Sample_ID Demultiplexing Merging EE- 
filtering 

Chimeras- 
Artifacts 

OTU 
Abundance filter 

di
re

ct
 rR

N
A 

R109 18,153 14,027 14,026 9,553 9,210 
R136 19,430 15,173 15,171 10,252 10,053 
R139 20,181 15,520 15,519 9,762 9,463 
R141 27,662 17,043 17,038 15,790 15,002 
R144 19,503 15,771 15,770 11,419 11,211 
R146 18,068 14,432 14,428 9,591 9,297 
R147 19,866 15,656 15,654 10,552 10,301 
R148 21,906 17,475 17,472 12,424 11,800 
R149 23,229 18,319 18,316 10,939 10,271 
R151 25,500 20,044 20,041 12,222 11,528 

rR
N

A 
ge

ne
 

D109 37,179 27,971 27,969 25,687 24,694 
D136 35,456 25,748 25,748 23,062 22,214 
D139 36,246 26,646 26,644 24,783 24,365 
D141 29,063 20,912 20,912 18,824 17,860 
D144 34,875 25,431 25,427 24,193 23,918 
D146 30,341 21,357 21,357 19,623 18,753 
D147 29,503 21,376 21,373 19,231 18,711 
D148 34,518 25,099 25,098 22,975 21,949 
D149 38,050 27,894 27,894 25,616 24,473 
D151 25,282 18,279 18,276 16,931 15,809 

 

 
Figure 2.1.5: β-diversity reveals that using RNA or DNA as a starting molecule leads to significant 
differences in the analysis result (A). The hierarchical clustering tree shows that only one of the ten 
tested samples clustered by sample origin and not by processing methodology (B).   
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Phylogenetic analysis at the family level was performed for two of the tested samples. It was 

checked whether normalization by 16S-gene copy number affects the trend that direct rRNA 

sequenced samples (i.e., starting from RNA) differ in their composition compared to the rRNA 

gene sequenced samples (i.e., starting from DNA). Interestingly, it was shown that 

normalization for copy number of genes present in each genome did not affect the general 

trend (Fig 2.1.6A).  

 
Figure 2.1.6: Normalization by 16S copy number shows no distinct shift in the microbial composition 
analysis. Direct rRNA samples differ in their composition compared to the rRNA gene sequenced 
samples. Normalization for copy number does not affect this trend (A). Phylogenetic distribution at phyla 
level of bacterial composition analyzed by rRNA gene copy (D-samples) or direct rRNA sequencing (R-
samples) of selected samples (B).  
 

Already, at the phylum level, differences in the phylogenetic distribution are observable 

(Fig 2.1.6B). Moreover, it was detected that especially the Firmicutes/Bacteroides (F/B) ratio 

is influenced by targeting either RNA or DNA. In general, F/B ratios are much higher for direct 

rRNA samples due to an increased proportion detected as Bacteroidetes (Tab 2.1.2). 
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2.1.5 Discussion 

Evaluation of preservation buffers and storage solutions for RNA and DNA extraction 
from stool samples  
In the last couple of years, studies investigating the human gut microbiome increased not only 

in total numbers but also in the size of participants (Chen et al., 2020). Usually, samples are 

either taken at a hospital or study center or at home. If samples are taken at home, 

transportation to the study facility must be performed, and control over the storage conditions 

during transport is at best limited. Here, stabilizing agents, allowing samples to be transported 

at ambient temperature, increased in their demand and interest. Nonetheless, to our 

knowledge, it was not systematically tested before if the stabilizing buffers used were able to 

stabilize both RNA and DNA within human stool samples. Thus, the effect of different 

preservation buffers was tested on stabilizing DNAs and RNAs originating from human fecal 

samples under different environmental conditions. It was found that RL and the self-made 

SStab showed a better stabilizing potential than the commercial DNA stool stabilizer for 

stabilizing RNA. DNA extraction from samples stored in the different tested buffers resulted in 

similar quality and quantity of the extracted gDNA product. However, stability was only tested 

and valued based on overall yields and evident stability of the RNA and DNA (based on 

agarose gel visualization). Thus, no conclusion about the stabilizing potential of the initial 

sample composition could be made. Nevertheless, comparing our results to published data 

(Camacho-Sanchez et al., 2013, Menke et al., 2017), self-made stabilizing solutions seem to 

be good alternatives to expensive commercially available stabilizing reagents. This was further 

supported by 16S rRNA gene sequencing comparing human samples either stored in SStab 

or DS. Here, fecal samples from the same individual highly correlated regardless of the 

stabilizing agent used. But, one has to notice that if no preservation is needed, e.g., when 

samples can be directly processed or immediate freezing is possible, samples should be stored 

without buffer to enable also further experimental procedures such as cell-counting using flow 

cytometry, metabolome or proteome-analysis (Gorokhova, 2005, Hickl et al., 2019). Also, 

multiple freezing and thawing cycles should be avoided, especially to guarantee RNA stability 

(Fouhy et al., 2015b, Yu et al., 2017). So, storing the samples in smaller sample volumes, e.g., 

in 600 µl portions, would be best.  

Before storing, accurate mixing of the sample must be performed to enable full 

homogenization, which is important to allow the most efficient stabilizing effects. Only under 

these requirements, accuracy and efficiency of the stabilizing reagent can be assured.  
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Table 2.1.2: Percental distribution of samples at phylum-level either prepared as DNA (D-samples) or direct rRNA (R-samples) amplicons. 
 R109 D109 R136 D136 R139 D139 R141 D141 R144 D144 R146 D146 R147 D147 R148 D148 R149 D149 R151 D151 

Actinobacteria 36.12 4.60 26.45 2.61 14.12 1.48 10.87 1.02 0.11 0.00 19.44 1.01 38.50 5.36 16.82 2.36 24.26 1.06 20.44 2.52 

Bacteroidetes 11.20 46.87 7.54 37.39 3.99 33.77 1.88 22.67 8.31 20.78 3.30 21.27 3.23 30.79 4.75 32.27 4.35 51.86 7.70 47.42 

Firmicutes 47.51 45.18 63.24 54.33 74.69 61.75 78.52 69.53 89.45 76.87 73.22 66.00 52.39 50.98 74.03 62.26 69.57 40.51 68.94 43.87 

Lentisphaerae 0.00 0.00 0.08 0.01 0.02 0.01 0.14 0.08 0.00 0.00 0.02 0.01 0.21 0.06 0.61 0.08 0.00 0.00 0.00 0.01 

Proteobacteria 4.94 2.91 2.64 5.61 6.94 2.27 3.91 5.67 2.10 2.33 3.45 3.07 5.37 9.87 3.64 2.15 1.58 4.31 2.03 4.44 

Tenericutes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.31 5.89 0.19 2.90 0.00 0.00 0.00 0.00 0.00 0.00 

Verrucomicrobia 0.00 0.41 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.05 0.00 0.00 0.04 0.44 0.00 0.36 0.27 0.32 

unknown_Bacteria 0.23 0.04 0.05 0.05 0.24 0.71 4.69 1.02 0.03 0.00 0.25 2.69 0.11 0.03 0.10 0.43 0.24 1.90 0.62 1.43 

F/B ratio 4.24 0.96 8.39 1.45 18.72 1.83 41.77 3.07 10.76 3.70 22.19 3.10 16.22 1.66 15.59 1.93 15.99 0.78 8.95 0.93 
 



Results 

39 

Improving total RNA and SSU rRNA extraction 
Even though several publications comparing DNA extraction methods from stool exist (e.g., 

Claassen et al., 2013, Fiedorová et al., 2019, Gryp et al., 2020, Videnska et al., 2019, Yang et 

al., 2020), we could not find a recent publication, comparing RNA extraction kits for human 

stool samples. Therefore, we tested whether the established protocol by Zoetendal et al. 

(2006) or the Zymo Quick RNA isolation kit for stool samples performed superior when 

compared to each other. We found that the kit-based approach outperformed the phenol-

chloroform-based approach of Zoetendal et al. in terms of quantity and purity. Nevertheless, it 

should be noticed that the kit-based system did not recover small RNAs very well and might, 

therefore, not be suitable for metatranslatomic or metatranscriptomic approaches targeting 

those.  

Further, several different methods for the isolation of the SSU rRNA were intensively tested on 

their possibility to segregate the SSU easily, quickly, and reliably from total RNAs. Out of the 

tested methods, a few were found functional possibilities, with PAGE extraction performing 

overall best and E- and Well-gel extraction performing well. Quality control using capillary gel 

electrophoresis measures, e.g., the Bioanalyzer RNA Kits, are essential, since only when using 

those, the quantity and quality of the extracted SSU rRNA could be reliably determined without 

losing too much of the samples.  

 

RNA versus DNA 16S rRNA sequencing approaches  
Generally, direct RNA and rRNA gene sequencing approaches as such are not comparable. 

While rRNA gene sequencing is representing the microbial abundance due to rRNA gene 

numbers, with some deviation due to the ribosomal operon numbers within each genome 

present in the sample, direct rRNA sequencing is more an indicator of current microbial activity 

(Blazewicz et al., 2013, Rosselli et al., 2016). Even though it has been shown that some 

limitations for the use of rRNA as an indicator of microbial activity exist (Blazewicz et al., 2013), 

other studies showed that using direct rRNA approaches could drastically expanse our 

knowledge about the active microorganisms within a given community (Kamke et al., 2010, 

Rosselli et al., 2016). Here, we showed that using rRNA gene or direct rRNA sequencing 

influences the microbial composition analysis, already on the phyla level. Interestingly, it could 

be shown that the F/B ratio is dramatically different when comparing rRNA gene sequencing 

and direct rRNA sequencing. This might be interesting for a lot of nutritional and health studies, 

as the F/B ratio is known to be correlated with obesity and other diseases (Koliada et al., 2017, 

Ley et al., 2006). Further investigation, e.g., supported by a nutritional intervention study might 

be conducted to confirm that hypothesis. 
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2.1.6 Conclusion 

Here we demonstrated that it is of great importance to test and document the conditions in 

which samples were stored and/or processed. We found that self-made stabilizer (SStab) is 

ideal to store samples. Further, samples should be stored as cold as possible (≤ -80°C) for the 

long term. If further analyses, such as proteomic or metabolomic approaches are under 

consideration, native samples (samples stored without preservation buffer) should be collected 

as well. Here, flash freezing in liquid nitrogen (and storage therein) is possibly the best, 

however, this was not tested in the current study. RNA extraction for SSU rRNA gene 

sequencing using the Zymo extraction kit worked very well, as RNA extracted by this approach 

was stable and clean and not even partially degraded in contrast to phenol-chloroform-based 

methods. Next, SSU rRNA should be extracted from total RNA using PAGE extraction. In 

general, 16S rRNA gene sequencing should be performed with DNA as a starting material 

when the microbiota is the subject of analysis, while direct 16S rRNA sequencing can be 

applied to gain information about active organisms.  
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2.2 Primer, pipeline, parameters: Issues in 16S rRNA gene sequencing  

Summary  

The procedures for performing and analyzing 16S rRNA gene sequencing are still not 

standardized. Therefore, we used three different mock communities of increasing complexity 

and 33 human fecal samples to study the effects of different primer pairs, reference databases, 

clustering approaches, and specific settings of parameters used in the bioinformatical analysis 

on the resulting taxonomic profiles.  

Concerning the primers, we evaluated which primer pair is most suitable for the analysis of 

human stool samples out of six commonly used primer pairs, spanning different V-regions. We 

found that either primer pair 341F/785R, spanning the V3-V4 region, or 27F/338R, spanning 

the V1-V2 regions, should be used, as those produced when using mock communities, the 

most comparable results to the expected proportions of the included bacteria.  

Next, we evaluated which reference database would be most suitable to use. Here we found 

that either Silva or RDP should be used for further analysis. GreenGenes was found to be 

outdated, and therefore, we strongly recommend avoiding this database.  

We further evaluated whether the use of different clustering approaches such as the standard 

OTU approach or clustering approaches which include denoising steps (ASVs or zOTUs) 

affected the resulting taxonomical profiles severely. Here we found out that clustering was 

improved by using denoising approaches (ASVs or zOTUs), but generally, differences were 

minor compared to the biological differences produced due to targeting different V-regions or 

the use of different primer pairs.  

In the last step, we checked whether the use of different pipeline settings drastically influenced 

resulting taxonomic profiles. Concerning that, we could show that the setting for truncation is 

an important parameter. When targeting V4, the truncation should be set to 250 bp and 180 bp 

for forward and reverse reads, respectively. However, we found that different settings do not 

affect the resulting taxonomical profiles severely. Nevertheless, every pipeline setting should 

be listed and described in publications to evaluate and assess possible biasing factors when 

comparing different datasets.  

Generally, we recommend creating specific and sufficiently complex mock communities to test 

the desired study design and to check for possible biasing or influencing factors that could 

occur during amplicon generation and downstream sequence analysis steps.  

Complex mock communities are of importance as we could show that less complex mock 

communities do not reflect complex samples and thus do not show possible problematic 

features or biases that would occur when targeting complex samples.  
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Supplement 

Figure S2.2.1: Positions of primers mapped onto the Escherichia coli 16S rRNA gene. Graphic designed 
using SnapGene software (from GSL Biotech).  
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Figure S2.2.2: Human samples at genus level, using GG (A), RDP (B), Silva (C), GRD (D), and LTP (E) 
as reference databases. The primer pairs span the following V-regions: 27F-338R, V1-V2; 27F-534R, 
V1-V3; 341F-785R, V3-V4; 515F-806R, V4; 515F-944R, V4-V5; 939F-1378R, V6-V8; and 1115F-
1492R, V7-V9. 
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Figure S2.2.3: Comparison of Zymo (A), ZIEL-I (B), and ZIEL-II (C) mock sequenced over different V-
regions, processed using different databases as references (GG, GreenGenes; RDP, Ribosomal 
Database Project; GRD, genomic-based 16S ribosomal RNA database; LTP, The All-Species Living 
Tree Project). The primer pairs span the following V-regions: 27F-338R, V1-V2; 27F-534R, V1-V3; 
341F-785R, V3-V4; 515F-806R, V4; 515F-944R, V4-V5; 939F-1378R, V6-V8; and 1115F-1492R, V7-
V9.   
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Table S2.2.1: Culture conditions of bacterial strains used for the ZIEL mock communities. 
Mock-

community 
Name Aerobe/ 

anaerobe 
Temperature (°C) Cultivation media 

ZI
EL

-I-
m

oc
k 

Actinomyces bowdenii aerobe 37 TSA/TSB 
Enterorhabdus mucosicola anaerobe 37 WCA 
Cellulosimicrobium cellulans anaerobe 37 WCA 
Bacteroides sartorii anaerobe 37 WCA 
Alistipes sp. anaerobe 37 WCA 
Bacillus subtilis aerobe 37 TSA/TSB 
Parabacteroides goldsteinii anaerobe 37 WCA 
Flavonifractor plautii anaerobe 37 WCA 
Clostridium ramosum anaerobe 37 WCA 
Enterococcus hirae aerobe 37 TSA/TSB 
Acetatifactor muris anaerobe 37 WCA 
Staphylococcus warneri aerobe 37 TSA/TSB 
Pseudomonas sp. aerobe 37 TSA/TSB 

ZI
EL

-II
- m

oc
k 

Prevotella copri anaerobe 37 WCA 
Collinsella aerofaciens anaerobe 37 WCA 
Atopobium parvulum anaerobe 37 PYG 
Eggerthella lenta anaerobe 37 NB / WCA 
Bifidobacterium longum anaerobe 37 WCA 
Clostridium ramosum anaerobe 37 WCA 
Staphylococcus aureus aerobe 37 TSA/TSB 
Klebsiella pneumoniae aerobe 28 TSA/TSB 
Escherichia coli LF82 anaerobe 37 WCA 
Shigella flexneri aerobe 37 NB / TSA 
Oscillibacter valericigenes anaerobe 30 PYG 
Akkermansia muciniphila anaerobe 37 Schaedler 
Ruminococcus gnavus anaerobe 37 WCA 
Bacteroides vulgatus anaerobe 37 WCA 
Pseudomonas aeruginosa aerobe 37 TSA/TSB 
Citrobacter freundii aerobe 37 TSA/TSB 
Enterobacter cloacae aerobe 28 TSA/TSB 
Listeria welshimeri aerobe 37 TSA/TSB 
Microbacterium flavum aerobe 28 TSA/TSB 
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Table S2.2.2: In silico evaluation for used primers.  
 Coverage of Kingdom Coverage of Phyla 

V-Region Primer Bacteria [%] Actinobacteria [%] Bacteroidetes [%] Firmicutes [%] Proteobacteria [%] Verrucomicrobia [%] 
V1-V2 27F-338R 75.9 76 83.6 80.4 81.8 1.2 
V1-V3 27F-534R 73.8 69 82.8 78.6 80.7 76.1 
V3-V4 341F-785R 82.8 78.1 88.2 83.7 85.5 83.3 

V4 515F-806R 82.9 78.2 86.8 84.4 86.1 76.4 
V4-V5 515F-944R 48.8 3.7 41.4 60.5 66.6 3.1 
V6-V8 939F-1378R 44.6 56.6 50.5 32.2 53 21.2 
V7-V9 1115F-1492R 23.1 52.6 0.9 25.7 29.2 6.2 

 

  

https://www.arb-silva.de/browser/ssu-138.1/silva-ref-nr/testprime/888273/#n1507518
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Table S2.2.3: Overview of numbers and percentages of retained reads after each processing step while generating ASVs. 
ZIEL-I mock community 

 
Human dataset 

Forward 
read 

length 
(bp) 

Reverse 
read 

length 
(bp) 

% of 
input 

passing 
filter 

% of 
input 
de-

noised 

% of input 
merged 

(retained 
reads) 

number of 
features 
(ASVs) 

number of 
mismatches 

(BLAST 
mismatch) 

 
Forward 

read 
length 
(bp) 

Reverse 
read 

length 
(bp) 

% of 
input 

passing 
filter 

% of 
input 
de-

noised 

% of input 
merged 

(retained 
reads) 

number of 
features 
(ASVs) 

250 180 90.3 90.0 89.5 20 1 
 

250 180 90.6 90.0 89.2 1418 
250 190 89.3 89.1 88.5 20 1 

 
250 190 89.9 89.3 88.6 1418 

250 200 88.3 88.1 87.5 20 1 
 

250 200 89.0 88.4 87.8 1451 
250 210 85.7 85.4 85.0 19 0 

 
250 210 86.6 86.0 85.3 1427 

250 220 83.4 83.2 82.7 19 0 
 

250 220 84.8 84.2 83.4 1398 
250 230 80.3 80.1 79.6 19 0 

 
250 230 81.4 80.8 79.8 1352 

250 240 74.9 74.6 74.3 19 0 
 

250 240 75.6 75.0 73.8 1295 
250 250 68.4 68.2 68.1 19 0 

 
250 250 68.6 68.1 66.9 1219 

260 180 89.2 89.0 88.5 13 1 
 

260 180 89.2 88.2 86.9 1759 
260 190 88.4 88.2 87.7 14 1 

 
260 190 88.6 87.7 86.3 1774 

260 200 87.5 87.3 86.8 15 1 
 

260 200 87.9 86.9 85.6 1796 
260 210 85.1 84.9 84.4 13 0 

 
260 210 85.7 84.8 83.5 1773 

260 220 82.9 82.7 82.3 13 0 
 

260 220 84.1 83.1 81.9 1743 
260 230 80.0 79.8 79.4 13 0 

 
260 230 80.9 80.0 78.8 1704 

260 240 74.7 74.5 74.1 14 0 
 

260 240 75.2 74.4 73.3 1634 
260 250 68.3 68.1 68.0 13 0 

 
260 250 68.4 67.6 66.6 1567 

270 180 87.7 87.3 85.2 11 1 
 

270 180 87.3 84.5 79.0 2363 
270 190 87.1 86.6 84.5 10 1 

 
270 190 86.8 84.1 78.6 2347 

270 200 86.3 85.9 83.7 10 1 
 

270 200 86.2 83.5 77.5 2352 
270 210 84.2 83.8 81.5 13 0 

 
270 210 84.4 81.7 75.9 2341 

270 220 82.2 81.8 79.6 14 0 
 

270 220 82.9 80.2 74.5 2306 
270 230 79.5 79.0 76.9 15 0 

 
270 230 80.0 77.4 72.0 2279 

270 240 74.3 73.8 71.7 12 0 
 

270 240 74.7 72.1 67.0 2186 
270 250 68.1 67.8 66.0 11 0 

 
270 250 68.1 65.6 60.8 2132 

280 180 85.2 84.8 82.7 11 0 
 

280 180 83.9 81.1 75.2 2231 
280 190 84.7 84.2 81.9 10 0 

 
280 190 83.5 80.8 74.9 2218 

280 200 84.1 83.6 81.4 11 0 
 

280 200 83.1 80.4 74.0 2226 
280 210 82.3 81.9 79.5 13 0 

 
280 210 81.7 79.0 72.8 2228 

280 220 80.7 80.2 77.8 15 0 
 

280 220 80.6 77.9 71.7 2206 
280 230 78.3 77.8 75.4 11 0 

 
280 230 78.1 75.5 69.6 2181 

280 240 73.5 73.1 70.8 12 0 
 

280 240 73.4 70.8 65.1 2117 
280 250 67.6 67.0 65.1 13 0 

 
280 250 67.3 64.8 59.5 2057 
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Table S2.2.4: Comparison of difference to expected theoretical values of the ZIEL-I mock community. In green, lowest difference from ideal amount in mock. 

