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ENGLISH SUMMARY

Microorganisms are everywhere, playing a pivotal role in all aspects of life on Earth
— geochemical re-cycling of nutrients, sustaining ecosystems, cleaning wastewater,
supporting human health as well as making us sick — to name a few. These abilities
are by large enabled only when multiple microorganisms coexist, in microbial
communities. Thousands of species can live together, forming entire miniscule
ecosystems where members can share resources and collaborate to facilitate complex
biological processes that no single organism is capable of. The focus of this PhD is
studying microbial communities using high-throughput next generation sequencing,
in particular their composition and putative function. Emphasis has been on applying
data analysis approaches to improve understanding of the microbial communities at
wastewater treatment plants (WWTPs) and in pouchitis, an inflammation of a
surgically constructed J-shaped pouch made from the small intestine to treat ulcerative
colitis, an inflammatory bowel disease.

A large part of this PhD were focused on WWTP microbes. We predicted community
composition and abundance in activated sludge across several WWTPs, based on the
matching influent wastewater community. Prediction was successful for many
species, suggesting that assembly of the community at WWTPs is primarily shaped
by immigration from the influent wastewater. This conclusion goes against the
established dogma that the WWTP environment, governed by tight process control, is
the main selective force. This makes our study a potential game-changer within
WWTP management. We also performed metagenomics and metatranscriptomics
studies of sludge from an anaerobic digester, a key component in the WWTP design,
to recover and describe three novel syntrophic bacteria capable of degrading short-
chain fatty acids. This is a key step in the anaerobic digestion process, which is known
to cause operational problems. Therefore, better understanding of these bacteria may
improve efficiency of digestion. Finally, we combined the metatranscriptomics data
with similar data from other natural environments and performed a meta-analysis of
antisense RNA (asRNA) as the first study ever, to our knowledge. We evaluated the
putative function of asRNA and found no clear patterns in the data. Importantly, our
study vitalizes topics for future research, which is important to gain a fundamental
understanding of asRNA function in microbial communities.

Another part of this PhD project involved the study of pouchitis. We characterized its
microbiome and found a reduced species richness and diversity compared to healthy
pouches and controls. In a follow-up pilot-study, we attempted to perturb the pouchitis
microbiome using fecal microbiota transplantation (FMT) from healthy donors. We
found that half the study participants experienced remission and that the recipient
microbiome approached that of the donor after FMT treatment. Interestingly, the
degree of donor similarity seemed donor-depend. Collectively, our studies on
pouchitis provided additional knowledge of its microbiome and promising results
after FMT treatment. However, larger randomized controlled studies are needed to
verify this.



On March 11t 2020, a nationwide lockdown in Denmark was issued due to COVID-
19 and our laboratory was repurposed to whole-genome sequencing of SARS-CoV-2
virus. The first samples were processed within the following week and eventually
scaled up to sequence >90% of all detected cases in Denmark. The focus of this PhD
had to change accordingly. We developed the server infrastructure and bioinformatics
pipeline to process the large amounts of data, as well as downstream interactive
visualization tools and various custom reports, used by Danish authorities to track the
pandemic and perform contact tracing. In late 2020 a new variant began to expand
rapidly in the United Kingdom, later named Alpha, obtaining status as variant of
concern in December 2020. Due to the extensive sequencing effort in Denmark, early
modelling estimates enabled rapid adequate response by authorities to issue
restrictions. However, spatiotemporal dynamics of spread across Denmark remained
uninvestigated. We studied the introduction and transmission of Alpha in Denmark,
identifying substantial early expansion of Alpha while it was still unmonitored. In
addition, introductions from outside Denmark had a large impact in accelerating
onwards spread. Our study shows the potential of genomic surveillance as a tool to
monitor emerging variants and identify potential drivers of transmission, which can
assist authorities in making balanced travel restrictions and self-isolation procedures
while keeping society responsibly open.