 
  

 
 

27F-338R 
(V1-V2) 

27F-534R 
(V1-V3) 

341F-785R 
(V3-V4) 

515F-806R 
(V4) 

515F-944R 
(V4-V5) 

939F-1378R 
(V6-V8) 

1115F-1492R 
(V7-V9) 

 ASV zOTU OTU ASV zOTU OTU ASV zOTU OTU ASV zOTU OTU ASV zOTU OTU ASV zOTU OTU ASV zOTU OTU 
Acetatifactor 1.25 1.12 1.45 0.32 1.15 1.39 0.93 1.14 1.22 1.47 1.63 1.76 -2.82 -2.57 -2.05 2.18 2.32 2.19 0.73 0.71 0.83 
Actinomyces 1.71 1.78 1.90 1.22 1.72 1.91 1.93 2.33 2.93 2.28 2.48 2.92 6.30 6.30 6.30 1.77 2.05 2.27 4.51 4.77 4.91 
Alistipes -2.07 -1.93 -1.80 -3.52 -2.15 -1.97 -2.56 -2.84 -3.30 -1.78 -1.90 -2.13 3.50 3.50 3.49 -1.55 -1.33 -0.98 -0.19 -0.11 -0.06 
Bacillus -0.22 -0.05 2.46 0.14 0.65 0.75 0.25 0.25 0.38 14.00 0.15 0.12 -6.61 -6.80 -6.80 -1.43 -1.35 -1.18 -3.04 -3.35 -3.25 
unknown_ Bacillales 0.00 0.00 -2.33 0.00 0.00 0.00 0.00 0.00 0.00 -13.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -1.06 0.00 0.00 -0.02 
Bacteroides 0.05 -1.05 -1.33 -1.31 -1.30 -1.18 -1.99 -2.55 -3.16 -1.43 -1.65 -2.13 8.50 8.50 8.47 -2.16 -1.90 -1.58 -0.59 0.01 0.14 
Cellulosimicrobium 2.23 2.21 2.25 1.63 1.91 2.04 1.43 5.10 1.64 1.22 1.32 1.44 5.10 5.10 5.10 1.62 5.10 1.89 2.46 5.10 3.01 
Clostridium XVIII 3.84 4.47 4.30 4.58 5.99 5.58 9.35 9.51 9.52 10.35 10.26 10.12 0.54 1.00 0.63 6.53 6.77 6.57 3.28 3.65 3.72 
Enterococcus 2.16 2.25 2.22 13.30 3.79 3.80 2.68 2.85 2.73 2.45 2.30 2.10 -3.68 13.30 -3.95 1.84 1.60 1.18 0.43 -0.25 -0.64 
Enterorhabdus -0.63 -0.98 -0.67 -0.93 -1.34 -0.71 -2.37 -0.67 -0.04 -5.07 -4.96 -4.34 4.04 4.05 4.08 -2.39 -2.36 -1.95 2.73 3.08 3.28 
Flavonifractor 3.42 3.44 3.37 3.05 3.66 3.20 2.78 2.88 2.94 3.15 3.21 3.15 6.80 6.76 6.76 3.46 3.70 3.90 2.52 3.20 3.55 
Parabacteroides -3.55 -3.20 -3.38 -4.74 -3.13 -3.13 -4.17 -4.47 -5.04 -3.86 -4.02 -4.44 3.00 3.00 2.99 -4.41 -5.81 -5.41 -2.80 -3.89 -4.12 
Pseudomonas -2.50 -2.48 -2.23 -6.23 -3.59 -3.70 -4.51 -3.68 -3.41 -3.97 -3.65 -3.48 -9.62 -8.60 -8.01 4.10 -4.09 -4.19 -4.00 -3.85 -3.74 
unknown Pseudomonadaceae 0.00 0.00 -0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -8.47 0.00 0.00 0.00 0.00 0.00 
Staphylococcus -5.77 -5.60 -6.00 -7.59 -7.40 -8.07 -3.87 -6.30 -6.51 -5.09 -5.25 -5.18 -15.15 -16.40 -17.11 -1.18 -1.45 -1.76 -6.15 -7.05 -7.71 
unassigned 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -3.61 0.00 0.00 0.00 0.00 0.00 -17.15 0.00 0.00 -3.31 0.00 0.00 -2.12 0.00 
other 0.00 -0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.07 0.00 0.00 0.00 0.00 0.00 -0.02 0.00 
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Table S2.2.5: Bacterial taxa at genus level influenced by primer-choice and reference database. +, <5% difference from reference (shaded green); ○, 5 to 25% 
difference from the reference (shaded white); −, >25% difference from the reference (shaded light brown); ×, not detected at genus level (shaded dark brown). 
In yellow are bacterial genera present in more than one mock community. The primer pairs span the following V-regions: 27F-338R, V1-V2; 27F-534R, V1-V3; 
341F-785R, V3-V4; 515F-806R, V4; 515F-944R, V4-V5; 939F-1378R, V6-V8; and 1115F-1492R, V7-V9. 
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2.3 How low can we go? Implementation of ddPCR allows amplicon sequencing 
of ultra-low amounts of gDNA from low biomass samples  

Drafted manuscript, in submission 

2.3.1 Abstract 

Background: One limiting factor of short amplicon 16S rRNA gene sequencing approaches is 

the use of low gDNA amounts in the amplicon generation step. Especially for low-biomass 

samples, insufficient or even commonly undetectable DNA amounts can limit or even prohibit 

further analysis in standard protocols.  

Results: Using a newly established protocol, very low gDNA input amounts were found 

sufficient for reliable detection of bacteria using 16S rRNA sequencing compared to standard 

protocols. The improved protocol includes an optimized amplification strategy by using a digital 

droplet PCR. We demonstrate how PCR products are generated even when using ultra-low 

concentrated gDNA, unable to be detected by using a Qubit. Importantly, the use of different 

16S rRNA gene primers had a greater effect on the resulting taxonomical profiles, compared 

to using high or very low gDNA amounts.  

Conclusion: Our improved protocol takes advantage of ddPCR and allows faithful amplification 

even of very low amounts of template. With this, samples of low bacterial biomass become 

comparable to those with high amounts of bacteria. Besides, it is imperative to state gDNA 

concentrations and volumes used and to include negative controls indicating possible shifts in 

taxonomical profiles. Despite this, results produced by using different primer pairs cannot be 

easily compared. 

 

Keywords: ddPCR, ultra-low gDNA amounts, low-biomass samples, 16S rRNA gene 

sequencing 

 

2.3.2 Background 

In 1985, the 16S rRNA gene was described for the first time as a molecular tool for identifying 

microbes that were previously shown to be unculturable (Lane et al., 1985). This ubiquitous 

bacterial gene possesses special features containing conserved regions that enable primer 

binding and thus amplification, as well as hypervariable regions allowing phylogenetic 

differentiation. Thus, sequencing of the 16S rRNA gene is the current method of choice to 

analyze taxonomical profiles of mixed bacterial communities (Bukin et al., 2019, Vos et al., 

2012). An often applied, easy, time- and cost-efficient method nowadays is short-amplicon 

sequencing using second-generation sequencers such as the Illumina MiSeq. Several factors 
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affecting 16S rRNA gene sequencing results have been widely studied. Some of those are 

sampling and sample storage (Choo et al., 2015, Flores et al., 2015, Ma et al., 2020, Penington 

et al., 2018), the use of different variable regions or primers (Abellan-Schneyder et al., 2021a, 

Fouhy et al., 2016, Klindworth et al., 2012, Thijs et al., 2017, Tremblay et al., 2015), sequence 

processing including the use of different denoising approaches, reference databases, and 

downstream analysis pipelines (Almeida et al., 2018, De Filippis et al., 2018, Marizzoni et al., 

2020, Nearing et al., 2018, Park and Won, 2018, Sierra et al., 2020).  

In addition to the above, it was previously shown that the extracted genomic DNA (gDNA) can 

impact 16S rRNA analysis in two ways. Firstly, the use of different extraction methods or 

protocols influences the composition of a given sample (Fiedorová et al., 2019, Hart et al., 

2015, Lim et al., 2018, Wagner Mackenzie et al., 2015, Wesolowska-Andersen et al., 2014). 

More precisely, easy to lyse Gram-negative bacteria are favored by several extraction methods 

compared to hard to lyse Gram-positive bacteria (Costea et al., 2017, McOrist et al., 2002, 

Santiago et al., 2014). Secondly, the gDNA concentration used for amplicon generation can 

influence the resulting taxonomical profiles (Multinu et al., 2018). This becomes even more 

critical when low biomass samples are analyzed, because contaminations of those samples 

would more likely affect the resulting taxonomical profiles and, thus, could lead to misleading 

study results (Dahlberg et al., 2019, Glassing et al., 2016, Salter et al., 2014). Lowering input 

amounts for 16S rRNA gene sequencing approaches are of particular interest for researchers 

investigating, e.g., the lower respiratory tract, preterm child microbiomes, stool samples of 

patients treated with antibiotics, milk samples, or any other sample type which is considered 

to be of low bacterial biomass (Claassen-Weitz et al., 2020, Davis et al., 2019, Douglas et al., 

2020, Saladié et al., 2020, Stinson et al., 2019). Only very few studies tried to find minimum 

input amounts that are needed to produce reliable results. Brandt & Albertsen (2018) defined 

a detection limit for bacteria in drinking water. They showed that if the bacterial input is 101 

cells/ml or smaller, several contaminating Operational Taxonomic Units (OTUs) appeared, and 

thus, sample outcomes could not be counted as reliable data. Multinu et al. (2018) reported 

that a minimum concentration of 40 pg/µl and an ideal concentration of >200 pg/µl produce 

reliable 16S rRNA gene profiles of human stool samples. Velásquez-Mejía et al. (2018) 

showed that they needed at least 2 mg of fecal sample to extract sufficient gDNA for 16S rRNA 

gene sequencing and the lowest successful amount of gDNA used was 500 pg/µl in their study. 

Here, we wanted to assess whether we could decrease the minimum input amount of gDNA 

needed for reliable 16S rRNA gene sequencing of human stool samples even further. As a 

comparison, input amounts of 1-100 ng of gDNA are commonly used for PCRs designated to 

perform later 16S rRNA gene sequencing. Illumina suggests using 12.5 ng total gDNA input 

for a first step PCR (Illumina Inc., 16S Metagenomic Sequencing Library Preparation, Part 

#15044223 Rev.B). In our lab, we use 12 ng total gDNA in our standard 16S rRNA gene 
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sequencing approaches (Reitmeier et al., 2020). To enable the use of lower input amounts, 

we used a digital droplet PCR (ddPCR) approach followed by standard short amplicon 16S 

rRNA gene sequencing.  

Common PCRs take place in larger reaction volumes between about 20-50 µl. An 

advancement is the ddPCR, which splits the larger volume into about 20,000 droplets, in which 

independent reactions occur within each droplet. Dividing the PCR volume into thousands of 

droplets has certain advantages: ddPCR was shown to be less sensitive to inhibitors (Dreo et 

al., 2014) and was able to allow for selective, and reproducible detection of rare alleles and 

the absolute quantification of targeted gene copy numbers (Hindson et al., 2011). Other 

benefits of ddPCR protocols are a reduced PCR bias, by avoiding preference in the 

amplification of specific products over others by dividing the reaction mixture into small 

droplets, a simplified quantification compared to qPCR, and reduced consumable costs, as 

reaction volumes are really small (Demeke and Dobnik, 2018). Gobert et al. (2018) showed a 

quantification method for low amounts of Lactobacilli in fecal samples using a ddPCR 

approach. There, quantification was possible even though only low numbers of the target 

strains were present with high background noise. Wouters et al. (2020) stated that by using a 

ddPCR protocol, they could detect very low amounts of a pathogen’s DNA in whole blood 

samples in as short as four hours. Nevertheless, to our knowledge, no protocol has been 

published which reuses a ddPCR product for sequencing, e.g., 16S rRNA genes. Thus, the 

use and limits of ddPCR were tested in this study in order to reliably obtain results for 16S 

rRNA gene sequencing with very low input amounts of gDNA.  

 

2.3.3 Methods 

Preparation of human gut samples 
Stool samples were obtained from healthy volunteers of age after informed and written 

consent. An ethics approval is deemed unnecessary according to the statement given in the 

Drucksache 15/2849 of the German Bundestag about § 41 Abs. 2 Nr. 2 S. 1 and 2 

Arzneimittelgesetz. Stool samples were collected in stool sample tubes as described 

previously by Abellan-Schneyder et al. (2021a).  

Extraction of gDNA from stool samples 
Genomic DNA was isolated using a modified protocol by Godon et al. (1997) as described 

previously by Reitmeier et al. (2020) and Abellan-Schneyder et al. (2021a). 

Extraction of gDNA from mock communities 
DNA of the Zymo mock community was purchased as a ready-to-use DNA mock (D6306, Zymo 

Research). Extraction and preparation of the ZIEL2 mock community was performed as 
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described in Abellan-Schneyder et al. (2021a). In brief, every 19 bacterial strains (18 different 

bacterial genera) of diverse taxonomy were cultured and afterward harvested by centrifugation. 

The extraction of genomic DNA (gDNA) was performed separately for each strain. For the 

ZIEL2 mock community DNA mixture, 12 ng of each bacterial gDNA was pooled. 

Determination of concentration and dilution of gDNA input 
Initial sample concentrations were measured in triplicates on a Qubit 4.0 (Thermo Fisher). 

According to the initial concentrations, stock solutions of 10 ng/µl and 1 ng/µl were set up and 

again measured in triplicates on a Qubit 4.0 (Thermo Fisher). The following dilution series, to 

reach the desired final concentrations (Table 2.3.1) were performed in 0.5 ml LoBinding Tubes 

(Eppendorf). After each dilution step, samples were briefly vortexed and spun down on a mini 

centrifuge.  
Table 2.3.1: Concentrations and dilutions of gDNA input used for 1st-step PCR reaction.  

Name total input DNA (ng) final DNA concentration in 50 µl PCR reaction (pg/µl) 
60 60 1200 
12 12 240 
10 10 200 
5 5 100 
1 1 20 

0.5 0.5 10 
0.1 0.1 2 
0.05 0.05 1 
0.01 0.01 0.2 

 

Amplicon preparation 

For amplification of the variable regions and addition of adapters, a 1st-step PCR was 

performed in 50 µl volume containing 10 µl gDNA (total amounts are detailed in Table 2.3.1), 

1x Phusion HF buffer, 0.2 mM dNTPs, 0.125 µM of each fw_primer and rv_primer, 7.5% (v/v) 

DMSO and 0.25 µl of Phusion HF II DNA polymerase (Thermo Fisher). PCR was performed 

as followed: 98°C for 40 s, followed by 15 cycles of 98°C for 20 s, V-region specific annealing 

temperature (Table 2.3.2) for 40 s and 72°C for 40 s, followed by a final extension step at 72°C 

for 2 min. The structure of the primers was 5’  3’: “overhang – [N]15 – 16S specific sequence” 

for the 1st-step and “P5/P7 – 8 bp Barcode – overhang” for the 2nd-step PCR. To enable 

multiplexing, barcodes were added in a 2nd-step PCR. Here, a 100 µl PCR was prepared using 

10 µl of the 1st-step PCR product, 1x Phusion HF buffer, 0.2 mM dNTPs, 0.125 µM of each 

fw_barcode and rv_barcode primer, 0.25% (v/v) DMSO, and 0.5 µl of Phusion HF II DNA 

polymerase. PCR conditions were 98°C for 40 s, 10 cycles of 98°C for 20 s, 55°C for 40 s and 

72°C for 40 s as well as a final extension step at 72°C for 2 min. Further details, e.g., work 

time estimations, can be found in the work of Reitmeier et al. (2020).  
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Table 2.3.2: Variable region-specific forward and reverse primers and annealing temperature for 1st-
step PCR. 

Region Forward primer Reverse primer Annealing 
Temperature 

Reference 

V1-V2 AGA GTT TGA TYM 
TGG CTC AG 

GCT GCC TCC CGT 
AGG AGT 

57°C Salter et al. 
(2014) 

V3-V4 CCT ACG GGN GGC 
WGC AG 

GAC TAC HVG GGT 
ATC TAA TCC 

55°C Klindworth et al. 
(2012) 

V7-V9 CAA CGA GCG CAA 
CCC T 

GGT TAC CTT GTT 
ACG ACT T 

51°C Turner et al. 
(1999) 

Library quality check  
For validation and quality assurance, 8 µl of 2nd-step PCR product were loaded on a 1.5% (w/v) 

agarose gel to perform gel electrophoresis. The remaining 92 µl of the 2nd-step PCR were 

purified with 0.6x AMPure XP beads. Concentrations of the 2nd-step PCR product were 

measured in triplicates using a Qubit 4.0. 

Digital droplet PCR 
Amplicons generated in the two-step PCR (above) were amplified again using P5 and P7 

primers in a ddPCR. At first, each sample was diluted to a concentration of approx. 

20,000 copies/20 µl calculated by the Formula (2.3.1). The average library sizes were 486 bp 

for V1-V2, 602 bp for V3-V4, and 547 bp for V7-V9. Dilution series must be performed in 

LoBind tubes (Eppendorf) and in 1:10 steps to guarantee precise dilutions.  

660 g
mol×average library size [bp]

6.022×1023 mol−1
× 109 × 20,000

20 µl
= concentration [ng

µl
]    (2.3.1) 

The composition of the reaction mixture for the ddPCR was as follows: 1× QX200TM EvaGreen® 

Supermix, 0.1 µM of P5 (forward) and 0.1 µM of P7 (reverse) primer, 2.5 µl DNA sample 

(1,000 copies/µl) and water up to 25 µl. These ingredients were mixed thoroughly by vortexing 

and 20 µl of the mixture was transferred into a DG8TM Cartridge for the QX200 Droplet 

generator. Next, 70 µl of QX200 Droplet Generator Oil for EvaGreen was transferred into the 

oil well of the cartridge. Then a gasket was spanned over the cartridge and droplets were 

produced by the droplet generator following the Droplet Generator Instruction Manual 

(BioRad). Droplets were then transferred to a 96-well plate. Before starting the PCR in a 

thermocycler, the plate was sealed with a pierceable PCR Plate Heat Seal Foil (BioRad) using 

a PX1 PCR Plate Sealer (BioRad). PCR was performed in a PeqStar thermocycler (PeqLab) 

using cycling conditions as described in Table 2.3.3.  
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Table 2.3.3: Cycling conditions for ddPCR using P5 and P7 primer amplifying amplicons.  
Cycling Step Temperature (°C) Time Ramp Rate Number of Cycles 

Enzyme Activation 95 5 min 

2°C/s 

1 
Denaturation 95 30 s 

40 Annealing 59 1 min 
Extension 72 1 min 

Signal Stabilization 4 5 min 1 
90 5 min 1 

Hold 4 ∞  1 

The PCR products were recovered for further use of the amplicons. Each reaction was 

transferred into a clean 1.5 ml LoBind DNA tube (Eppendorf), and the lower oil phase was 

discarded by pipetting. After adding 20 µl 1x TE buffer and 70 µl chloroform to the remaining 

aqueous phase, mixtures were vortexed for 1 min at high speed in a 2 ml adapter for the 

Vortex-Genie 2 (Thermo Fisher) and centrifuged at 15,500×g for 10 min. The upper aqueous 

phase (volume approx. 25 µl), containing amplicons, was separated by pipetting. Samples 

were purified using 1x AMPure XP beads and eluted in 20 µl H2O. The concentration was 

determined using the Qubit dsDNA HS Assay (Invitrogen). To analyze the size of the ddPCR 

product, agarose gel electrophoresis (1.5%, w/v) was performed with 4 µl of each sample. 

Re-amplification of ddPCR using Q5U Polymerase  
If not sufficient product for 16S rRNA gene sequencing could be extracted from the ddPCR, 

re-amplification was performed. Of note, re-amplification of the ddPCR product is only possible 

using a non-proofreading polymerase (e.g., Taq polymerase) or by using a polymerase that 

can read and amplify templates containing uracil (and inosine bases), e.g., Q5U or Phusion U 

DNA polymerase. The re-amplification reaction mix contained: 1× Q5U reaction buffer, 200 µM 

dNTPs (10 mM); 0.5 µM P5 primer (forward), 0.5 µM P7 primer (reverse), 5 µl ddPCR product 

(≤1 ng/µl), 0.02 U/µl Q5U Hot Start High-Fidelity DNA Polymerase, up to 50 µl nuclease-free 

H2O. Cycling conditions were set as described in Table 2.3.4.  

Table 2.3.4: Cycling conditions for re-amplification of ddPCR.  
Cycling Step Temperature (°C) Time Number of Cycles 

Initial Denaturation 98 30 s 1 
Denaturation 95 10 s 

5 Annealing 55 20 s 
Extension 72 45 s 

Final Extension 90 5 min 1 
Hold 4 ∞ 1 

After the re-amplification, the PCR products were checked for the desired amplicon lengths via 

agarose gel electrophoresis. Samples showing bands at the desired size were purified by 

PAGE purification and eluted in 25 µl nuclease-free water. Concentrations were measured with 

the Qubit dsDNA HS Assay using 2 µl of the extracted amplicons. 
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Sequencing  
Samples were adjusted to 0.5 nM and pooled. Samples were sequenced in paired-end modus 

on a cartridge v3 using PE300 of a MiSeq system (Illumina, Inc.) following the manufacturer’s 

instructions and a final DNA concentration of 12 pM and 15% (v/v) PhiX standard library. 

Data analysis using IMNGS and Rhea 
Data were processed using the Integrated Microbial Next-generation sequencing (IMNGS) 

pipeline (Lagkouvardos et al., 2016), an in-house developed pipeline based on UPARSE 

(Edgar, 2013). In the advanced IMNGS options, allowed mismatches were set to one. 

Demultiplexing was performed using a minimum read-length of 250 bp and a maximum read-

length of 600 bp. Forward trim was set to 30 bp and reverse trim length was 60 bp. The 

abundance filter was set to 0.0025 (Clavel et al., 2020) and the filter of low-read samples was 

set to off. Chimeric reads were removed using UCHIME (Edgar et al., 2011) and zero-radius 

operational taxonomic units (zOTUs) were produced using UNOISE 2 (Edgar, 2016) and 

USEARCH v11.0.667. Further analysis was performed in Rhea (Lagkouvardos et al., 2017). 

Rhea is a collection of R-scripts enabling comparison between samples. After normalization of 

data, alpha- and beta-diversities can be visualized. The script also performs taxonomic 

binning, enabling an insight on all known and unknown sequences of the microbial composition 

down to the genus level. 

 

2.3.4 Results  

Study overview  
The influence of the initial input amount of gDNA was studied in detail. Towards this end, a 

general, published workflow for 16S rRNA gene amplicon sequencing was followed for the first 

part of the library preparation (Reitmeier et al., 2020). Subsequently, after purifying the 

amplicons after the 2nd-step PCR (i.e., barcoding), a ddPCR was added, allowing processing 

very low gDNA input amounts (Figure 2.3.1).  

To establish the new protocol, two different tests were performed. We prepared and 

sequenced, firstly, standard PCR products generated by using 12 ng gDNA input (standard 

amount for 16S rRNA gene sequencing approaches in our laboratory). The very same samples 

were diluted to different degrees and processed after dilutions by the additional ddPCR step. 

This shows whether the results are comparable or whether the ddPCR step introduces biases. 

Secondly, we performed dilution series and used decreasing amounts of initial gDNA input (60, 

10, 5, 1, 0.5, 0.1, 0.05, and 0.01 ng total input) in the 1st-step PCR and evaluated whether we 

were able to produce reliable results even when gDNA input amounts below 500 pg were used. 

Taken together, we compared resulting taxonomical profiles and whether they are independent 
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of the gDNA input amount used in 1st-step PCR or independent of an additional ddPCR 

(Figure 2.3.1). 

In brief, gDNA of stool samples were extracted, concentrations were measured, dilution series 

were performed, and 1st-step PCRs were set up. In the 1st-step PCR, primer amplifying different 

V-regions were used (e.g., V1-V2, V3-V4, and V7-V9). Products were cleaned and used as a 

template for the 2nd-step PCR. Primers used include barcodes and the Illumina sequencing 

primer (P5 and P7). The resulting amplicons were again cleaned up and checked whether the 

desired library size could be observed on agarose gels. The detection limit of the used GelRed 

dye is reported to be about 100 pg (Biotium, https://biotium.com/faqs/category/gelred-

gelgreen/). However, it should be kept in mind that the actual limit depends on the used 

instrument's capability and exposure settings. Sharp and conclusive bands were observable 

with our equipment and settings for at least 2-5 ng DNA. For establishing the protocol, 

amplicons of the 2nd-step PCRs were diluted according to Formula (2.3.1). Next, ddPCR mixes 

were produced with different amounts of the above amplicons as input. The primers used were 

plain P5 and P7 primers, which allow the re-amplification of the templates generated thus far. 

The final ddPCR amplicons were extracted and checked for adequate concentrations allowing 

16S rRNA gene sequencing. If concentrations were too low, re-amplification in a standard PCR 

but using a Q5U polymerase was performed. Afterward, all samples were sequenced on an 

Illumina MiSeq and compared. 
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Figure 2.3.1: Overview of experimental procedure of this study. Experiments are divided into two parts. 
Left, control experiments (shaded green) were used for checking if the additional ddPCR step did not 
introduce bias in the resulting taxonomical profiles. Right, experimental procedures (shaded red) were 
described to detect the minimum input amount of gDNA input necessary to produce reliable 16S rRNA 
gene sequencing results.   
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Determination of detection limits in standard 16S rRNA gene sequencing approaches 
For all samples of the control experiment, products were detectable using agarose gels after 

the 2nd-step PCR. For the dilution series experiment, bands corresponding to the desired 

product were only visible for gDNA inputs ≥5 ng total gDNA, irrespective of which primers were 

used for amplification. After the ddPCR, bands could be observed on agarose gels for all 

samples amplified with primers targeting V7-V9. For V1-V2 samples, clear bands were visible 

for input amounts ≥50 pg. The detection limit for V3-V4 samples was higher; bands could only 

be detected for input amounts ≥500 pg for all samples, while some samples produced products 

at 100 pg already (Table 2.3.5).  

Table 2.3.5: Visibility of bands corresponding to desired PCR products observed on 1.5% (w/v) agarose 
gels. Green tick: bands were visible for all tested samples, yellow tick in brackets: bands were weak 
and/ or not visible for all tested samples. Red x: bands were not visible for none of the tested samples.  

 gel after 2nd step PCR gel after ddPCR 
total gDNA input V-region amplified V1-V2 V3-V4 V7-V9 V1-V2 V3-V4 V7-V9 

60 ng       
12 ng       
10 ng       
5 ng       
1 ng       

500 pg       
100 pg     ()  
50 pg       
10 pg    ()   

 

If no band could be observed for a sample after ddPCR had been performed, re-amplification 

of the (invisible) product was conducted. Importantly, re-amplification was only possible when 

a uracil-tolerant polymerase, e.g., Taq polymerase or a U-tolerant proofreading polymerase 

such as Q5U (NEB) or Phusion U Hot Start DNA Polymerase (Thermo Fisher) was used. The 

QX200 EvaGreen supermix contains some amounts of dUTP, causing ddPCR products to 

contain uracil subsequently. dUTP is used to allow the destruction of carry-over products from 

previous PCRs using Uracil-N-Glycosylase in the PCR mixture (Pruvost et al., 2005). In any 

case, re-amplification with normal proof-reading polymerases such as the Phusion (Thermo 

Fisher) is inhibited, and products can only be re-amplified with the mentioned U-tolerant 

polymerases. 

The number of final sequenced reads, irrespectively of which approach was used, varied 

between 11,298 to 118,212 reads per sample, with an average of 42,754 reads. The average 

read number of the negative controls was 506.  

 

Control experiment to assess the potential bias of the ddPCR step  
In a first experimental setup, we assessed whether the integration of a ddPCR step after the 

2nd-step PCR used for barcoding showed a bias on the β-diversity and the resulting 
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taxonomical profiles of the samples. Ideally, samples originating from the same human donor 

or the same mock community should not show any or only minor differences. We screened, 

therefore, four human samples (T1, T28, T29, T30) and two mock communities of known 

composition. The latter show different amounts of complexity as they are either composed of 

8 different bacterial genera (Zymo mock community) or 18 different genera (ZIEL2 mock 

community). We further sequenced the samples using three different primer pairs amplifying 

V1-V2, V3-V4, and V7-V9.  

Comparing the results, we found that the differences introduced by using different primer pairs 

for the different V-regions caused profiles to be more distinct from each other than differences 

introduced by either the preparation method (standard protocol, marked as Sample-C in 

Figure 2.3.2, vs. protocol with additional ddPCR, marked as Sample-D in Figure 2.3.2) or the 

donor (i.e., samples originating from the same donor do not cluster close to each other when 

amplified using different primer pairs). Concerning the latter, the difference between the three 

tested regions V1-V2, V3-V4, and V7-V9 (Figure 2.3.2A, in red, green, and blue, respectively) 

was significant with a p-value of ≤0.001 tested with PERMANOVA. More importantly, we could 

demonstrate that the additional ddPCR step did not lead to significant differences in final 

sample composition, as shown by only an insignificant difference in tree clustering 

(Figure 2.3.2B) and only very little shifts in the resulting taxonomical profiles of the samples 

(Figure 2.3.2C). The Zymo mock community performed overall well, regardless of which V-

region was targeted. For the more complex ZIEL2 mock community, we could show by 

calculating the generalized UniFrac distances against the ideal composition that the most 

accurate representation was produced by targeting the V3-V4-region (see Supplementary 

Table 2.3.1).  
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Figure 2.3.2: Control experiment to test for biases possibly introduced due to the extra ddPCR step after 
2nd-step PCR. Samples processed with ddPCR (Samples marked “D” for ddPCR processed, 12 ng 
gDNA used) are compared to standard short amplicon controls which were not ddPCR processed 
(Samples marked “C” for Control, 12 ng gDNA used). Four human samples (T1, T28, T29, T30) and two 
mock communities (Zymo, ZIEL2) were sequenced using primer pairs amplifying different V-regions 
(V1-V2: red, V3-V4: green, V7-V9: blue). (A) Multi-Dimensional Scaling (MDS) shows that samples 
cluster significantly differently due to V-region targeted and not by preparation method or sample origin. 
(B) The dendrogram of all the samples cluster together inside the same V-region. (C) Taxonomic profiles 
at genus-level of Sample-C and Sample-D for human samples. (D) As before, for mock samples from 
Zymo and (E) and ZIEL2. Note, the taxonomic profiles at the genus level showed only minor differences 
when the same V-region is targeted.   
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Estimation of minimal gDNA input amounts for reliable 16S rRNA gene sequencing  
In a second experimental set-up, dilution series of total gDNA input amounts were tested for 

the lowest gDNA input possible, producing reliable taxonomic profiles of human samples or 

mock communities. As before, samples were amplified using three different primer pairs. As 

shown in Tab. 2.3.5, detection limits varied for different V-regions. Thus, the taxonomic 

composition of each sample was checked for differences from either the actual composition in 

the case of mock communities or the taxonomical profiles achieved, amplifying high initial 

gDNA amounts in the case of the human samples. For the Zymo mock community, it was found 

that Gram-negative bacterial genera such as Escherichia, Pseudomonas, or Salmonella were 

increasingly overestimated with descending gDNA amounts, while Gram-positive bacteria 

genera, e.g., Lactobacillus, Listeria, or Staphylococcus were progressively underestimated. 

When analyzing the ZIEL2 mock, primer-dependent issues become more prominent, which 

has been observed before (Abellan-Schneyder et al., 2021a). In contrast to the Zymo mock 

community, no clear tendencies concerning different genera could be observed for the human 

samples despite the increase of spurious sequencing reads arising in very diluted samples 

(combined in “other”).  

Amounts ≤10 pg gDNA did not always produce reliable results when taxonomical profiles at 

the genus level were analyzed. For V3-V4 and V7-V9, deviations from the expected 

composition become more apparent with increasingly less gDNA used as initial input 

(Figure 2.3.3). For the highly diluted Zymo mock, we observed increasing numbers of reads 

not representing members of the original mock community. Overall, for Zymo DNA, the 

average amount of reads not corresponding to the expected bacteria was 0.9%. For V1-V2, 

the median amount of off-target reads for samples of 60 ng to 50 pg was 0.24%, and for 10 pg 

input, 1.27%. For V3-V4 and V7-V9, a drastically increased number of reads not matching the 

mock could be identified when using 10 pg input DNA. The average amount for off-target 

sequences was 0.19% and 0.24% for V3-V4 and V7-V9, respectively, of all reads concerning 

input amounts varying between 60 ng to 50 pg. The number of off-target reads for 10 pg 

samples reached 8.8% and 7.1% for V1-V2 and V7-V9, respectively. For human sample T1, 

10 pg gDNA input was not sufficient when targeting V3-V4. Deviations from the expected 

taxonomic profile are apparent for this low amount of input DNA used (Figure 2.3.3). Thus, it 

seems that detection limits are not only V-region specific but also dependent on each sample. 

For instance, for T30, reliable profiles with just 10 pg input DNA targeting V3-V4 were 

produced, while T1 failed for the same combination and needed at least 50 pg input DNA.  
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Figure 2.3.3: Taxonomical profiles at the genus level for two human samples (T1, T30) and two mock 
communities of known composition (Zymo, ZIEL2). For every sample, different initial gDNA amounts 
were used for 1st-step PCRs, and, further, different V-regions were targeted. 
 

2.3.5 Discussion  

In this study, it was investigated how to obtain reliable 16S rRNA sequencing-based 

taxonomies even with very low input amounts of gDNA. We found that the introduction of a 
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ddPCR step after standard PCR-based library production allowed using low-DNA concentrated 

samples. The ddPCR allowed to successfully and reliably re-amplify 16S rRNA amplicons from 

the foregone PCR steps, even if they were not detectable in gel electrophoreses nor 

measurable using a Qubit. The minimal gDNA input amount successfully used in this study for 

all samples was 50 pg total gDNA (equating to 1 pg/µl in the 1st-step PCR mix), while some 

samples were accessible with even lower input amounts. Nevertheless, 50 pg input DNA is by 

the factor 4 lower than in previously published studies, e.g., Multinu et al. (2018), who stated 

that concentrations <4 pg/µl should be interpreted with caution. Worse, Velásquez-Mejía et al. 

(2018) needed at least 500 pg/µl gDNA. Moreover, we could not confirm some of the other 

observations made by those groups. Multinu et al. (2018) described an overrepresentation of 

Proteobacteria and an underrepresentation of Firmicutes for low gDNA input samples. When 

using ddPCR, no general trend became obvious when analyzing human samples. For 

instance, for sample T1, the deviations between high and low DNA input were dependent on 

the targeted region rather than on the amount of input DNA. When sample T1 was amplified 

using 27F and 338R primer (V1-V2), we could identify a reduction in Firmicutes and 

Proteobacteria for samples with lower gDNA input amounts, whereas Bacteroidota (formerly 

Bacteroidetes) seemed to be overrepresented when using low gDNA amounts. When V3-V4 

was targeted in T1, Firmicutes and Proteobacteria seemed to be overrepresented and 

Bacteroidota underrepresented. Concerning V7-V9, we saw no distinct change in Firmicutes 

or Proteobacteria amounts but an overrepresentation in Bacteroidota for T1 (data are 

summarized in Supplementary Table 2.3.2). Even more, for T30, the trends do neither follow 

the shifts we saw for T1 nor those described by Multinu et al. (2018). Generally, the phyla-level 

composition seems to be more inconsistent for T30 than for T1 when analyzing a dilution series 

within one targeted region (see Supplementary Table 2.3.3).  

We conclude that the variation and shift in taxonomical compositions are mainly driven by 

using different primer pairs. This biasing factor was already intensively studied previously (e.g., 

Abellan-Schneyder et al., 2021a, Fouhy et al., 2016, Nelson et al., 2014, Thijs et al., 2017). As 

before, we could show that samples cluster mainly due to V-region(s) targeted and not due to 

sampling origin or limited input amount. Thus, not only detection limits but also a concentration-

dependent association with certain taxa, under- or overrepresented at distinct starting gDNA 

concentrations, must be interpreted with caution. We suggest that for every sample type and 

primer pair, initial control experiments should be performed, evaluating minimal DNA amounts 

needed to produce reliable results. 

The limitation of our study is the use of human stool samples with basically unknown 

composition. While, generally, studies analyzing human stool samples do not face problems 

concerning low initial gDNA concentrations, we needed a sample type for which we could test 
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high and low input amounts of gDNA. However, low DNA amounts were accessible after 

careful dilutions in low-bind tubes.  