DANSK RESUME

Mikroorganismer spiller en afgerende rolle for alle aspekter af livet pad Jorden
herunder genanvendelse af nerringsstoffer, opretholdelse af akosystemer og rensning
af spildevand. De kan gere os syge og andre kan gere os raske. De gor det sjeldent
alene — tusinder af arter lever ofte sammen i mikrobielle samfund, som tilsammen
udger komplette gkosystemer. Her kan individuelle medlemmer dele resourser og i
samspil udfere komplekse biologiske processer som vil veere umulige for enkelte
organismer. Denne PhD afhandling studerer mikrobielle samfund ved hjalp af
sekventering, serligt deres sammensatning og funktion. Fokus har varet primeert pa
anvendelse af data analyse metoder til at forbedre forstaelsen af mikrobielle samfund
i rensningsanlaeg og pouchitis, en inflamation der kan opsta efter kirurgisk behandling
af bledende tyktarmsinflammation.

Det mikrobiologiske samfund i rensningsanlaeg blev undersggt gennem flere studier.
Vi pradikterede med lovende resultater bade sammensatning og kvantitet af mikrober
i aktiveret slam fra flere rensningsanlaeg basseret pA sammensa&tning og kvantitet af
mikrober i indlgbsspildevandet. Hermed viste vi at sammensatningen af mikrober
inde pé rensningsanlegget i hej grad er styret af hvad der introduceres fra
indlebsspildevandet. Dette str i kontrast til den gengse opfattelse, at det er
forholdende pa anlagget og altsé styrring af processen der er vigtig. Vores studie er
derfor en potentiel game-changer for hvordan rensingsanlaeg skal opereres fremover.
Ved at udfere metagenomics og metatranscriptomics studier af slam fra en radnetank,
en vigtig komponent af et rensningsanlaeg, fandt og beskrev vi tre nye syntrofiske
bakterier som er i stand til at nedbryde kortkedede fedtsyrer. Dette er et vigtigt trin i
metanisering, som kan volde operationelle problemer. Bedre forstaelse af de bakterier
som faciliterer dette kan potentielt vare med til at optimere processen.
Metatranscriptom data indgik ydermere sammen med lignende data fra andre
naturlige miljoer i en meta-analyse af antisense RNA (asRNA), som efter vores
orientering er det forste af sin slags. Her undersggte vi mulige funktioner af asRNA,
uden at finde klare tendenser. Vores studie er dog stadig vigtigt, fordi det vitaliserer
asRNA som et vigtigt emne for fremtidige studier, hvis vi skal gere os forhdbninger
om at fa en fundamental forstéelse af asRNAs rolle i mikrobielle samfund.

En anden vasentlig del af denne athandling er studier i pouchitis. Vi fandt at pouchitis
mikrobiomet har reduceret arts antal og diversitet ssmmenlignet med patienter uden
pouchitis og kontroller. I et opfelgende pilot-studie forsegte vi at andre pouchitis
mikrobiomet ved hjelp af faecestransplantation fra raske donorer. Omkring halvdelen
af patienterne oplevede bedring og at mikrobiomet hos patienterne @&ndrede sig imod
at ligne donorenes mikrobiom efter behandling. Serligt interessant fandt vi at
forskydningen var donor-athangig, altsé at nogle donorer var bedre end andre til at
kolonisere patienten. I sammenfatning viste vores studier et distinkt mikrobiom ved
pouchitis som tilsyneladende kan @ndres ved facestransplantation. Sidstnavnte vil
dog kraeve sterre kliniske forseg for at verificere.



Den 11 marts 2020 lukkede hele landet ned grundet spredningen af COVID-19. Vores
laboratorie meldte sig friviligt til at udfere helgenom sekventering af SARS-CoV-2
viruset og sekventerede allerede indenfor en uge de forste prover, efterhdnden >90%
af alle detekterede tilfeelde i Danmark. Athandlingen skiftede fokus til at udvikle den
it-infrastruktur og bioinformatikse pipeline der var nedvendig for at processere de
store mangder data, foruden de interaktive visualiserings verktejer og raporter som
myndighederne havde brug for til at overvdge pandemien og udfere smittesporing. I
efteraret 2020 begyndte en ny variant at sprede sig i England, senere navngivet Alpha,
som fik status af variant of concern i december 2020. Takket veere den omfattende
sekventering i Danmark kunne vaeksten af Alpha modelleres tidligt i dens udbredelse,
hvilket gjorde myndighederne i stand til hurtigt at indfere passende restriktioner. En
detaljeret beskrivelse og forstdelse af Alphas intog i Danmark manglede, sa vi
undersegte introduktionen og spredningen af Alpha ved hjelp af det genomiske data.
Resultaterne viste markant spredning i samfundet i perioden for Alpha blev overvéget
og at lebende introduktioner fra udlandet har foreget spredning betydeligt. Vores
studie viser potentialet for helgenom sekventering som et vaerktej til at overvage
varianters udbredelse samt identificere potentielle arsager til eget spredning. Dette
kan hjelpe myndighederne med at afbalancere rejserestriktioner og procedurer for
selvisollering imod at holde samfundet dben i videst muligt omfang.
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1 INTRODUCTION