Interestingly, most of the commonly used protocols use high or even very high amounts of 

gDNA in their protocol. To list only some examples: the Zymo Quick 16S NGS Library Prep Kit 

(Zymo Research Europe GmbH, Freiburg, Germany) aims for about 40 ng gDNA that is free 

of PCR inhibitors; the QIAseq 16S kit (Qiagen, Hilden, Germany) recommends amounts of 

12.5 ng, and the lowest amount usable is given with 1 ng, which is at least 20-fold higher 

compared to our protocol. Further, in the NEBNext Ultra DNA Library Prep kit (New England 

Biolabs, Ipswich, USA) for Illumina, 500 pg to 1 µg of input DNA is recommended. In this proof-

of-principle study, we show that very-low initial gDNA concentrations, which are by far lower 

than the recommended input amounts listed above, can be successfully sequenced and 

reliably analyzed when implementing a ddPCR step. This is of special interest for low-bacterial 

biomass samples, such as milk, water samples, pathological or clinically relevant human 

samples, including sputum, infant stool, biopsies, and others. While several 16S rRNA gene 

sequencing optimization protocols for such samples were already published (e.g., Claassen-

Weitz et al., 2020, Davis et al., 2019, Douglas et al., 2020, Saladié et al., 2020, Stinson et al., 

2019). Nevertheless, these studies aim at changing the parameters of existing protocols or try 

to reduce contamination sources in order to obtain taxonomic profiles of such low-biomass 

samples. In contrast, ddPCR, which has to our knowledge not been applied to improve 

sequencing of low biomass samples, has only to be added at the end of a commonly used 16S 

rRNA gene sequencing protocol. While ddPCR methods were already described for 

quantification of microbial species or communities (Dreo et al., 2014, Gobert et al., 2018, 

Manzari et al., 2020, Pacocha et al., 2019, Ziegler et al., 2019), to our knowledge, resulting 

PCR products were never re-extracted from the oil-aqueous suspensions. Here we 

demonstrate that these products can be successfully sequenced, producing reliable taxonomic 

profiles. Even taking this a step further, these products can be re-amplified after ddPCR (e.g., 

in case of still too low concentrations), but uracil accepting polymerases must be used.  

 

2.3.6 Conclusions 

Taken together, ddPCR, which splits the reaction volume in about 20,000 droplets, allows 

faithful amplification even of low amounts of template. Thus, sequencing of samples of low 

bacterial biomass (e.g., of a sick person with low bacterial loads), currently not accessible, can 

now be sequenced and compared with control samples of healthy persons with high amounts 

of bacteria. Besides, in order to improve comparability between publications, it is important to 

always state the gDNA concentrations and volumes used. Negative controls indicating 
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possible shifts in taxonomical profiles are imperative. Finally, results produced by using 

different primer pairs cannot be easily compared. 

 

2.3.6 Supplement 

Supplementary Table 2.3.1: Generalized UniFrac dissimilarity matrix for ZIEL2 samples in comparison 
to the ideal composition at the genus level. 

 ideal V1-V2 V3-V4 V7-V9 

ZIEL2-C ZIEL2-D ZIEL2-C ZIEL2-D ZIEL2-C ZIEL2-D 

ideal 0.00 0.88 0.88 0.39 0.38 1.00 1.00 

V1
-V

2 ZIEL2-C 0.88 0.00 0.07 0.98 0.98 1.00 1.00 

ZIEL2-D 0.88 0.07 0.00 0.98 0.98 1.00 1.00 

V3
-V

4 ZIEL2-C 0.39 0.98 0.98 0.00 0.04 1.00 1.00 

ZIEL2-D 0.38 0.98 0.98 0.04 0.00 1.00 1.00 

V7
-V

9 ZIEL2-C 1.00 1.00 1.00 1.00 1.00 0.00 0.07 

ZIEL2-D 1.00 1.00 1.00 1.00 1.00 0.07 0.00 
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Supplementary Table 2.3.2: Phyla-level classification of dilution series for sample T1. In “other” the 
following phyla are combined: Cyanobacteria, Desulfobacterota, Fusobacteriota, Verrucomicrobiota, 
and unknown bacteria.  

T1-Samples,  
total gDNA input 

Actinobacteriota Bacteroidota Firmicutes Proteobacteria other 
V1

-V
2 

60 0.11 57.17 41.54 1.13 0.05 
10 0.09 57.17 41.88 0.79 0.07 
5 0.14 60.20 38.77 0.83 0.06 
1 0.07 60.20 38.89 0.79 0.05 
0.5 0.09 61.61 37.32 0.91 0.08 
0.1 0.06 62.35 36.15 1.24 0.20 
0.05 0.01 58.50 40.98 0.45 0.06 
0.01 0.49 61.79 37.12 0.60 0.00 

V3
-V

4 

60 4.72 42.11 52.78 0.13 0.26 
10 4.77 42.12 52.84 0.04 0.23 
5 4.96 41.89 52.84 0.05 0.26 
1 4.74 42.77 51.99 0.24 0.26 
0.5 1.93 43.50 54.30 0.04 0.24 
0.1 1.67 43.91 54.26 0.03 0.13 
0.05 1.32 40.63 55.98 0.88 1.18 
0.01 1.83 13.68 79.76 3.71 1.01 

V7
-V

9 

60 2.65 23.82 72.46 0.95 0.12 
10 2.19 28.62 68.02 1.10 0.07 
5 2.10 27.41 69.50 0.89 0.10 
1 2.06 26.73 70.23 0.92 0.06 
0.5 1.93 27.26 69.83 0.91 0.08 
0.1 1.79 27.01 69.91 1.09 0.20 
0.05 1.66 27.36 69.94 0.83 0.22 
0.01 4.29 22.51 71.48 1.54 0.18 
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Supplementary Table 2.3.3: Phyla-level classification of dilution series for sample T30. In “other” the 
following phyla are combined: Cyanobacteria, Desulfobacterota, Fusobacteriota, Verrucomicrobiota, 
and unknown bacteria.  

T30-Samples,  
total gDNA input 

Actinobacteriota Bacteroidota Firmicutes Proteobacteria other 

V1
-V

2 

60 1.88 41.32 55.32 1.14 0.33 
10 1.69 43.42 53.57 0.98 0.35 
5 1.84 42.24 54.71 0.90 0.32 
1 1.49 42.32 54.93 0.94 0.32 
0.5 1.45 43.14 54.13 1.01 0.27 
0.1 0.85 46.92 50.98 0.89 0.35 
0.05 0.92 40.98 54.88 2.64 0.58 
0.01 1.64 39.06 57.98 1.26 0.06 

V3
-V

4 

60 12.59 28.06 57.22 1.27 0.86 
10 10.23 29.01 58.97 1.14 0.65 
5 11.74 28.61 58.01 0.96 0.68 
1 11.27 31.66 55.37 1.09 0.62 
0.5 4.42 31.97 61.90 0.97 0.75 
0.1 3.77 30.31 64.08 1.15 0.68 
0.05 5.35 35.43 57.73 0.86 0.62 
0.01 6.34 33.56 58.13 0.89 1.08 

V7
-V

9 

60 6.58 22.18 69.69 1.13 0.43 
10 5.72 23.50 69.12 1.12 0.54 
5 5.28 23.18 70.05 1.02 0.47 
1 5.19 22.95 70.27 1.13 0.45 
0.5 5.26 23.39 69.94 0.93 0.48 
0.1 2.58 18.90 75.41 2.26 0.85 
0.05 6.07 29.13 62.43 1.99 0.38 
0.01 4.87 21.17 72.01 1.47 0.48 
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2.4 Cell-counting in human fecal samples comparing flow cytometry versus 
spike-in standards in 16S rRNA gene sequencing  

Drafted manuscript 

2.4.1 Abstract  

Synthetic spike-in standards in 16S rRNA gene sequencing approaches are used to normalize 

bacterial abundances. Thus, quantification of bacterial abundances between samples can be 

achieved. This is especially of interest for clinically relevant samples, since changes in the 

relative and absolute abundances of various phyla can be an important medical parameter.  

Here, we wanted to assess how the synthetic spike-in approach (Tourlousse et al., 2017) 

performs and compared it with quantification of actual cell counts using flow cytometry. 

Moreover, we evaluated whether the addition of the synthetic spike-in DNA led to a taxonomic 

shift or biased the subsequent 16S rRNA gene sequencing analysis. We could successfully 

demonstrate that the synthetic spike-in control produced conclusive results showing the same 

trends as observed in flow cytometry. Further, the synthetic spike-in does not influences the 

initial sample composition as comparison of samples processed without synthetic and with the 

spike-in standard produced highly correlated results, suggesting that the data originating from 

the same sample clustered in close proximity (i.e., insignificant differences). Summed up, we 

confirm that an easy-to-follow spike-in protocol produces results comparable to an 

independent method (flow cytometry) and allows convenient analysis of spike-normalized 

bacterial abundances in tested samples.  

 

2.4.2 Introduction  

The human gut microbiota is a diverse and complex microenvironment composed of 1014 

microorganisms (Thursby and Juge, 2017). The composition of this dynamic and changing 

environment is mostly studied using 16S rRNA gene sequencing approaches. Synthetic spike-

in standards are commonly used in RNA, or genome sequencing approaches as internal 

standards for measuring technical biases and as quantitative standards (Blackburn et al., 

2019, Hardwick et al., 2018, Jiang et al., 2011, Tembe et al., 2014, Venkataraman et al., 2018). 

Further, synthetic spike-in methods for 16S rRNA gene sequencing increase in popularity. 

Tourlousse et al. (2017) developed a set of synthetic 16S rRNA genes, which can be used as 

a universal standard for 16S rRNA gene sequencing experiments. By using such a set, they 

could show that spike-normalized OTU abundances could be determined, and therefore the 

dynamics within the microbiota can be analyzed. Despite the synthetic approach, Stämmler et 

al. (2016) described a method using uncommon (i.e., non-gut) bacterial species 
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Salinibacter ruber, Rhizobium radiobacter, and Alicyclobacillus acidiphilus as a spike-in marker 

instead of artificial 16S rRNA-like DNA. By pooling those bacteria in defined amounts and 

introducing it to the tested sample before DNA extraction, Stämmler et al. (2016) could show 

that microbial loads of the original sample can be determined. Spike-in standards, however, 

allow for determining spike-normalized bacterial abundances, and thus the source of 

taxonomic changes over time can be explained. Differences in bacterial loads could be due to 

antibiotic treatments or disease status (Martínez, 2017). Inflammatory bowel disease (IBD), 

which is characterized by chronic inflammation of the digestive tract (Rubin et al., 2012), 

consists of two subtypes, Crohn’s disease (CD) and ulcerative colitis (UC). The difference 

between those two is their clinical appearance (symptoms and disease location). While CD is 

associated with full-thickness inflammation and is located at any site of the gastrointestinal 

tract, UC is usually limited to the inflammation of the mucosal layer of the colon (Panaccione, 

2013). IBD is characterized by phases of relapsing and remitting, where inflammation still 

persists and can further lead to epithelial injury, inducing lifelong morbidity (Atreya et al., 2020). 

Therefore, the main goal is to treat IBD, mostly using optimized anti-inflammatory therapies 

and therapies that modulate the immune system. Often used therapies include, for example, 

the use of 5-Aminosalicylates, Corticosteroids, Thiopurines, Methotrexate, Janus kinase 

inhibitors, the use of different antibiotics or probiotics, enteral nutrition, or fecal 

transplantations (Bernstein, 2015). Even though IBD does not show a clear etiology and is 

difficult to diagnose, sometimes it seems to be associated with lower microbial α-diversities 

compared to healthy controls (Pascal et al., 2017). Moreover, IBD was linked to a reduced 

species richness and evenness (Gevers et al., 2014, Michail et al., 2012). Here, we compared 

bacterial loads of human samples originating from donors diagnosed with either CD or UC and 

compared these to healthy controls by using synthetic spike-in 16S rRNA gene sequencing 

and cell counting by flow cytometry.  

 

2.4.3 Material and Methods 

Collection and storage of human stool samples 
Human stool samples were collected as part of the Biotherapy cohort, described by Metwaly 

(2020). The test set for this study included samples from six human donors diagnosed with 

IBD (2 or 3 time-points per person) and six healthy controls (see Table 2.4.1). Fecal samples 

were stored in 50% (v/v) glycerol at -80°C. 
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Table 2.4.1: Overview of samples included in this study.  
Sample Disease phenotype Number of samples 

at collected time-points (T) 
CD1 CD 3 
CD2 CD 3 
CD3 CD 3 
UC1 UC 2 (no T1) 
UC2 UC 3  
UC3 UC 2 (no T3) 
Control 1  Healthy 1 
Control 2 Healthy 1 
Control 3 Healthy 1 
Control 4 Healthy 1 
Control 5 Healthy 1 
Control 6 Healthy 1 

 

Preparation of human fecal samples  
About 100-300 mg per sample were transferred into a clean and sterile Eppendorf tube. This 

was performed in duplicates and one sample was used for flow cytometry and one for the 

spike-in experiment. Fecal samples were thawed, centrifuged, the supernatant discarded, and 

the pellet was resuspended in 2 ml PBS. Afterward, samples were thoroughly vortexed. 

Subsequently, they were then either processed for the spike-in 16S rRNA gene sequencing or 

prepared for flow cytometric analysis.  

Preparation of spike-in control  
The design and synthesis of the spike-in sequence were performed and adopted as described 

by Tourlousse et al. (2017). The Spike-in sequences Bv5501, Ca5501, Ga5501, Tb5501, 

Ec5001, Ec5002, Ec5003, Ec5004, Ec5005, Ec5501, Ec5502, and Ec6001 were ordered at 

BioCat GmbH. Plasmid vectors, including the genes, were introduced in E. coli via 

electroporation. Plasmid isolation from fresh overnight cultures was performed using the Sigma 

Gene Elute Plasmid Miniprep Kit. Extracted plasmids were verified using Sanger sequencing, 

DNA concentrations were recorded, and a pool containing the equimolar ratio of each of the 

twelve constructs was created. The pool was then digested using Hind III. For this, a reaction 

mixture containing 7 µg plasmid-pool, 70 U restriction enzyme, 10x NEBuffer, and water in a 

700 µl was set up, incubated at 37°C for 1 h, and afterwards heat-inactivated at 80°C for 

20 min. The digested pool was purified using 1.8x AMPure XP beads (Beckmann Coulter), the 

concentration was measured, and pools with a final concentration of 2 ng/µl were prepared 

and stored at -20°C.  

Spike-in 16S rRNA gene sequencing  
First, 600 µl of each sample resuspended in PBS were transferred into a clean Eppendorf tube. 

Then, 6 ng spike-in control was added to each sample. The samples were then transferred 



Results 

94 

into bead-beating tubes, and DNA extraction was performed as previously described by 

Reitmeier et al. (2020). Library preparation, targeting the V3-V4 region, and sequencing was 

performed as previously described by Abellan-Schneyder et al. (2021a).  

Spike-in downstream analysis  
Data without spike-in added were processed using an updated version of the Integrated 

Microbial Next-generation sequencing (IMNGS) pipeline, originally published by Lagkouvardos 

et al. (2016). This in-house developed pipeline is based on UPARSE (Edgar, 2013). In the 

advanced IMNGS options, allowed mismatches were set to one. Demultiplexing was 

performed using a minimum read-length of 250 bp and a maximum read-length of 600 bp. 

Forward trim was set to 30 bp, and reverse trim length was 60 bp. The abundance filter was 

set to 0.0025 (Clavel et al., 2020), and the filter of low-read samples was set to “off”. Chimeric 

reads were removed using UCHIME (Edgar et al., 2011), and zero-radius operational 

taxonomic units (zOTUs) were produced using USEARCH v11.0.667.  

For the spike-in sequence analysis, the Namco tool was used (Dietrich et al., 2021, 

unpublished). In a first step, the FASTQ files were mapped against the reference spike-in 

FASTA files. Here, Bowtie2 v2.3.4.3 was used (Langmead and Salzberg, 2012, Langmead et 

al., 2018). The output FASTQ files after mapping included R1/R2 FASTQ files without the 

spike-in reads and R1/R2 FASTQ files of the spike-in sequences. OTU normalization is 

performed sample-wise and is based on the sum of spike reads for each sample. This allows 

the calculation of spike-normalized bacterial abundances. 

Further analysis was performed in Rhea (Lagkouvardos et al., 2017). Rhea is a collection of 

R-scripts enabling comparison between samples. After normalization of data, alpha- and beta-

diversities can be visualized. The script also performs taxonomic binning, enabling an insight 

on all known and unknown sequences of the microbial composition down to the genus level. 

Fecal flow cytometry  
Two milliliter sample (resuspended in PBS) was filtered using a syringe filter (5 µm pore size) 

to remove solid fecal content. Then, the remaining sample was transferred into a Fast Prep 

Lysing Matrix D tube (MP Biomedicals) containing ceramic beads and incubated on ice for 1 h. 

Fecal samples were homogenized well using a vortexer for a few minutes. Centrifugation was 

carried out at 50×g, for 15 min at 4°C to remove large particles. The complete supernatant was 

transferred into a fresh sterile, pre-labeled Eppendorf tube. Then, 900 µl staining buffer (sterile 

PBS containing 2% FCS) was added. The SYTO 9 nucleic acid stain (Thermo Fisher Scientific 

Inc.) was defrosted on ice. Samples were well vortexed and centrifuged for 5 min (8,000×g, 

4°C). The supernatant was discarded, and pellets were resuspended in 1 ml staining buffer. 

Samples were washed (8,000×g, 10 minutes, 4°C) and resuspend afterwards, according to 
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the pellet size, in 500-1,000 µl staining buffer. The OD600 was recorded in the Cell Culture mode 

using a Nanodrop (Thermo Fisher Scientific Inc.). Based on the recorded concentrations, 

sample volumes were adjusted. Staining solution including SYTO 9 was prepared (1:1,000 

dilution in staining buffer), and 100 µl of this staining solution were added to a sterile V-shaped 

96-wells plate. Next, 100 µl of the bacterial suspension (OD600 around 0.1) was added and the 

plate was incubated for 10 min at room temperature in the dark (the plate was covered with 

aluminum foil). Samples were then washed with 200 μl staining buffer (2,250×g, 10 min, 4°C), 

and pellets were resuspended in 300 µl staining buffer before flow cytometric analysis. The 

filters were set accordingly: FSC: 550 nm, SSC: 250 nm, FITC: 455 nm, PE: 500 nm, APC: 

450 nm. Flow cytometry was performed using a BD LSR II machine. Samples were recorded 

for 120 s, measuring all events. Analysis of experiments was performed using FlowJo v10.  

To calculate the number of bacteria per ml present in the analyzed samples, reference beads 

of 6 µm size was used (Sphero blank calibration beads, BD Biosciences). The Formula 2.4.1 

used to calculate the concentration of bacteria detected was adapted from Ou et al. (2017): 

concentration of bacteria = (# number of events in bacterial region)
(# of events in bead region) 

∗ concentration of beads ∗ dilution factor         (2.4.1) 

 

2.4.4 Results 

Comparability of standard 16S rRNA gene sequencing and spike-in 16S rRNA gene 
sequencing  
In a first experiment, it was assessed whether the 16S rRNA sequencing profiles produced by 

standard 16S rRNA gene sequencing (without spike-in control) are comparable to those 

spiked-in and analyzed after spike-in removal. Here, we could show that clustering is due to 

sampling origin, i.e., samples originating from the same human donor cluster together and not 

samples prepared using the same protocol (Fig 2.4.1A). Moreover, comparability is given, as 

differences in the non-metric multi-dimensional scaling (NMDS) plot are small and insignificant 

(Fig 2.4.1B).   
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Figure 2.4.1: Beta-diversity analysis of human samples either processed by the standard 16S rRNA 
gene sequencing protocol (Standard protocol, green) or the spike-in 16S rRNA gene sequencing 
protocol (Spike-in protocol, violet). Hierarchical clustering of the samples in a phylogenetic tree (A) and 
meta NMDS plot calculated from the generalized UniFrac dissimilarity matrix (B) show that clustering is 
due to sampling origin (human donor) and not due to the method used. 
 

Comparability of spike-in 16S rRNA gene sequencing and bacterial cell count 
numerations via flow cytometry  
Afterward, it was estimated whether cell counts determined by using either a flow cytometry 

approach or the spike-in 16S rRNA gene sequencing approach correlate. Therefore, a total of 

20 samples (6 clinical fecal samples measured at two or three different time points (T1, T2 and 

T3) and 6 healthy control samples) were processed by flow cytometry and sequenced after 

synthetic spike-in (Fig. 2.4.2). The estimation of bacterial cells per ml using the flow cytometry 

approach was facilitated by using counting beads, allowing an indirect measurement of 

bacterial cells. For the spike-in approach, the number of bacteria was indirectly determined 

through the defined amount of spike-in gDNA added in comparison to the total sample volume 

and the generated read output corresponding either to the synthetic spike-in or the real gDNA 

content.  
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Figure 2.4.2: Overview of the workflows for flow cytometry and spike-in 16S rRNA gene sequencing. 
Methods were compared, and it was assessed whether a similar concentration of bacteria in the samples 
could be detected.  
 

In a first step, control samples were assessed via flow cytometry, and it was checked whether 

bacterial counts could be determined (Fig 2.4.3). Flow cytometric measurements are based on 

different properties in the recorded light scatters and fluorescent properties. Forward (FSC) 

and side scatters (SSC) allow discrimination of populations due to cell size. Thus, counting 

beads, which had a size of 6 µm cluster apart from bacterial cells which are much smaller as, 

e.g., E. coli has an average size of 2 µm. Staining with SYTO 9 allows differentiating between 

cell-debris and intact cells. SYTO 9 has a similar emission spectrum to fluoresceine (FITC) 

when it is bound to nucleic acids and can therefore be easily recorded with most machines 

(see Fig 2.4.3C unstained vs. 2.4.3D stained).  
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Figure 2.4.3: Control experiments for the flow cytometry approach. The number of bacteria/ml was 
indirectly measured through the defined amount of added counting beads. Counting beads with PBS 
(A), and several control experiments of Control sample 4 were used for the initial gating. First, stained 
samples without beads were used to form the bacterial gate (B), the unstained sample was used to gate 
the FITC bacterial section (C), and the stained and bead added sample was used for later control of 
correct gating (D). 
 
After measuring those initial control samples, gating was performed, and all other regular 

samples and controls were measured via flow cytometry (Fig. 2.4.4 - 2.4.7) for 120 s while 

recording all events. All samples were later analyzed using FlowJo, the number of bacteria 

detected was noted, and the amount of bacteria/ml was calculated using Formula 2.4.1 (see 

Table 2.4.2). 
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Figure 2.4.4: Analysis of the number of bacterial cells detected within human samples via flow cytometry.  
A: Human sample CD1-T1, B: Human sample CD1-T2, C: Human sample CD1-T3,  
D: Human sample CD2-T1, E: Human sample CD2-T2, F: Human sample CD2-T3.  
 

        
Figure 2.4.5: Analysis of the number of bacterial cells detected within human samples via flow cytometry.  
A: Human sample CD3-T1, B: Human sample CD3-T2, C: Human sample CD3-T3,  
D: Human sample UC1-T2, E: Human sample UC1-T3. 
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Figure 2.4.6: Analysis of the number of bacterial cells detected within human samples via flow cytometry.  
A: Human sample UC2-T1, B: Human sample UC2-T2, C: Human sample UC2-T3,  
D: Human sample UC3-T1, E: Human sample UC3-T2. 
 

       
Figure 2.4.7: Analysis of the number of bacterial cells detected within human samples via flow cytometry. 
A: Human control sample 1, B: Human control sample 2, C: Human control sample 3,  
D: Human control sample 4, E: Human control sample 5, F: Human control sample 6. 
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Table 2.4.2: Overview of the cell count measures using flow cytometry. The total numbers of counts 
were detected for 120 s (all events).  

Sample Counts Bacteria, FITC-A, 
SSC-A (Counts) 

Beads, FITC-A, 
SSC-A (Counts) 

Dilution Bacteria/ml 

CD1-T1 43,102 33,322 3,081 1.0 1.0E+09 
CD2-T2 49,979 40,816 3,216 1.8 2.2E+09 
CD1-T3 19,914 10,794 3,178 1.0 3.2E+08 
CD2-T1 278,346 206,549 3,293 1.0 5.9E+09 
CD2-T2 17,458 9,006 3,105 1.0 2.7E+08 
CD2-T3 52,555 39,614 3,717 1.0 1.0E+09 
CD3-T1 6,106 1,349 4,248 1.0 3.0E+07 
CD3-T2 4,362 677 3,152 1.0 2.0E+07 
CD3-T3 4,353 447 3,493 1.0 1.2E+07 
UC1-T2 19,628 13,184 3,331 2.1 7.8E+08 
UC1-T3 23,566 16,437 3,919 1.3 5.2E+08 
UC2-T1 19,468 9,087 2,969 1.0 2.9E+08 
UC2-T2 49,818 32,889 3,091 1.6 1.6E+09 
UC2-T3 37,927 24,288 2,188 2.1 2.2E+09 
UC3-T1 12,711 6,124 3,615 1.0 1.6E+08 
UC3-T2 24,056 10,521 2,760 2.3 8.3E+08 
Control1 86,158 58,532 1,750 3.5 1.1E+10 
Control2 15,851 8,290 3,141 7.5 1.9E+09 
Control3 31,786 17,673 2,734 10.0 6.1E+09 
Control4 51,543 43,033 2,382 10.0 1.7E+10 
Control5 128,725 78,448 2,822 58.8 1.5E+11 
Control6 6,044 3,346 1,823 15.0 2.6E+09 

 

Interestingly, the number of bacteria per ml was on average higher for the control samples with 

an average of 3.1×1010 bacteria/ml versus 1.1×109 for the clinical samples. Control sample 5 

showed the overall highest numbers of bacteria/ml with 1.5×1011 bacteria/ml. In contrast, 

sample CD3-T3 was recorded with the least number of bacteria corresponding to 

approximately 1.2×107 bacteria/ml. In a second step, it was assessed whether the same trends 

observed by measuring the bacteria/ml via flow cytometry could be confirmed by spike-in 

sequencing.  

Again, we found that Control sample 5 showed the overall highest spike-normalized bacterial 

abundances when spike-in samples were analyzed (Fig 2.4.8B). Even though different overall 

numbers were calculated and the resulting measures (bacteria/ml vs. 16S rRNA gene copy/ng) 

are not comparable per se, we could show that both flow cytometry and spike-in results have 

a strong Pearson correlation of R=0.95 (R2=0.90) (Fig 2.4.8). Nonetheless, it should be noticed 

that this strong correlation is significantly dependent on Control sample 5. If this sample would 

be excluded, a Pearson correlation of R=0.82 (R2=0.67) is observed. 
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Figure 2.4.8: Comparison of the number of bacteria detected by flow cytometry (A) or spike-in sequencing analysis (B). Pearson correlation coefficient was 
found to be R=0.95, and R2=0.90 was calculated (C).  
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When quantitative profiles are compared to standard 16S rRNA gene sequencing abundances, 

markedly different genera abundance became noticeable (Fig 2.4.9). For example, when 

analyzing sample CD3-T2, 52% of all detected reads could be accounted for Haemophilus.  

 

2.4.5 Discussion 

In this proof-of-principle study, we showed that synthetic spike-in sequencing allows users a 

convenient analysis of spike-normalized bacterial abundances within different samples. Thus, 

it can be assessed whether the bacterial load differs significantly from one sample to another, 

which can be of great interest, especially when clinically relevant samples (e.g., after fecal 

transplantation, antibiotic use, in case of IBD or other intestinal diseases) are compared to 

control groups. The spike-in sequencing approach for 16S rRNA gene sequencing, published 

by Tourlousse et al. (2017), was used here to assess whether microbial loads of given samples 

could be estimated. Further, the resulting spike-normalized bacterial abundances were 

compared to the results gained through flow cytometric cell counting.  

Flow cytometric estimations of bacterial loads are based on the ability to count cells through 

light scattering and fluorescent-based detection (Wilkinson, 2018). Several concrete protocols 

for the preparation of environmental samples for flow cytometry were previously described, 

e.g., Ou et al. (2017), Brown et al. (2019), Frossard et al. (2016), or Bellali et al. (2019). 

Nevertheless, to our knowledge, synthetic spike-in sequencing for 16S rRNA gene sequencing 

was not yet compared to flow cytometry. On this account, it should be checked whether the 

same trends, e.g., samples showing the highest / lowest bacterial count, could be identified 

independently by those two methods. Indeed, we could show that trends generated by both 

protocols are similar. This is of interest, as spike-in 16S rRNA gene sequencing is easy to 

perform and does not bias the general 16S rRNA gene sequencing analysis, as no divergence 

from samples prepared with or without spike-in could be detected (see Fig 2.4.1). Moreover, 

flow cytometry is a highly complex and work-intensive measuring technique that needs a 

trained scientist to be performed. However, flow cytometry can be used to isolate certain 

bacterial populations if cell sorting is applicable, and specific dye combinations can 

differentiate between viable and non-viable bacteria, e.g., the Live/Dead® BacLightTM system 

by Thermo Fisher Scientific (Duquenoy et al., 2020, Emerson et al., 2017),which is not possible 

using spike-in controls. Vandeputte et al. (2017) described a parallelization and thus a 

combined approach of amplicon sequencing and flow cytometry that allowed them to study if 

a disease's phenotype was associated with a reduced bacterial load. Indeed, they found that 

patients with Crohn’s disease showed a reduced bacterial load, which was not noticeable when 

only simple 16S rRNA gene sequencing was performed.  
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Figure 2.4.9: Relative (A) versus cumulative abundance (B) of 16S rRNA gene sequencing profiles at the genus level. Relative microbiota profiles were generated 
after spike-in sequencing removal. Cumulative abundances were created by normalization based on spike-in reads. 
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However, we could demonstrate that spike-in sequencing allowed us to show the reduced 

bacterial load in IBD patients compared to the healthy control groups (see Fig 2.4.9) without 

performing flow cytometric analysis, even though flow cytometric analysis confirmed the 

results. Thus, a reduction in hands-on time was achieved, which will probably allow a 

convenient analysis of spike-normalized bacterial abundances in a broader range of study set-

ups. Nevertheless, drawbacks, e.g., careful handling and precise laboratory practice (Harrison 

et al., 2021) must be taken into account. Furthermore, caution must be taken when low 

biomass samples are processed, as then the spike-in amount must be decreased to prevent 

drowning of the target reads in too many spike reads in the sample output. 

 

2.4.6 Conclusion  

Here, we compared two independent analysis strategies to assess the microbial load of a given 

sample. On the one hand, we evaluated the number of bacteria present within a given sample 

through flow cytometry and, on the other hand, by synthetic spike-in sequencing. By the latter, 

spike-normalized bacterial abundances can be compared between samples which will be 

interesting, especially if clinically relevant samples are analyzed. Moreover, as differentially 

abundant taxa can be analyzed and compared between samples with different overall 

microbial loads, this analysis strategy will facilitate to study microbial dynamics within the 

samples analyzed. As the method is easy to be performed and resulted in highly correlated 

taxonomic profiles when compared to the standard 16S rRNA gene sequencing approach, we 

suggest that spike-in sequencing should be used regularly.  
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2.5 Synthetic versus long-read 16S rRNA sequencing approaches – 
benefits, drawbacks, and feasibility 

2.5.1 Abstract 

Full-length sequencing approaches are advertised for allowing an improved species-level 

classification compared to standard short amplicon sequencing. In this study, it was tested 

whether the species-level classification indeed is improved by full-length 16S rRNA gene 

sequencing approaches. Up to date, several different such approaches exist, which are 

either categorized as long-read sequencing approaches or as synthetic full-length 

approaches. In this study, we compared both a long-read sequencing approach and two 

synthetic full-length approaches to standard short amplicon sequencing. For this, two 

mock communities and a human fecal sample were used.  

Overall, it was assessed whether (i) different sequencing approaches using the same fecal 

samples from the same human donor could generate comparable taxonomical profiles, (ii) 

if the species-level classification was improved by the full-length sequencing approaches, 

and (iii) if either long-read or synthetic full-length approaches performed comparably 

better. 

We found that if the LoopSeq synthetic full-length sequencing approach was compared to 

short amplicon sequencing approaches, comparable taxonomical profiles could be 

generated, and the species-level classification was improved for the full-length approach. 

Nevertheless, the MinION long-read sequencing approach and the in-house synthetic full-

length sequencing approach need further improvements to be competitive and efficient.  

 

2.5.2 Introduction 

Sequencing of the complete 16S rRNA gene has the benefits of the higher taxonomical 

resolution, potentially even sub-species classification, e.g., as shown by Johnson et al. 

(2019). Further, a reduced primer bias is found when compared to short amplicon 

sequencing, were typically one, two, or three adjunct variable regions (V-regions) are 

sequenced.  

Generally, full-length 16S rRNA gene sequencing can be either performed by long-read 

sequencing approaches typically using Oxford Nanopores Technologies (ONT) MinION or 

by Pacific Biosciences (PacBio) circular-consensus sequencing (CSS) approach. Earl et 

al. (2018) showed, for example, that by using the CSS technology, they could greatly 

improve their taxonomic and phylogenetic resolution for their human sinonasal microbiome 

samples. Shortly afterward, Callahan et al. (2019) showed that combining the PacBio CSS 



Results 

107 

sequencing approach with the DADA2 sequence processing pipeline (Callahan et al., 

2016) resulted in a single-nucleotide resolution and a near-zero error rate. MinION 

sequencing is less expensive than CSS strategies. Nevertheless, the error rates, even 

though they could be reduced dramatically in the last years, are still considerably high 

(Kono and Arakawa, 2019). Nevertheless, several recent publications demonstrated that 

by using ONTs long-read sequencing approach for 16S rRNA gene sequencing, the 

taxonomical resolution was improved compared to short amplicon sequencing (e.g., 

Matsuo et al., 2021, Nygaard et al., 2020). Nonetheless, caution must be taken and results 

have to be evaluated carefully as Winand et al. (2019), for example, found that up to 40% 

of their mock community reads produced by MinION long-read strategies were 

misclassified at the species level. To improve and guarantee a precise and reliable 

species-level classification, Karst et al. (2021) described a method that combines unique 

molecular identifier (UMIs) and long-read sequencing approaches. Using this approach, 

they were able to produce single-molecule consensus sequences with a low chimera rate 

(Karst et al., 2021).  

Besides long-read sequencing approaches, synthetic full-length 16S rRNA gene 

sequencing approaches gained interest within the last years. The first protocols, described 

by Burke & Darling (2016) and Karst et al. (2018), produce full-length 16S rRNA amplicons 

that are later fragmented, sequenced on a short read sequencer (Illumina), and then 

de novo assembled to the full-length. Important for this technique is the use of UMIs by 

which the fragments are identified and sorted. Due to the use of a second-generation 

sequencing device, sequencing error rates are comparably low, and this methodology is 

applicable to a wide variety of laboratories, as the Illumina sequencers are still the most 

used and widespread sequencers.  

In this project, long-read, synthetic full-length, and short amplicon 16S rRNA gene 

sequencing strategies are tested and compared. For the long-read approach, we used 

ONTs MinION device. For the synthetic approach, the commercially available LoopSeq Kit 

(LoopGenomics) and an in-house sequencing strategy were applied; and for comparison, 

short amplicon sequencing of the V3-V4 and the V1-V2 region was performed. Here, we 

used human fecal samples of healthy donors and mock communities of different 

complexity.  
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2.5.3 Material and Methods 

2.5.3.1 General Material & Methods 

Preparation of human gut samples 

Stool samples were obtained from healthy volunteers of age after informed and written 

consent. An ethics approval is deemed unnecessary according to the statement given in 

the Drucksache 15/2849 of the German Bundestag about § 41 Abs. 2 Nr. 2 S. 1 and 2 

Arzneimittelgesetz. Stool samples were collected in stool sample tubes as described 

previously by Abellan-Schneyder et al. (2021a).  

Extraction of gDNA from stool samples 
Genomic DNA was isolated using a modified protocol by Godon et al. (1997), as described 

previously by Reitmeier et al. (2020) and Abellan-Schneyder et al. (2021a). 

Extraction of gDNA from mock communities 
DNA of the Zymo mock community was purchased as a ready-to-use DNA mock (D6306, 

Zymo Research). For the more complex ZIEL2 mock community, preparation and 

extraction were performed as described in Abellan-Schneyder et al. (2021a). In brief, 19 

bacterial strains (18 different bacterial genera) of diverse taxonomy were cultured and 

afterward harvested by centrifugation. For each bacterial strain, a separate extraction of 

genomic DNA (gDNA) was performed. For the ZIEL2 mock community, 12 ng of each 

bacterial gDNA was pooled. 

 
2.5.3.2 Short amplicon 16S rRNA gene sequencing 

Amplicon preparation 
Short amplicons were prepared as previously described by Reitmeier et al. (2020) and 

Abellan-Schneyder et al. (2021a). For amplification of the variable regions and addition of 

adapters, a 1st-step PCR was performed in 50 µl volume targeting either V1-V2 or V3-V4 

(Tab 2.5.1). To enable multiplexing, barcodes were added in a 2nd-step PCR.  

 
Table 2.5.1: Variable region-specific forward and reverse primers and annealing temperature for 
1st-step PCR. 

Region Forward primer Reverse primer Annealing 
Temperature 

Reference 

V1-V2 AGA GTT TGA TYM 
TGG CTC AG 

GCT GCC TCC CGT 
AGG AGT 

57°C Salter et al. 
(2014) 

V3-V4 CCT ACG GGN 
GGC WGC AG 

GAC TAC HVG GGT 
ATC TAA TCC 

55°C Klindworth et al. 
(2012) 
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Library quality check  
For validation and quality assurance, 8 µl of 2nd-step PCR product were loaded on a 1.5% 

(w/v) agarose gel to perform gel electrophoresis. The remaining product was purified with 

0.6x AMPure XP beads. Concentrations of the 2nd-step PCR product were measured in 

triplicates using a Qubit 4.0. 

Sequencing on Illumina MiSeq  

Samples were adjusted to 0.5 nM, pooled, and sequenced in paired-end modus (PE300) 

on a MiSeq system (Illumina, Inc.) following the manufacturer’s instructions. Loading was 

performed using 12 pM of the pool and 15% (v/v) PhiX standard library. 

Data analysis  
For the downstream analysis, samples were processed with the DADA2 pipeline v1.18.0 

(Callahan et al., 2016). First, primer and remaining adapter sequences had to be removed. 

Therefore, short amplicon reads were trimmed using cutadapt (Martin, 2011). DADA2 was 

run. The following parameters were set individually: paired-end (PE) mode was used, for 

V1-V2, a truncation length of 200/180 bp was set, and for V3-V4, it was set to 260/220 bp. 

Further settings were: maxN = 0, maxEE = 2/2, and trunQ = 2. As a reference database, 

Silva v132 (https://www.arb-silva.de/documentation/release-132/, accessed on 2/12/2020) 

was chosen. Downstream analysis was performed in Rhea (Lagkouvardos et al., 2017). 

Rhea is a collection of R-scripts enabling comparison between samples. After 

normalization of data, α- and β-diversities can be visualized. The script also performs 

taxonomic binning, enabling an insight on all known and unknown sequences of the 

microbial composition down to the genus level. 