Microorganisms and viruses are everywhere, making up thirty-five times the biomass
of all animal life (/). Microbes are involved in almost every aspect of life on Earth,
from biochemical nutrient cycling on global scale to the behavior and health of
animals, including humans (2) — without them, life as we know it would simply not
exist (3). Ever since the first microorganisms were discovered more than 300 years
ago, humans have tried to understand, characterize, and utilize microorganisms for
our own benefit. We now know that microorganisms can cause and cure human
diseases (4) and are indispensable for human digestion, nutrient uptake, and the
immune system (J5). Various societal infrastructures as wastewater treatment,
bioenergy production, and agriculture are completely dependent on an active
microbial community to function (3).

On March 11% 2020, about halfway through this PhD study period, Denmark was
thrown into a lockdown due to the novel SARS-CoV-2 virus causing COVID-19
disease was spreading rapidly across the world. Our laboratory was repurposed to
whole-genome sequencing of SARS-CoV-2 positive cases from whole of Denmark
(6), causing an abrupt shift of focus from microbial communities to the epidemiology
of SARS-CoV-2. Therefore, this PhD-project is notably divided into two distinct
parts. Both parts are, however, based on high-throughput sequencing data and shares
many of the computational and statistical methods involved. The body of work on
microbial communities was focused on wastewater treatment systems and the human
microbiome. Thematically, these studies can be categorized based on the fundamental
questions they in essence attempt to answer; “who are there?” or “what are they
doing?” (7). First, studies of microbial community composition addressing “who are
there?” are described. These involve a study of wastewater treatment plants, to predict
community composition of sludge based on the community profile of influent
wastewater. In two other studies we investigated the microbial community of
pouchitis, a complication following surgical treatment of ulcerative colitis, and
attempted to manipulate it using fecal microbiota transplantation. Next, the question
“what are they doing?” is elaborated as a natural extension of the first, and will be
explored in metagenomic and metatranscriptomic studies of microbial communities
in wastewater treatment. Finally, for the second part of this PhD-project, the SARS-
CoV-2 epidemic in Denmark is investigated from a genomics perspective, with focus
on the highly transmissible Alpha variant.



STUDYING MICROBIAL COMMUNITIES

1.1  STUDYING MICROBIAL COMMUNITIES

In almost every natural and engineered environment, microorganisms exists in
communities of up to several thousand species living together from all major
kingdoms of life (7). The ability of the community to carry out biological processes
is often an emergent property of complex interactions between interdependent
community members (8, 9). Therefore, a detailed overview of constituent species and
their abundance is necessary to deconstruct how biological functionality is obtained
(9). This was previously done by culturing in the laboratory, using various media
designed to select for specific organisms (2). The process is tedious and time-
consuming, making the study of all relevant members of a community by culturing a
monumental task. Furthermore, many members are interdependent and interacts in
complex ways (9, 10), which is currently not feasible to mimic nor investigate by
culturing except for highly simplified systems (//). Next-generation sequencing
(NGS) revolutionized the study of microbial communities, as a culture-free method
that can generate massive amounts of high-quality sequence data for, in principle, the
entire community simultaneously at low cost and turn-around time (12, /3).