 

2.5.3.3 Full-length amplicon Preparation  

For the MinION and the in-house synthetic full-length approach, amplicons of about 

1,700 bp were produced in a three-step set-up (Figure 2.5.1).  
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Figure 2.5.1: Overview of the three-step PCR procedure to produce full-length SSU rRNA gene 
amplicons. In a 1st-step PCR, primers annealing to the SSU rRNA gene are used that include a 
15N-UMI tag and an adapter sequence (AP). This AP is then targeted in a 2nd-step PCR, where the 
Illumina overhangs (R1/R2) are added. Barcodes (BC) and the Illumina adapter (P5/P7) are added 
in the 3rd step PCR. If, after the 3rd step, insufficient amounts of full-length amplicons were produced, 
re-amplification with P5/P7 primers was performed.  
 

In short, a 1st-step PCR was performed using 10 ng gDNA, 1x Phusion HF buffer, 0.2 mM 

dNTPs, 0.2 µM forward primer(s), 0.2 µM reverse primer(s), 5% (v/v) DMSO, and 1.5 U of 

Phusion Hot Start II DNA Polymerase. In a thermocycler, denaturation took place at 98°C 

for 30 s followed by five cycles of denaturation at 98°C for 10 s, primer annealing at 57°C 

for 30 s, elongation at 72°C for 90 s, and completing the reaction with a final elongation 

step at 72°C for 5 min. 1st-step PCR products were purified with 1.8 AMPure XP beads, 

washed twice with 80% EtOH and eluted in 10 µl water. This 10 µl were then used for the 

2nd-step PCR, which contained 1x Phusion HF buffer, 0.2 mM dNTPs, 0.125 µM forward 

primer, 0.125 µM reverse primer, 5% (v/v) DMSO, and 1.5 U of Phusion Hot Start II DNA 

Polymerase. In a thermocycler, denaturation took place at 98°C for 30 s followed by ten 

cycles of denaturation at 98°C for 10 s, primer annealing at 57°C for 30 s, elongation at 

72°C for 90 s, and completing the reaction with a final elongation step at 72°C for 5 min. 

PCR products were purified with 1.8x AMPure XP beads and eluted in 20 µl water. A third 

step PCR was performed to enable multiplexing. The third step PCR was performed 

accordingly to the second step, with the difference of using barcoding primer for 

amplification. Products were again cleaned up afterward with 1.8x AMPure XP beads, and 

the concentration of the final product was assessed using a Qubit. Amplicons were 

assessed using agarose gel electrophoresis, and gel extraction was performed if side 

products were observed. If insufficient material was produced to process, re-amplification 

with P5/P7 primers was performed.  
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2.5.3.4 Long-read sequencing using ONTs MinION 

For MinION sequencing, the direct cDNA sequencing Kit (SQK-DSC109) was used. 

Starting-point was the end-prep reaction, as amplicons were already produced. Thus, 

samples were further processed as described by the manufacturer. Pooling of 12 samples 

per run was performed, where every sample was pooled using 200 fmol DNA amplicon. 

Sequencing adapters were added as described by the manufacturer, and then the final 

library was loaded onto an FLO-Min106 (R9.4.1) flow cell. Sequencing was performed until 

1-1.2 million reads were generated, which took on average 4 hours. The generated FASTQ 

files were further analyzed using workflows provided by the EPI2ME platform (Metrichor, 

ONT).  

 

2.5.3.5 Synthetic full-length sequencing using an in-house protocol  

Droplet digital PCR (ddPCR) and re-amplification 
In a first step, the previously produced full-length amplicons (1st-step PCR products) were 

processed by ddPCR. The advantage of ddPCR is the partition of the PCR reaction into 

thousands of individual reaction compartments and thereby an equal amplification of each 

target in the vessels, which function as microreactors. In our case, this will allow 

containment of UMIs, which are later needed to have enough reads bearing the same UMI 

for de novo assembly. 

Samples were diluted to approximately 20,000 copies/20 µl, which lead to final dilutions 

ranging between 10-5 to 10-7 of the original starting material. The ddPCR mixture containing 

10 μl of 2x ddPCR EvaGreen Supermix (Bio-Rad), 100 nM of forward and reverse primers, 

and the targeted PCR product in a total reaction volume of 20 μl. Then, the 20 μl reaction 

mixture and 70 μl Droplet Generation Oil for EvaGreen were loaded into a clean droplet 

cartridge (Bio-Rad). After droplet generation, the emulsion was transferred into a 96 well 

plate. The plate was sealed using the PX1 PCR Plate Sealer (Bio-Rad), and PCR was 

performed in a peqSTAR (VWR) cycler with following conditions: 95°C for 5 min, 40 cycles 

of 95°C for 30 s, 57°C for 1 min and 72°C for 3 min, and afterward signal stabilization steps 

at 4°C for 5 min, 90°C for 5 min and 4°C hold step, temp rate was set to 2°C/s for all steps. 

PCR reactions were transferred into fresh Eppendorf tubes, and extraction of the PCR 

products was performed by chloroform extraction. Recovery was performed as described 

in the ddPCR application guide provided by Bio-Rad with chloroform and 1x TE buffer. In 

brief, the oil phase of each sample was discarded, and 20 µl 1x TE buffer and 70 µl 

chloroform were added to the remaining aqueous phase. The mixtures were vortexed for 

1 min at high speed in a 2 ml adapter for the Vortex-Genie 2 (Thermo Fisher) and 

centrifuged at 15,500×g for 10 min. The upper aqueous phase (volume approx. 25 µl), 
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containing amplicons, was separated by pipetting. Samples were purified using 1x AMPure 

XP beads and eluted in 20 µl H2O. Recovered products were then loaded on a 1.5% (w/v) 

agarose gel and checked for successful amplification of the desired product. Afterward, 

concentrations were assessed on a Qubit. Then, the 2nd- and 3rd-step PCRs were 

performed as described in section 2.5.3.3 with the exception that the Q5U polymerase and 

the corresponding Q5U buffer were used. The Q5U polymerase was used as we found 

that a non-proofreading polymerase (e.g., Taq polymerase) or a polymerase that can read 

and amplify templates containing uracil (and inosine bases), are needed since the ddPCR 

Supermix contains dUTPs. After the 3rd-step PCR, concentrations were assessed on a 

Qubit and re-amplification was performed if less than 4 ng total material was available. 

The re-amplification reaction mix contained: 1× Q5U reaction buffer, 200 µM dNTPs 

(10 mM); 0.5 µM P5 primer (forward), 0.5 µM P7 primer (reverse), 5 µl ddPCR product 

(≤1 ng/µl), 0.02 U/µl Q5U Hot Start High-Fidelity DNA Polymerase, up to 50 µl nuclease-

free H2O. PCR was performed using the following conditions: 98°C for 30 s, 10/15 cycles 

of 98°C for 10 s, 57°C for 20 s and 72°C for 90 s, and a final extension for 2 min at 72°C 

before samples were stored at 8°C.  

Tagmentation of full-length amplicons  
Tagmentation, is a portmanteau word of “tagging” and “fragmentation” and refers to using 

the transposase Tn5 with preloaded DNA-fragments (i.e., adaptors) to cut double-stranded 

DNA and ligate specific adaptors to both ends of the opened DNA strand (Di et al., 2020). 

This was performed using the previously produced full-length amplicons as template to 

enable sequencing on a short-read sequencer. Here, the Nextera DNA tagmentation kit 

(Illumina Inc.) was used and performed, as illustrated in Fig 2.5.2. In brief, a reaction mix 

containing 1x Tris-DMF buffer, 1.2 µl of a 1:10 diluted tagmented DNA enzyme 1 (Illumina 

Inc.) and 4 ng purified full-length amplicon were prepared in a total volume of 20 µl. 

Samples were incubated in a thermocycler for 5 min at 55°C before cooling them to 10°C. 

Complete termination of the reaction was accomplished by purification with 0.6x AMPure 

XP beads and elution in 22 µl H2O. Then, 10 µl of the purified sample were used for the 

tagmentation PCR containing 1x Q5U reaction buffer, 0.2 mM dNTPs, 0.25 µM forward 

barcode primer, 0.25 µM reverse barcode primer, and 0.5 U of Q5U DNA polymerase in a 

total volume of 25 µl. The PCR reaction was set up with an initial temperature at 72°C for 

3 min and an initial denaturation at 98°C for 30 s followed by 15 cycles of denaturation at 

98°C for 10 s, primer annealing at 59°C for 30 s, and elongation at 72°C for 2 min. Final 

elongation was taking place at 72°C for 5 min, followed by sample storage at 8°C. 
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Figure 2.5.2: Tagmentation of the full-length amplicons. The Tn5 transposase cut the amplicon and 
ligates an Illumina overhang (R1/R2) which is later targeted in the tagmentation PCR. The arrows 
labeled with R1, R2, I1, and I2 show how Illumina sequencing is performed in the paired-end mode.  
 

After the amplification PCR took place, 1x TriTrack loading dye was added to samples 

before loading 18 µl of them on a 6% PAA/TBE gel, which was run for 50 min at 145 V. 

The gel was then stained with 8 µl SYBR Gold in 50 ml 1xTBE buffer for 10 min. Bands 

from 600 bp to approximately 1,800 bp length were cut out from the gel. Gel pieces were 

transferred into a gel-breaker tubes and centrifuged at 13,000×g for 5 min. Gel debris was 

incubated overnight in water. Afterward, debris was removed by filtering the samples 

through Corning Costar Spin-X centrifuge tube filters (Sigma Aldrich). The remaining 

sample was cleaned up using 0.6x AMPure XP beads and eluted in 20 µl H2O. The 

concentration of the final product was measured on the Qubit, and library size distribution 

was assessed on the Bioanalyzer (Agilent).  

Self-circularization for binning 15N-tags of both ends 
For adapter assignment (see Fig 2.5.3), 2 ng of the 1st-step ddPCR processed full-length 

amplicon sample was used. First, all samples were end-repaired. Towards this end, for 
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each sample, a reaction including 2 ng amplicon product, 1x NEB End repair reaction 

buffer, and 0.75 µl NEB End repair enzyme mix was set up in a total volume of 20 µl. The 

reaction was incubated at 20°C for 30 min. 

 
Figure 2.5.3: Overview of the adapter assignment process. First, samples are end-repaired, and a 
blunt-end self-ligation is performed. Then products are amplified by using reverse-complement 
primers of the SSU rRNA gene sequences. In the last step, sequencing adapters are added to allow 
sequencing on an Illumina MiSeq.  
 

Afterward, a clean-up was performed using 1x AMPure XP beads. A subsequent blunt-

end ligation was performed for 1 h at 16°C. The 200 µl reaction included 10 µl of the end-

repaired product, 16% of a 40% (w/w) PEG 8000 solution, 1x T4 DNA ligase buffer, and 

3,200 U T4 DNA Ligase (New England Biolabs). The ligation reaction was purified with 1x 

AMPure XP beads, and an amplification PCR was performed. The reaction contained 15 µl 

of the purified circulated product, 1x Q5U reaction buffer, 200 µM dNTPs, 0.5 µM forward 

primer, 0.5 µM reverse primer, and 2.5 U Q5U polymerase. PCR was performed at 98°C 

for 30 s, followed by 15 cycles of 98°C for 10 s, 59°C for 20 s, and 72°C for 30 s, and then 

a final extension at 72°C for 5 min. Samples were purified using 1x AMPure XP beads and 

subsequently barcoded in a two-step barcode reaction. The 1st-step was performed in a 

total volume of 50 µl. The reaction contained 8 µl PCR product from above, 1x Q5U 

reaction buffer, 200 µM dNTPs, 0,5 µM forward R1-adapter primer, 0,5 µM reverse R2-
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adapter primer, and 2.5 U Q5U polymerase. PCR was performed at 98°C for 30 s, followed 

by 10 cycles of 98°C for 10 s, 59°C for 20 s, and 72°C for 30 s, and then a final extension 

at 72°C for 5 min. PCR products were purified using 1x AMPure XP beads and eluted in 

20 µl water. For the 2nd step, 10 µl sample was mixed-up with 1x Q5U reaction buffer, 

200 µM dNTPs, 0.5 µM forward barcode primer, 0.5 µM reverse barcode primer, and 2.5 U 

Q5U polymerase. PCR was performed at 98°C for 30 s, followed by 10 cycles of 98°C for 

10 s, 57°C for 20 s, and 72°C for 30 s, and then a final extension at 72°C for 5 min. Then, 

5 µl of each of the final barcoded products were loaded onto a 1.5% (w/v) agarose gel, 

and gels were screened for positive bands at about 300 bp. If bands were observed, 

samples were cleaned up using 1x AMPureXP beads and eluted in 30 µl water. The 

concentration of the barcoded products was determined on a Qubit in triplicates.  

Sequencing of the tagmented full-length amplicons on Illumina MiSeq 
Pooling of 0.5 nM of each sample (for each initial sample, two libraries were pooled: the 

tagmented sample (RT) and the self-circularized sample (LT)) was performed. Afterward, 

the pool was denaturized and prepared for sequencing. Paired-end sequencing was 

performed on an Illumina MiSeq following the manufacturer's instruction (Illumina Inc.). A 

final DNA concentration of 12 pM after the addition of 15% (v/v) PhiX standard library were 

used.  

Data analysis  
The quality of tagmented reads was controlled using FastQC (Andrews, 2010). Files were 

processed using an in-house protocol. The tagmen_suite was used. In short, tagmented 

sample reads are screened for their 15N-tag, and 15N sequences are extracted using the 

readtag.py script. Then an output folder is created, for which the CD-HIT-EST script is run. 

Clusters containing the same 15N-tags are created by running the parse_cluster script. 

The corresponding 15N-tags are identified through the reads emerging from the self-

circularization step. 15N are therefore extracted using the linktag.py script. In a final step, 

results are aggregated through the aggerate.py script. The de novo assembly is performed 

using the A5_miseq assembly pipeline (Tritt et al., 2012), and FASTA output is generated 

by the in-house get_fasta.py script. FASTA files are then classified using the SINA ACT: 

Alignment, Classification and Tree Service (Pruesse et al., 2012). All scripts are available 

online through https://github.com/TUM-Core-Facility-Microbiome/tagmen (last accessed 

06/24/2021).  

 

https://github.com/TUM-Core-Facility-Microbiome/tagmen
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2.5.3.7 Synthetic full-length sequencing using the 16S/18S LoopSeq kit (Loop 
Genomics) 

The LoopSeq 16S & 18S Long Read Kit (Version 2.1, Loop Genomics) was used 

generating de novo assembled long reads, which were sequenced on a short-read 

sequencer before. This kit provides primers that can bind to 16S and 18SrRNAs, allowing 

the parallel estimation of bacteria, archaea, and eukaryotic microorganisms. Sample 

processing was performed as described by the manufacturer. In short, 5 μl 1:10-diluted 

gDNA was used for the enrichment PCR. The enrichment PCR was performed for 

20 cycles of denaturation, annealing, and elongation as described by the manufacturer. 

For barcode assignment, 1.5 ng PCR product of each sample were used. The barcode 

assignment was performed as described in the manual. qPCR was performed using 10 µl 

reaction volumes for each sample instead of 20 µl as described by the manufacturer. 

Afterward, samples were adjusted to 8,000 barcoded sequences/sample. Next, the 

barcode distribution step was performed, and the concentrations were checked afterward 

on a Qubit. Based on the measured concentrations, pooling was performed in equimolar 

amounts, and all further steps were performed as suggested by the manufacturer. Further 

details and the sequencing procedure were previously described by Abellan-Schneyder et 

al. (2021b). After successful sequencing, the resulting short raw reads were uploaded to 

the analysis platform provided by LoopGenomics. After the analysis was finished, a zip file 

including the stats and sequences for the assembled full-length sequences, and taxonomy 

files, were downloaded from the website.  

 

2.5.4 Results  

Species-level classification 
In a first step, it was assessed and compared how accurate species-level classification 

was performed for each of the four approaches (short amplicons, MinION long-reads, 

LoopSeq, and in-house synthetic full-length approach) when mock communities were 

analyzed. Towards this end, we used, on the one hand, the simple Zymo mock community, 

which consists of 8 different bacterial species, and the more complex ZIEL2 mock 

community, which was created out of 19 different bacterial species belonging to 18 

different genera. Overall, the LoopSeq method performed best for both the Zymo and the 

ZIEL2 mock community (Fig 2.5.4). Regarding the Zymo mock community (Fig 2.5.4A), 

the V3-V4 amplicon approach performed worst, followed by the in-house synthetic full-

length approach, the short amplicon V1-V2 approach, and the ONT MinION long-read 

approach. For the ZIEL2 mock community (Fig 2.5.4B), again, the LoopSeq approach 

performed best. Nevertheless, the short-read amplicons performed comparably well with 
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V1-V2 performing better than the long-read MinION approach and the in-house synthetic 

full-length approach.  

 

 
Figure 2.5.4: Percentage of all reads that could be classified down to species level. The Zymo mock 
community (A) performed well when long-reads were recorded using either ONTs MinION or the 
LoopSeq kit. The ZIEL2 mock community (B) was best classified at the species level by the 
LoopSeq kit, followed by the short amplicon V1-V2 approach.  
 

Performance of different sequencing approaches on mock communities  
As the species-level classification varied strongly between the different methods applied, 

the taxonomic composition was analyzed at the genus level (Fig 2.5.5). When the less 

complex Zymo mock community is analyzed, taxonomical profiles vary only slightly 

(Fig 2.5.5A). Of note, the MinION full-length approach drastically underrepresents 

Escherichia/Shigella (marked in green in Fig. 2.5.5A). A non-metric multidimensional 

scaling (NMDS) plot was created to assess how the different approaches performed 

compared to the ideal (theoretical composition). For the Zymo mock community, the NMDS 

plot (Fig 2.5.5B) showed moderate distances for both short amplicon approaches 

(triangles) and the LoopSeq approach. The MinION and in-house approach, on the other 

hand, showed larger distances. In any case, when analyzing the more complex ZIEL2 

mock community, taxonomical profiles vary more strongly from method to method 

(Fig 2.5.5C). Several taxa are not identified or dramatically under-/ overrepresented within 

the different methods applied. For example, the short amplicon V1-V2 approach drastically 

underrepresented Akkermansia and Bifidobacterium. The V3-V4 approach could not 

classify Ruminoccus at the genus level. All full-length approaches suffered to classify or 

dramatically underrepresents Akkermansia, Bifidobacterium, and Eggerthella. The 

MinION and in-house approach markedly overrepresented Staphylococcus, whereas the 

LoopSeq, for example, overrepresented Escherichia/Shigella. The NMDS plot (Fig 2.5.5D) 

demonstrated that overall, at the genus level, the short amplicons performed more similar 

to each other and to the “ideal” (i.e., theoretical) profile. Thus, taxonomical profiles that are 

closer to this ideal composition were observed, while the full-length approaches cause 

cluster to be more distant from the ideal composition.  
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Figure 2.5.5: Performance of the different sequencing methods using two different mock 
communities: Zymo (A, B) and ZIEL2 (C, D). Plotting of relative abundances of bacteria included in 
the Zymo mock (A). The ideal (theoretical) composition (first row) was compared to taxonomical 
profiles gained for the different sequencing approaches tested. Distances for the tested approaches 
were compared in an NMDS plot for the Zymo mock community. Resulting compositions of short 
amplicons V1–V2 (green), V3–V4 (purple), or full-length approaches, V1–V9 (blue), were compared 
to the ideal composition (red) at the genus level (B). Plotting of relative abundances of bacteria 
included in the ZIEL2 mock community (C). The ideal (theoretical) composition (first row) was 
compared to taxonomical profiles gained for the different sequencing approaches tested. Distances 
for the tested approaches were compared in an NMDS plot for the ZIEL2 mock community (D). 
Resulting compositions of short amplicons V1–V2 (green), V3–V4 (purple), or full-length 
approaches, V1–V9 (blue) compared to the ideal composition (red). Please note the differences 
between the data points indicated by the scale compared to panel B.  
 

To further assess, which approach performed best for the ZIEL2 mock community, the 

generalized UniFrac distance was calculated (Tab 2.5.2). Principally, the generalized 

UniFrac distance matrix is calculated to detect compositional changes of abundant but 

also rare taxa. The lower the calculated values are, the smaller the difference between the 

two sets that were compared is expected. Here, we found that the V3-V4 short amplicon 

data for the ZIEL2 mock showed the smallest value and was, therefore, the most 
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comparable to the ideal mock. The short amplicon V1-V2 approach performed second best 

and thus superior to the LoopSeq, in-house, and MinION sequencing strategy.  

Table 2.5.2: Generalized UniFrac matrix for ZIEL2 samples in comparison to the ideal composition 
at the genus level. 

 
ideal 

ZIEL2 
Short 
V1-V2 

Short 
V3-V4 

MinION 
V1-V9 

LoopSeq 
V1-V9 

in-house 
V1-V9 

ideal ZIEL2 0.00 0.12 0.10 0.43 0.19 0.28 
Short V1-V2 0.12 0.00 0.14 0.45 0.19 0.27 
Short V3-V4 0.10 0.14 0.00 0.43 0.21 0.29 
MinION V1-V9 0.43 0.45 0.43 0.00 0.38 0.34 
LoopSeq V1-V9 0.19 0.19 0.21 0.38 0.00 0.26 
in-house V1-V9 0.28 0.27 0.29 0.34 0.26 0.00 

 

Performance of different sequencing approaches on a human fecal sample  
It must be noted that the different sequencing strategies cannot be directly compared. On 

the one hand, all besides the MinION strategy were sequenced on an Illumina MiSeq and, 

thus, have an overall lower error rate compared to MinION. Moreover, the total number of 

sequencing reads vary dramatically (Tab 2.5.3).  

 
Table 2.5.3: Overview of the sequencing reads produced for the Zymo and ZIEL2 mock community 
as well as for human sample T1. Five different sequencing strategies were used. For the synthetic 
full-length approach, the number of de novo assembled full-length sequences is noted as well.  

Reads sequenced Assembled full-length 
sequences 

Region V1-V2 V3-V4 Full-length (V1-V9) Full-length (V1-V9) 
Method Short Short MinION LoopSeq in-house LoopSeq in-house 
Zymo  65,590 49,483 60,899 1,457,754 28,588 7,652 1,738 
ZIEL2  85,086 92,888 13,472 1,360,029 23,299 7,086 1,430 

T1  24,424 43,446 79,446 1,333,162 57,806 6,766 240 
 

Nonetheless, in this proof-of-principle it was analyzed whether taxonomical profiles show 

recurrent characteristics. Here, we compared the taxonomical profiles (Fig 2.5.6) of a 

human sample (T1), which was kindly provided by a healthy human donor. Overall, 

taxonomical profiles (Fig .2.5.6A) show similarities, e.g., Prevotella (dark blue) being highly 

abundant and larger proportions of Bacteroides (brown) and Ruminococcus (yellow). 

Nonetheless, also concerning this recurrent feature, changes are observable. The amount 

of Prevotella varies drastically, with about 50% of all reads clustering to Prevotella in the 

MinION dataset, while in the in-house full-length approach, the proportion of Prevotella is 

much smaller, with about 15% of all reads. The short amplicon reads look very similar, 

which is reinforced in the NMDS plot (Fig 2.5.6B), where only smaller distances of the 

short amplicons are observed. The LoopSeq approach had smaller distances to the short 
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amplicons and, therefore, is considered to produce more similar data points than the 

MinION and in-house full-length sequencing approaches.  

 
Figure 2.5.6: Performance of the different sequencing methods using a human fecal sample. The 
relative abundance of bacteria at the genus level is compared (A). NMDS plot showing the results 
for the human sample sequenced using short amplicons V1–V2 (red), V3–V4 (blue), or full-length 
approaches, V1–V9 (green) are compared (B). 
 

Benefits, drawbacks, and feasibility of the different sequencing approaches  
To assess which sequencing strategy should be used for different purposes, we aimed to 

compare the most prominent benefits and drawbacks. Moreover, we determined the 

feasibility and time-effort for each approach. The results are summed up in Table 2.5.4. 

Generally, one must consider whether to use short amplicon sequencing of a full-length 

approach. Short amplicon sequencing is overall cheap, easy to conduct, and can be 

standardized. Nevertheless, it is subjected to primer bias depending on which V-regions 

are targeted and sequenced and which primers are used. Full-length sequencing 

approaches are overall more difficult and time-consuming to conduct and should, 

therefore, only be used if species-level information is needed. For species-level 

classification, the LoopSeq approach performed overall best and was the suggested 

method of choice here. Still, it should be noted that this method allows sequencing only in 

a more than ten-fold lower throughput than short amplicons. The in-house methodology 
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had a sequencing depth similar to what is used for short amplicons and, thus, was not 

sequenced in sufficient depth. Samples should be re-sequenced, and analysis should be 

repeated to allow better comparability of the results.  

For the MinION approach, an average raw read accuracy of 89% was detected, 

accordingly the error rate is much higher compared to all other approaches. Therefore, 

sequencing using the MinION is, at the moment, only recommended if time is critical, e.g., 

to detect pathogens in a clinical environment. Further investigations and newer kits of ONT 

should be tested, and it should be assessed whether the sequencing errors can be 

reduced, for instance using the 1D2 approach as suggested by Calus et al. (2018) or by 

applying the Rolling Circle Amplification to Concatemeric Consensus (R2C2) method 

(Volden et al., 2018). With this, the technology would be of greater interest as it is easy to 

conduct and space and time saving.  

 

2.5.5 Discussion 

This study compared four different sequencing strategies, three full-length 16S rRNA gene 

sequencing strategies, and a short amplicon sequencing approach using two different 

primer sets. For this comparison, two mock communities of known composition with 

increasing complexity and a human fecal sample were used. We found that the LoopSeq 

approach performed best in terms of reads that could be classified at the species level. At 

genus level for the ZIEL2 mock, the V3-V4 approach performed best, i.e., showing the 

smallest deviation from the ideal composition. Next to this, V1-V2 performed second best, 

LoopSeq third, the in-house full-length approach is on the fourth position, and the MinION 

approach performing worst. Even though we do not know for the human samples which 

method cluster best, as the “ideal” composition is not known we could observe that the 

short amplicon sequencing profiles of the human sample clustered in close proximity to 

the LoopSeq results. On contrast, longer distances were observed to the MinION and in-

house processed reads.  

Thus, we believe, when using the settings of the analysis pipelines as described, short 

amplicon approaches perform best as long as genus-level taxonomic information is 

sufficient. If species-level information is of interest, we would suggest applying the 

LoopSeq approach. Nevertheless, it must be noted that our results might be biased 

according to several different factors: (1) the use of different sequencing types of 

machinery (ONT MinION vs. Illumina MiSeq), (2) the sequencing depth of the different 

approaches varied considerably, (3) different downstream and analysis pipelines 

(including filtering) and reference databases were used. 
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Table 2.5.4: Overview of the main benefits, drawbacks, and characteristics for the four tested different sequencing approaches.  
 Benefits Drawback Hands-on Time Feasibility / Know-how need References/resources and 

similar approaches 
(last accessed 06/15/21) 

Short amplicon 
sequencing 

+ Cost-efficient and high-
throughput (350 samples on one 
cartridge) 

+ Widely available/accessible 
+ Standardized protocols 
+ Easy-to-use analysis tools 

available 
+ Automation possible 

- Primer dependency and 
primer biased 

- Different reference 
database and pipelines 
add bias 

o DNA extraction: 3 h 
o Library construction: 

3 h 
o Sequencing 

preparation: 1.5 h  
o Sequencing: 48 h 

- Easy 
- Availability of hands-on protocols  
- Downstream pipelines can be used 

without intense bioinformatical training  

Abellan-Schneyder et al. (2021a), 
Reitmeier et al. (2020), 
Reitmeier et al. (2021), 
Allaband et al. (2019),  
http://www.human-
microbiome.org/index.php  
https://hmpdacc.org/  

MinION full-
length 
sequencing 

+ Fast  
+ Easy to conduct (kit-based) 
+ Small device, no extensive room/ 

cooling needed 
+ ONT specific analysis solutions 

- High input amounts of 
DNA needed 

- Analysis pipelines vary in 
classification and 
accuracy  

- Standard primers in 16S 
kit system not optimized  

- No “best practice” 
- Limited number of 

samples at the same time 
(96 samples/run) 

- Long run time for base-
calling 

o DNA extraction: 3 h 
o Library construction: 

2 h 
o Sequencing 

preparation: 1 h 
o Sequencing: 4-12 h 

o Easy 
o Protocol provided by the manufacturer 
o Downstream pipelines can be used 

without intense bioinformatical training 
(but EPI2ME pipeline was tested to 
classify error-prone) 

Benitez-Paez & Sanz (2017),  
Matsuo et al. (2021), 
Heikema et al. (2020), 
Karst et al. (2021),  
Shanmuganandam et al. (2019) 
https://nanoporetech.com/  
 

LoopSeq full-
length 
sequencing 

+ A kit-based system, highly 
standardized and easy to 
conduct 

+ Best species-level classification 
+ Easy and quick downstream 

analysis-pipeline with automated 
de novo assembly 

- High in costs 
- Exact methodology/ 

strategy not published  
- Further equipment, e.g., 

qPCR machinery and 
Bioanalyzer, needed 

- Lower throughput (24 
samples on one Illumina 
cartridge) 

o DNA extraction: 3 h 
o Library construction: 

9 h 
o Sequencing 

preparation: 2 h 
o Sequencing: 48 h 

o Easy 
o Protocol provided by the manufacturer 
o Downstream analysis performed by 

LoopGenomics, easy and convenient  

Chung et al. (2020), 
Callahan et al. (2021), 
Jeong et al. (2021), 
Abellan-Schneyder et al. (2021b), 
https://www.loopgenomics.com/  

in-house full-
length 
sequencing  

+ Amplification of very low amounts 
of gDNA possible 

+ Possible to start with RNA 
instead of DNA as starting 
material (primer-free) 

+ Primers can be easily adapted/ 
changed, kit-independent 

+ A mixture of different primers 
(e.g., targeting 18S or ITS) can 
be used 

- low throughput 
- high sequencing depth 

needed 
- difficult protocol steps 

(e.g. ddPCR, PAGE 
extraction, tagmentation) 

- ddPCR step is limiting 
(performed in 8-sample 
stripes) 

- Tagmentation difficult to 
be scaled (DNA 
concentration-dependent) 

o DNA extraction: 3 h 
o Library construction: 

15 h 
o Sequencing 

preparation: 2 h 
o Sequencing: 48 h 

o Difficult 
o Protocol existing, can be improved 

and adapted  
o Downstream pipelines without a 

graphical interface 
o Long-run time of downstream analysis 
 

Burke & Darling (2016) 
Karst et al. (2018),  
Deutscher et al. (2018) 
 

 

http://www.human-microbiome.org/index.php
http://www.human-microbiome.org/index.php
https://hmpdacc.org/
https://nanoporetech.com/
https://www.loopgenomics.com/
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For example, it was previously shown that the ONT EPI2ME workflow for the MinION 

sequencing strategy does not allow the best possible and most precise species-level 

classification and is, further, not a convenient downstream analysis pipeline (Santos et al., 

2020, Winand et al., 2019). However, in addition to the above, (4) different primers were 

used, and (5) different PCR cycling protocols and library purification steps were applied.  

Use of different sequencing devices 
While the commonly used Illumina MiSeq is based on the sequencing by synthesis 

approach, the MinION sequencing strategy relies on the measurement of changes in the 

electric current, which is used to differentiate between the four bases and, perhaps, also 

to detect base modifications (Ansorge et al., 2017, Liu et al., 2019b). Even though the error 

rate decreased for the MinION device throughout the last couple of years, the error rates 

are still high (Ciuffreda et al., 2021). In our analysis, we had average accuracies of 89-

90% (i.e., 10-11% erroneous bases), while the MiSeq system produces highly accurate 

reads with an average error rate reported to be <0.5% (Pfeiffer et al., 2018). Thus, correct 

identification and classification of MinION data at genus and species-level with identity 

thresholds typically being ≥97% is difficult, as the error rates of the technology applied are 

higher than the identity threshold (Winand et al., 2019). Nonetheless, it must be noted that 

recently methods were described that could show significantly increased accuracies for 

long-read amplicon sequencing approaches using ONTs MinION. Karst et al. (2021) 

published a method sequencing the complete rRNA gene operon using ONTs MinION. 

They showed that by using unique molecular identifiers (UMIs), sequencing of the whole 

rrn operon, and drastically increased read coverage, they were able to lower the error rate 

to values <0.1%. To achieve that, they created UMIs that contain an internal pattern, which 

their provided downstream analysis pipeline can easily identify. Using those UMIs and 

long-read sequencing, they showed that single-molecule consensus sequences could be 

produced that showed an overall low chimera rate. Thus, by using such a precise method, 

species-level classification becomes possible.  

Differences in sequencing depth  
As mentioned above, Karst et al. (2021) had to, besides the use of the UMI strategy, 

drastically increase the read coverage to be able to reduce the error rates substantially. 

They stated that a coverage rate of 40x would be ideal per UMI sequence amplified. This 

exceeds by far standard protocols, and increases cost drastically. In our approaches, 

sequencing depths varied (Tab 2.5.3). The LoopSeq approach was sequenced in the 

highest depth and performed overall best. Thus, it should be evaluated if this would still be 

the case when samples sequenced using the MinION approach or the in-house protocol 
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would need to be sequenced as deep as the LoopSeq samples. For such testing’s, an 

increase of 15-60x in sequencing depth would be required.  

Use of different downstream analysis pipelines and reference databases  
For short amplicon 16S rRNA gene sequencing, it was previously shown that the use of 

different clustering approaches, analysis pipelines, and references databases could 

influence the taxonomical profiles of samples analyzed (e.g., Abellan-Schneyder et al., 

2021a, Almeida et al., 2018, De Filippis et al., 2018, Nearing et al., 2018, Park and Won, 

2018). All data, except the MinION approach, used Silva as a reference database. The 

MinION reads were processed using the ONT EPI2ME tool, which is based on the NCBI 

16S RefSeq. It was previously shown that EPI2ME is not performing best, as Cuscó et al. 

(2019) showed that Minimap2 outperformed EPI2ME and Winand et al. (2019) showed 

that the program Mothur performed superior when compared to EPI2ME. Nevertheless, 

EPI2ME is the most convenient analysis pipeline as no bioinformatical knowledge is 

needed. Regardless, improved pipelines, which are user-friendly, i.e., having a graphical 

interface allowing easy handling and changing settings (e.g., cut-offs in clustering 

approach or the used reference database) are needed. All of which currently is not 

available in EPI2ME. Some alternative approaches were published recently, including the 

16S_ppm pipeline (Marino, 2020), which uses BLAST as an aligner and the NCBI 16S 

database as a reference database, or NanoCLUST (Rodríguez-Pérez et al., 2020), which 

is based on Uniform Manifold Approximation and Projection (UMAP) and classifies based 

on BLAST. Besides, some studies use already existing and accepted approaches 

developed for short amplicon sequencing and adapted those for using it with long-reads. 

Examples include QIIME (Quan et al., 2019, Sheahan et al., 2019) and Mothur (Winand 

et al., 2019). Such approaches facilitate comparability with short amplicon sequencing 

data, which is of great interest for the scientific community.  

Use of different primers 
The use of different primer sets cause bias, and the comparability of different approaches 

is decreased. For short amplicon sequencing, this factor was studied intensively before 

(e.g., Abellan-Schneyder et al., 2021a, Clooney et al., 2016, Fouhy et al., 2016, Tremblay 

et al., 2015). For short amplicon sequencing, primer pairs that were previously shown to 

perform overall well were chosen (Abellan-Schneyder et al., 2021a). The LoopSeq kit 

includes a mixture of four different forward and two reverse primers targeting not only 

bacteria but also archaea and eukaryotes. For better comparability, we used the same 

microorganism-specific targeting sequences in our in-house protocol as were used for the 

LoopSeq kit. Nevertheless, it was shown previously (Abellan-Schneyder et al., 2021b) that 
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this primer mixture should be re-evaluated. It includes, for example, the 27F-CM primer 

instead of the improved 27F-YM version.  

Concerning MinION sequencing, several different approaches exist. The easiest and most 

convenient would be to simply purchase the 16S Barcoding Kit (SQK-16S024), which 

already includes 16S Primer. Again, the inferior 27-CM primer is used. Matsuo et al. (2021) 

demonstrated that the use of 27F-YM improves taxonomical classification, especially 

concerning Bifidobacterium, since this species cannot be targeted using the 27F-CM but 

can with the improved 27F-YM primer.  

Different library preparation and PCR cycling approaches  
In addition to the use of different primers, it was also shown that different library 

preparation protocols could influence the downstream analysis. For short amplicon 

sequencing, the effect of different PCR cycles or library preparation in one vs. two steps 

was formerly studied in detail (e.g., Ahn et al., 2012, Drengenes et al., 2021, Mallott et al., 

2019, Siebert et al., 2021, Wu et al., 2010b). For the MinION approach only a few different 

protocols (e.g., Cuscó et al., 2019, Karst et al., 2021, Matsuo et al., 2021) were described 

that do not use of the standard ONT 16S library preparation kit. 

In our study, we used an approach similar to the one by Karst, et al. where we first 

generated the full-length amplicons (Fig 2.5.1) and then ligated the ONT adapters using 

adapter ligation components of the Direct cDNA Native Barcoding Kit (SQK-DCS109) 

sequencing kit. For our approach, we detected roughly 50% of library loss after the adapter 

ligation step. Thus, an approach that does not need a ligation step, such as the protocol 

described by Matsuo et al. (2021) would be beneficial.  

Cuscó et al. (2019) and Karst et al. (2021) could show that sequencing the whole rrn 

operon further improved the ability to classify bacteria down to the species level. Therefore, 

in further approaches, sequencing of the whole operon should be considered.  

Besides sequencing the rrn operon, Leggett et al. (2019) presented an interesting ONT-

based approach. They performed shotgun metagenomic sequencing of both mock 

communities and fecal samples. With this approach, not targeting the rrn genes directly, 

they demonstrated that several pathogenic bacteria such as Klebsiella pneumoniae, can 

be identified. Besides, we see the potential for our in-house approach, which is 

independent of any kit-based components. Thus, primers, cycling steps, even actual 

sequencing can be adapted and changed. Furthermore, primers allowing to reverse 

transcribe rRNA to cDNA were created, such that sequencing of the actual rRNA is 

possible. This approach is inspired by Karst et al. (2018) and allows studying not only the 

microorganisms present, but target those which are metabolically active. Disadvantages 



Results 

126 

are a further increase in library preparation time, more complex handling, and the need for 

an increased sequencing depth.  

 

2.5.6 Conclusion 

Here, we presented and compared three different full-length SSU rRNA gene sequencing 

approaches. The LoopSeq approach produced results most comparable to short amplicon 

sequencing (V1-V2 and V3-V4) and showed the best species-level resolution. Our in-

house method failed to perform superior in species-level classification compared to the 

short amplicon approaches, but sequencing depth was low and should be improved. The 

MinION approach has an increased species-level classification for the simple Zymo mock 

community but failed to perform better at species-level for more complex samples. 