1.1.1 NEXT GENERATION SEQUENCING

Up until the mid-2000s almost all sequencing had been done exclusively using
variations of Sanger sequencing (/4), including sequencing of the first human genome
(15). This method was largely replaced by NGS technologies, a term coined in the
mid-2000s, as these has substantially higher throughput (/6). NGS has practically
replaced Sanger sequencing as the method of choice, in particular for studying
microbial communities. Two different sequencing strategies are often applied in NGS;
amplicon or shotgun sequencing (Figure 1). Amplicon sequencing uses polymerase
chain reaction (PCR) to amplify specific genomic regions or genes of interest prior to
sequencing, allowing sequencing of only the selected target(s) (/7). In the study of
microbial communities, the 16S ribosomal RNA (rRNA) gene is by far the most used.
The 16S gene encodes a sub-unit of the prokaryotic ribosome involved in protein
sequencing and is universally present in all prokaryotic cells (2). Furthermore, the
gene has regions where the nucleotide sequence is highly conserved as well as variable
regions, making it an ideal phylogenetic marker for taxonomic community profiling
(18, 19). However, due to the PCR step which uses primers to target specific
nucleotide sequences, 16S amplicon sequencing is sensitive to bias during sample
preparation and sequencing. Standard protocols only sequence a small region of the
16S gene and the choice of which region to sequence can have large impact on the
resulting taxonomic profile (20). Primers may miss certain taxonomic groups and is
therefore not able to capture the full community. Finally, PCR amplification can
introduce biases in the quantitative signal due to variability in amplification efficiency
(21). Shotgun sequencing, critically, does not involve such PCR amplification step.
Instead, all input DNA or RNA are fragmented into approximately equal-sized
fragments and sequenced, in principle capturing all the DNA or RNA within a sample.
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Figure 1 Principal overview of different approaches to sequence microbial communities.
Inspired by (22).

Specifically for RNA sequencing, rRNA is often removed during laboratory
preparation as it constitutes more than 95% of total RNA and would otherwise dilute
the signal from messenger RNA (mRNA) in the sample (23), Figure 1). To
characterize the DNA content of samples, the choice to use amplicon or shotgun
sequencing is context-dependent, and each method has its own advantages. Compared
to shotgun DNA sequencing, amplicon sequencing is cheaper and give more robust
high-level community characterization (24, 25), at the expense of taxonomic
resolution that can be achieved (25). Shotgun sequencing targets (in principle) all
DNA of the sample, which also allows a complete profiling of all genes that can be
used to assess functional potential (23). To sequence the whole SARS-CoV-2 genome,
an alternative amplicon sequencing approach is used (26). Here, multiple amplicons
are generated which overlaps across the full length of the genome. These are then
assembled programmatically into one continuous genome sequence (27), somewhat
similar to what is typically achieved using shotgun DNA sequencing.
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1.1.2 OMICS

DNA RNA Protein Metabolite
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Figure 2 Illustration of the “omics cascade”. Inspired by (23, 28)

The “omics cascade” (Figure 2) refers to sequential levels of biomolecules that from
DNA to metabolite holds information shifting from the genotype, information about
metabolic potential (i.e. “what can happen”) to the phenotype, the realized biological
processes occurring (i.e. “what is happening”) (28, 29). Each biomolecule is
associated with its own field of techniques and methods, as a whole referred as omics,
with the semi-prefix “meta” referring to applications in microbial communities
(Figure 2, (25). Metagenomics and metatranscriptomics can indicate potential
function and activity, but not all genes may be transcribed and transcription does not
necessarily lead to protein synthesis (30). Metaproteomics can be used to quantify
protein levels and as proteins to some extent can be mapped back to the original RNA
sequence template, it can in principle provide the link between genomic identity of
community members and what functional role they have in the community (235).
Metametabolomics is the analysis of all metabolites in a microbial community, which
includes small molecules released by organisms into the immediate environment (28).
Identifying and quantifying metabolites can give a snapshot view of all biological
processes currently active, in principle providing the most direct indicator of the
phenotype displayed (Figure 2, (28). An integrated approach, combining all different
omics techniques is encouraged to balance out the strengths and weaknesses for
various methods and develop more complete biological hypotheses. Studies are
increasingly appearing (23), but several challenges remain. Metaproteomics has issues
with complicated sample preparation, incomplete databases, and difficulties with
quantitative analysis (3/). Metametabolomics is still under development and as many
metabolites from complex communities are completely unknown, its applications are
limited. Metabolites span a wide array of different types of molecules further

16
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complicating analysis (23). Collectively, approaches based on NGS are still highly
popular, providing substantial insight into community composition and functionality
with high-throughput.

Metagenomics allows the study of all genomic content of a sample, however,
interpretation of data requires good reference databases that sufficiently represent the
microbes of the community being studied. Arguably these only exists for the
extensively studied human microbiome (32), but substantial efforts are put into
generating databases for other environments (33). Such databases of microbial
genomes are to a wide extent assembled directly from metagenomics data using a
genome-centric approach (34). This involves multiple bioinformatics steps to generate
metagenome-assembled genomes (MAGs) (35). Simplified, the reads are first
assembled in to longer contigs which are then grouped into bins, based on various
parameters such as sequence composition and coverage similarity (34). The set of bins
are typically subjected to refinement, in particular to remove duplicated genomes that
are from the same organisms (36). The finalized set of MAGs are annotated using
gene-prediction software (37), allowing to reconstruct their putative metabolism and
function in the community. However, obtaining complete genomes using this
approach has limitations and may not be possible for all organisms, primarily due to
high strain heterogeneity causing chimeric and fragmented genomes as well as low-
prevalence microbes with insufficient data to reconstruct their genome (38).
Metatranscriptomics is often used in combination with metagenomics to quantify gene
expression of the retrieved MAGs from the same environment, as a natural extension
to further substantiate their putative function and metabolism. It is also commonly
used to study changes of functional activity in response to perturbation, by identifying
genes with changed expression patterns using differential expression analysis (39).
Alternatively, 16S amplicon sequencing can be used for genomic profiling of the
community composition and abundance (23). Databases of 16S sequences has existed
for longer time than full-genome databases and has good coverage of high-level
microbial diversity. This is by large due long-running initiatives as the Human
Microbiome Project (40) and the Earth Microbiome Project (4/), as well as
environment-specific initiatives as the Microbial Database for Activated Sludge
(MiDAS) for wastewater systems (42). All these projects have subsequently included
shotgun DNA sequencing and whole genomes into their databases. Prior to analysis,
the amplicon reads are traditionally clustered into operational taxonomic units (OTUs)
based on sequence identity, typically 97%, to reduce impact of sequencing errors (43).
However, clustering may miss subtle real biological variation, such as single-
nucleotide variants (SNPs) that may distinguish between different species or strains
(44). Instead of OTUs exact sequences are increasingly used, referred as amplicon
sequencing variants (ASVs), with sequencing errors corrected directly using
denoising algorithms (45). Importantly, 16S amplicon sequencing typically targets
only a sub-region of the 16S gene and cannot provide the same taxonomic resolution
as using the full-length 16S gene (/9), for which new methods are being developed

(45, 406).
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1.2 COMPOSITION OF MICROBIAL COMMUNITIES

“Who is there?” is a fundamental question often addressed in studies of microbial
communities (7). As NGS continues to increase output quantity and sequence quality,
the resulting data complexity also increase to reflect more and more of the real-world
complexity of microbial communities (47). In this PhD project three papers (Paper 1,
2, and 3) were devoted to studying the composition of microbial communities, to gain
insight into the constituent members, as well as identify which members were able to
differentiate between different environmental conditions. The background and results
of these studies are outlined in this section.

1.21 COMMUNITY ASSEMBLY IN WASTEWATER TREATMENT
PLANTS

Wastewater treatment plants (WWTPs) is an integral part of modern society, reducing
environmental impact of human activity. This is facilitated by the microbial
community, primarily bacteria, by degrading organic matter, removing pollutants, and
recover nutrients such as nitrogen and phosphorus (48). Aforementioned processes
require different microorganisms to interact with each other in complex and partially
unknown ways, making the study of community assembly and what drives it crucial.
The processes driving community assembly can be grouped into stochastic processes
(e.g. dispersal, immigration) and deterministic processes (e.g. environmental
conditions, biotic interactions) (49—55). Clarifying which processes dominate in
WWTP systems has been debated, but studies investigating this are scarce (52). In
Paper 1 we sought to determine the impact of immigration from influent wastewater
(IWW) on the microbial community in activated sludge (AS). This was done by
simultaneously taking paired samples of IWW and AS (Figure 3) across several
months, for 11 different WWTPs. We used a data-driven multivariate analysis
approach (partial least squares regression [PLSR]) to predict community profile in AS
from the community profile in IWW. Of the taxa in AS that were above certain
quantity thresholds (Paper 1), we were able to successfully predict the relative
abundance of 44% of them. We further developed a heuristic to type taxa that could
be predicted in AS by either their own abundance in IWW (prediction by univariate
regression performed well, termed “univocal association) or a combination of several
taxa in AS (univariate prediction performed poorly and PLSR performed well, termed
“interspecies association”). We found interspecies associations to drive predictability
in AS for most taxa, however the exact interpretation and implication of this is not
clear. Overall, we suggested that stochastic processes, manifested here as
immigration, likely are more important than previously thought in shaping the
community of WWTPs.
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Figure 3 Overview of a typical wastewater treatment plant. A schematic overview of the main
components is provided, with arrows indicating the direction of flow. Borders of each
component are colored according to rectangles overlaid on the picture in bottom-right,
showing their placement on a real wastewater treatment plant, here Mariagerfjord Renseanlceg
in North Denmark. Inspired by (56). Image credit: mariagerfjordvand.dk