Nevertheless, we believe that the MinION and in-house approach could be drastically 

improved in their performance by choosing better primer, a higher sequencing depth, and/ 

or improve the analysis pipelines. Summarizing, all presented sequencing approaches are 

useful to determine a simple mock community at the genus level well. Nevertheless, 

resolution decreased for complex samples. Future work must show on how to improve 

library preparation, sequencing, and the downstream analysis for any of the full-length 

approaches improving performance. 
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2.6 Full-length SSU rRNA gene sequencing allows the species-level 
detection of bacteria, archaea and yeasts present in milk 

Summary  

In this study, it was analyzed whether full-length SSU rRNA gene sequencing could 

improve species-level classification of microorganisms present in milk samples when 

compared to standard short amplicon 16S rRNA gene sequencing. Further, it was 

assessed if putative mastitis pathogens could be detected on species-level.  

We showed that using synthetic full-length sequencing instead of short amplicon 

sequencing improved species-level classification of microorganisms present in randomly 

chosen bulk-tank milk samples as well as in mock communities of known composition. 

Moreover, by using a primer mixture of primers targeting both 16S rRNA but also 18S 

rRNA, bacterial, archaeal, and eukaryotic microorganisms (i.e., yeasts) could be identified. 

In a proof-of-concept, we demonstrated that putative mastitis-causing bacteria can be 

identified at the species level. Out of a list of 25 most commonly found mastitis pathogens, 

we identified 17 in the raw milk samples and, overall, 19 in the whole data set.  

Some of those were, for example, Streptococcus uberis, Streptococcus agalactiae, 

Streptococcus dysgalactiae, Escherichia coli, or Staphylococcus aureus. 

Furthermore, we could also identify several Candida species, such as Candida boidinii, 

Candida metapsilosis, Candida intermedia, Candida zeylanoides, or Candida pararugosa. 

Pathogenic or mastitis-associated archaeal species are not known. Nevertheless, we 

identified archaea at species level, which might be of interest, as archaea are not 

commonly targeted by standard short amplicon 16S rRNA gene primer pairs. In our data 

set, we detected several Methanosarcina species such as Methanosarcina soligelidi, 

Methanosarcina mazei, Methanosarcina horonobensis, as well as Methanobrevibacter 

species, e.g., Methanobrevibacter millerae.  

In summary, the advantage of the presented full-length SSU rRNA gene sequencing 

approach over standard short amplicon 16S rRNA gene sequencing was shown to be an 

improved species-level classification, the concurrent analysis of bacteria, archaea, and 

eukaryotic microorganisms present in the analyzed samples, as well as the advantage that 

a kit-based methodology was used which is convenient in terms of standardization and 

reproducibility. Finally, the method was time-efficient, which is an important factor in many 

settings.   
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3. General Discussion and Conclusion 

Even though the terms “microbiota” and “microbiome” are often used interchangeably in 

the last couple of years, differences exist. While microbiota describes the living organisms 

of a defined ecosystem, the microbiome includes, besides the microbiota, also the 

molecules produced by the microorganisms (Berg et al., 2020, Marchesi and Ravel, 2015). 

The interchangeably use of both terms reflects a general standardization problem. 

While conducting my thesis, I was wondering if the interchangeable and sometime carless 

use of both terms indicates problems exceeding terminology. Indeed, while 16S rRNA 

sequencing seems to be a standard technology for about 20 years, it seems that many, 

even fundamental questions about this technology, have not been answered profoundly 

and have neither be standardized. In my thesis, different sequencing approaches 

(including short, long, and synthetic long sequence approaches) were tested, created, 

evaluated, and compared. After carefully analyzing my data, I see further potential and 

need to standardize not only terminology but also several other factors in the field of 

microbiota and microbiome research.  

Already in 2011, the European Commission decided to fund an international project called 

the “International Human Microbiome Standards” (IHMS), which aimed to develop 

protocols that will allow and facilitate data comparability between different scientific studies 

performed in the field of human microbiome research. The consortium published within the 

first four years several standard operating procedures (SOPs), aiming to guarantee best 

practices for sample collection, identification, and extraction, as well as for sequencing and 

data analysis (Guarner et al., 2015). Nonetheless, those SOPs must followed strictly, 

which is difficult and will probably not be feasible (Editorials, 2016). In order to evaluate 

comparability of different labs, the Microbiome Quality Control (MBQC) project sent 

different sample types (human stool samples, samples from chemostats, and mock 

communities) to 15 different laboratories and compared the results produced. Most 

differences in the taxonomical profiles were due to differences in sample type and origin, 

but also due to DNA extraction method, sample handling, and bioinformatical tools used 

(Sinha et al., 2017). Thus, for performing standardized experiments, reference reagents 

were provided by the National Institute for Biological Standards and Control (NIBSC) with 

the support of the World Health Organization (WHO). The standards are intended for gut 

microbiome analyses which are performed using NGS-based techniques (Amos et al., 

2020). Further, both shallow metagenomic sequencing and 16S rRNA gene sequencing 

were used to assess and investigate thresholds that should be met when the distributed 

standards are used in benchmarking existing analysis pipelines (Amos et al., 2020). In any 
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case, the most important aspects in standardization are summarized in Fig 3.1 and will be 

further discussed in detail.  

 
Figure 3.1: Factors impacting standardization in the field of microbiome research.  
 

Sampling and Preservation 
It was shown that different sampling and preservation approaches influence the resulting 

taxonomical profiles generated after sequencing (e.g., Bjerre et al., 2019, Camacho-

Sanchez et al., 2013, Gorzelak et al., 2015, Hsieh et al., 2016, McDonald et al., 2018, 

Sinha et al., 2016, Wu et al., 2010a). In this study, we confirmed that the use of different 

preservation solutions influences downstream analysis. I showed that the commercially 

available RL and the self-made SStab showed better stabilizing potentials than the 

commercial DNA stool stabilizer for stabilizing RNA. For the DNA extraction efficiency and 

quality, on the other hand, we do not see an explicit difference. When samples stored in 

either DS or SStab were extracted and sequenced using short amplicon 16S rRNA gene 

sequencing, differences in β-diversity were small and, thus, results were overall 

comparable. Importantly, if other stabilizing agents shall be used in future, it must be 

checked beforehand if taxonomical profiles shift, or if the integrity of the nucleic acids is 

impaired, or differences in the α- and β-diversity are detected.  

Nonetheless, it should be noted that self-made stabilizing agents bear the potential of 

being of insufficient quality. It is more difficult to guarantee a reasonable and stringent 

quality for several batches produced and to strictly quality control raw materials and each 

step producing such liquids. Thus, we suggest producing self-made SStab in sufficiently 

large quantities needed for the complete experiment and enough back-up. Further, it might 

be reasonable to purchase a batch of ingredients from the same vendors in a high quality. 

Otherwise, commercial products are recommended with that hope that comparability is 

given due to the companies’ quality control. Next to this, different storage temperatures 

could affect the stabilizing agent itself (decay of chemicals or precipitation). In any case, 

samples in the preservation buffer should be stored as cold as possible, since certain 
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bacterial populations have been shown to grow in such liquids (Nel Van Zyl et al., 2020). 

Obviously, the integrity of the nucleic acids is preserved longer at colder temperatures. 

Besides, it should be evaluated if stabilizing agents could be omitted (i.e., collection close 

to the lab) as Menke et al. (2017) showed that sampling without any buffer and immediate 

(flash) freezing gave best results.  

Extraction of nucleic acids 
DNA extraction from samples stored in the different tested buffers resulted in similar quality 

and quantity of the extracted gDNA product (section 2.1). For the gDNA extraction, 

different extractions protocols were not evaluated as the used protocol was found to 

perform best in a previous study (Reitmeier, 2021). For the extraction of RNAs, we found 

that the Zymo Quick RNA isolation kit for stool samples performed better in terms of 

stability and efficiency compared to the phenol-chloroform-based approach adapted from 

Zoetendal et al. (2006).  

Generally, it is very important to assess and regularly re-evaluate the used nucleic acid 

extraction protocols as previous reports showed that this aspect might be the most biasing 

factor in microbiota/microbiome research besides real biological variation (Bartolomaeus 

et al., 2020, Costea et al., 2017, Sinha et al., 2017). Greathouse et al. (2019) mentioned 

that automation of the extraction process could improve comparability between 

laboratories and quality control samples such as mock communities as positive controls 

and buffer or water samples as negative controls should always be used to further identify 

and address possible issues. Finally, for low biomass samples the risk of contamination is 

more relevant during the extraction process as contaminating DNA could displace the 

initials sample DNA (Salter et al., 2014).Thus special or updated protocols (e.g., Bjerre et 

al., 2019, Douglas et al., 2020, Siebert et al., 2021) should be used for such samples. 

Villette et al. (2021) for expample showed that an extended and repeated mechanical 

lysing step improved the representation of bacterial composition from low biomass 

samples. Other approaches included the use of denoising approaches to remove spurious 

OTUs and potential contaminants (Claassen-Weitz et al., 2020) or automation as 

described in the KatharoSeq protocol (Minich et al., 2018). 

Positive and negative controls  
In this work, I showed that it is of great importance to use sufficiently complex mock 

communities. Biasing effects that could influence taxonomical profiles and downstream 

analyses were not observed when simple mock communities only were used (see section 

2.2, 2.5, and 2.6). The importance of negative controls becomes most obvious when very 

low gDNA input or low biomass (i.e., low bacterial counts) samples are used (section 2.3). 
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It is crucial to assess whether profiles and results reported are reflecting the real situation 

or if contaminants influence the results such that they might even show similar or 

indistinguishable profiles compared to the negative controls. Here, bioinformatical tools 

that allow the removal of contaminant sequences, as suggested by Davis et al. (2018) or 

McKnight et al. (2019), might be useful, but have not been tested here. 

Interestingly, Hornung et al. (2019) checked in a small survey of 265 publications how 

many of those have reported using either or both negative and positive controls. They 

found that only roughly 30% and 10% of the studies use negative and positive controls, 

respectively, which is alarming. It should be mandatory to have strict rules on how to 

perform and describe such experiments and include sufficiently complex mock 

communities. Reviewers in the scientific community must impose mandatory reports for 

the use of controls without which publication would not be possible (Hornung et al., 2019, 

Kim et al., 2017, Schierwagen et al., 2020). 

PCR and library preparation 
Several aspects have to be considered for any library preparation. First, it must be decided 

whether full-length SSU rRNA gene sequencing or short amplicon sequencing shall be 

used. The advantage of full-length over short amplicon sequencing is an improved 

species-level classification on the cost of longer preparation times, a different primer bias 

(see section 2.5), and overall higher costs, mainly due to an increased library-preparation 

costs and sequencing depth required. Nonetheless, full-length sequencing, if pathogens 

or spoilage-associated microorganisms should be identified at the species level, is highly 

beneficial (see section 2.6). Moreover, it could be shown previously that full-length 16S 

rRNA gene sequencing might not only allow taxonomic resolution of the species but even 

for strain-level (Johnson et al., 2019). For our MinION approach, we could not reach 

sufficiently valid and reliable results compared to the other methodologies tested. Thus, 

we believe that further investigation in this direction is needed and will be worthwhile. It 

should be tested whether applying or adapting the approaches presented by Karst et al. 

(2021) or Matsuo et al. (2021) could improve the taxonomical classification and, therefore, 

the reliability of full-length sequencing. Further, it should be tested whether the sequencing 

accuracy could be improved by adapting the 1D2 technology of ONT, which allows to 

sequence both strands of the targeted DNA one after the other (Santos et al., 2020).  

Secondly, the use of different primer pairs or even primer mixes is of great importance and 

must be considered carefully. For instance, the commercially available LoopSeq kit 

(LoopGenomics), which performed in our comparison best for the full-length approaches 

(see section 2.5), uses a primer-mixture allowing not only the assessment of bacteria 

present within a sample but also targets the 16S rRNA of archaea and the 18S rRNA of 
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eukaryotic microorganisms. This might be of interest for environmental studies, as a lot of 

the often used short amplicon primers are only optimized for bacteria, and therefore primer 

pairs must be tested beforehand to guarantee that archaea are targeted as well (Bahram 

et al., 2018, Fischer et al., 2016).  

For short amplicon sequencing approaches, we showed that the selection of different 

primer pairs amplifying distinct V-regions is crucial (see section 2.2.). Several primer pairs 

were shown to miss certain genera, e.g., primer pair 27F and 338R (V1-V2) Akkermansia 

or 515F and 806R (V4) Salmonella. Several studies have already reported similar findings 

(e.g., Chen et al., 2019, Klindworth et al., 2012, Thijs et al., 2017, Tremblay et al., 2015) 

and are the reason why studies using different primer sets cannot be compared easily. In 

our test set, composed of different mock communities and human fecal samples, we found 

that, overall, primers used for amplifying V3-V4 performed best and are therefore 

recommended.  

Concerning the specific case of low-biomass samples, library preparation procedures 

should be adapted as well. We showed here that by the implementation of a ddPCR step, 

sequencing and taxonomical profiles could be reliably produced and achieved even with 

gDNA input amounts <1 ng (see section 2.3). Several aspects of improving sequencing of 

low-biomass samples were performed previously (e.g., Claassen-Weitz et al., 2020, 

Minich et al., 2018, Saladié et al., 2020), but no similar technical approach has yet been 

described. Thus, we think that this method will allow further investigation in fields that have 

to deal with low biomass issues and will facilitates gaining reliable 16S profiles.  

 

Relative and absolute amounts 
Measuring the relative amount of bacteria in a sample is informative but has drawbacks. 

The expansion of one group of bacteria evitably decreases the other group, even though 

their numbers might not have changed. Further, low bacterial counts might be informative 

concerning some illnesses, but when all samples are normalized to the same amount (i.e., 

100%), this information is not available anymore.  

Several methods measuring bacterial numbers in a sample have been proposed, of which 

I tested flow cytometric counting and spike-in sequencing. The latter approach was 

described by Tourlousse et al. (2017), and I used their spike-in sequences proposed in 

short amplicon-based synthetic spike-in sequencing. The resulting spike-in normalized 

bacterial abundances were compared to bacterial counts using flow cytometry for a test 

set consisting of IBD patients' fecal samples and control samples from healthy volunteers. 

For both the spike-in normalized abundances determined through spike-in sequencing and 

the cell counting by flow cytometry, a higher number of bacterial cells were determined for 

healthy controls than for the IBD patients (see section 2.4). As the spike-in sequencing 
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strategy was shown to not affect the normalized abundances and was highly correlated to 

sequencing results performed without spike-in, we propose to use spike-in strategies 

regularly or even as the standard short amplicon sequencing approach. This is also 

reinforced by recent publications, which state that experimental quantitative data is needed 

and should be collected habitually (Barlow et al., 2020, Jian et al., 2020, Lloréns-Rico et 

al., 2021, Zemb et al., 2020). 

Bioinformatical pipelines  
A great variety of different software tools for the analysis of microbiome data exist. Those 

different software options use distinct reference databases, clustering approaches, filtering 

options, and cut-offs. In our analysis (see section 2.2), we found that RDP and Silva were 

the most accurate reference databases. GreenGenes is still a frequently used reference 

database but was shown to perform poorly in our analysis. This is most likely because of 

missing updates, as the last one was performed in 2013 and the database is outdated. 

Concerning the clustering approach, no major deviation in the resulting taxonomical 

profiles were detected when either OTUs, zOTUs, or ASVs were produced. Nonetheless, 

approaches that include denoising steps (zOTU and ASVs) performed slightly better than 

standard OTUs and are therefore recommended.  

Comparability of datasets that were analyzed using different software and databases is 

difficult (see section 2.2. and 2.5) as nomenclature might be different, and the estimation 

of relative abundances are affected. This was also shown in other publications (Marizzoni 

et al., 2020, Prodan et al., 2020, Straub et al., 2020) and reinforces the need for 

standardization and, most importantly, proper documentation of pipelines, reference 

databases, and settings used.  

Biological factors  
Ideally, only biological factors (health status, age, gender, etc.) and environmental factors 

(location, diet, etc.) should cause different results in microbiome studies. The effect of 

biomass is an additional vital factor to consider. The overall small number of 

microorganisms in environments that are of low biomass challenges correct community 

composition. Moreover, sample contamination is more relevant for such samples and must 

therefore be controlled and assessed.  

Besides the risk of samples being contaminated, e.g., through laboratory or kit 

contaminations, other technical and methodological bias exists. Due to the vast number of 

variables, both in biological and technical terms, it is still challenging to clearly describe 

factors influencing a healthy microbiome to become dysbiotic. McBurney et al. (2019) 

stated that validated biomarkers and precisely defined measures are needed to properly 
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study and investigate microbiome-host interactions and to contribute to defining a healthy 

human microbiome. Shanahan et al. (2021) stated that 85% of compositional variance 

detected in population-based studies can still not be explained. The authors further 

concluded that strain-level information is required on the one hand, and thus, technical 

aspects and strategies must be improved. On the other hand, intestinal microorganisms 

besides bacteria, such as viruses, fungi, and archaea, must be further studied in detail 

(Shanahan et al., 2021).  

Conclusion 
In this work, I presented several aspects improving SSU rRNA gene sequencing 

strategies, from using low amounts of gDNA, choosing V-regions, over proper 

bioinformatics to validation using complex mock communities and sufficient controls. 

However, it is mandatory for ongoing and future research to have appropriate setups well 

thought through and a detailed reporting of the methods used, including those in 

bioinformatics. The most critical elements to consider for future studies have been 

assembled in Fig 3.2.  
 

 
Figure 3.2: Important factors for standardization in SSU rRNA gene sequencing approaches. In 
green, the most important aspects to consider are listed. In blue, we highlighted what researchers 
have to do at least when performing microbiota/microbiome-based studies.  
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5. Supplement  

Abbreviations 

ASV   Amplicon Sequence Variant 
bp   base pair 
CD   Crohn's Disease 
cDNA   complementary DNA 
CSS   Circular Consensus Sequencing 
ddPCR  digital droplet PCR 
DMSO   Dimethyl Sulfoxide 
DNA   Deoxyribonucleic Acid 
dNTPs   deoxynucleotide Triphosphates 
DTT   dithiothreitol 
F/B   Firmicutes/Bacteroides ratio 
Fw   forward 
gDNA   genomic DNA 
HMP   Human Microbiome Project 
IBD   Inflammatory Bowel Disease 
IMNGS  Integrated Microbial Next Generation Sequencing 
LSU rRNA  Large Subunit ribosomal Ribonucleic Acid 
MDS   Multidimensional Scaling 
MOPS   3-(N-morpholino)propanesulfonic acid 
NCBI   National Center for Biotechnology Information 
NGS   Next Generation Sequencing 
NIH   National Institutes of Health 
NMDS   Non-metric Multidimensional Scaling 
ONT   Oxford Nanopore Technologies 
OTU   Operational Taxonomic Unit 
PacBio   Pacific Biosciences 
PAGE   Polyacrylamide Gel Electrophoresis 
PCR   Polymerase Chain Reaction 
RDP   Ribosomal Database Project 
RNA   Ribonucleic Acid 
rRNA   ribosomal Ribonucleic Acid 
RT   Room Temperature (approximately 22°C) 
rv   reverse 
SMRT   Single Molecule Real-Time 
SSU rRNA  Small Subunit ribosomal Ribonucleic Acid 
UC   Ulcerative Colitis 
UMI   Unique Molecular Identifier  
v   version  
V-regions  variable Regions of the 16S rRNA gene 
ZMWS   Zero-Mode Waveguides 
zOTU   zero-radius OTU 
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Publications and Presentations 

 

Peer-reviewed Publications 

Abellan-Schneyder I, Siebert A, Hofmann K, Wenning M, Neuhaus K. Full-length SSU rRNA 
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