The key idea outlined in Paper 1 were transferred to another study (57), where we
evaluated the effect of transplanting AS from a donor to recipient WWTP on the
microbial community. This was done by emptying out 75% of all AS in the recipient
plant, before filling it up again with activated sludge from the donor plant, transported
by several trucks within one day (57). The transplantation only affected the recipient
AS microbial community temporally before returning to pre-transplant state after
approximately 40 days. Importantly, the IWW community of the recipient WWTP
were also sampled in the study period and showed some similarity to the recipient AS
community. This is in agreement with what we observed in Paper 1, suggesting that
immigration from IWW induce resilience to perturbations of the AS community (57).
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1.2.2 THE MICROBIOME OF CHRONIC POUCHITIS AND POSSIBLE
TREATMENT

The human microbiome is the collection of all microorganisms living inside and on
the human body. The number of genes associated with these are likely 100 times that
of human genes and shows substantial diversity, emphasizing the enormous functional
potential of the microbiome to modulate many aspects of human biology (4). The
microbiome has been associated with a wide array of diseases, from inflammatory
bowel disease (IBD) (58) to behavioral disorders (59). Ulcerative colitis (UC) is an
IBD in the large intestine (colon) and rectum causing pain, fatigue, rectal bleeding,
and weight loss amongst other symptoms (60). Surgical treatment of UC, called ileal
pouch-anal anastomosis (IPAA; Figure 4), first involves removal of the colon and
rectum. Then a pouch is constructed from the end of the small intestine to hold waste
which is attached directly to the anus, allowing relatively normal bowel movement
(60). Pouchitis is a common long-term complication following IPAA, occurring in
23% to 60% of cases (67). The exact cause of pouchitis remains uncertain, but recent
studies have suggested that the gut microbiome may play a major role in development
of pouchitis (62).
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Figure 4 Overview of the surgical procedure for ileal pouch-anal anastomosis. First the colon
and rectum are removed. Then a J-shaped pouch is constructed from the end of the small
intestine (ileum). A temporary ileostomy is created to allow waste disposal during the healing
process, which is later removed. Adapted from endoinflamatoria.com
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To improve our understanding of the pouchitis microbiome, we investigated the
difference in microbiome composition of patients with a normal pouch and pouchitis,
and compared these to healthy controls (Paper 2). Results showed that the richness
and diversity was highest in healthy controls and lowest in patients with pouchitis,
while patients with normal pouch was intermediate of these. We also identified
species associated specifically with pouchitis (Paper 2). In a related pilot-study
(Paper 3), the potential of fecal microbiota transplantation (FMT) to change the
microbiome of pouchitis was investigated. Across a period of 14 days, each patient
was treated daily with FMT from five different donors. We sampled the microbiome
prior to FMT and after the treatment period, as well as the five donors. Overall, patient
microbiome shifted towards being more similar to the donors after FMT. To gain more
details, an engraftment analysis (63) was performed, which is used to infer the origin
of species found in the patient after FMT treatment. Interestingly, we found weak
support for a donor-specific ability to engraft, suggesting that some donor
communities are better than others to establish themselves in recipient patients (Paper
3). The same methodology of engraftment analysis was applied in another study
investigating the effect of FMT on behavior of rats (64). Rats were treated with FMT
from a human healthy donor and a patient suffering from major depressive disorder
(MDD), to assess potential changes in behavior. FMT from MDD patients induced
depressive-like behavior in the form of increased immobility and less struggling
compared to FMT from healthy individuals during a forced swim test. This could be
linked to differential abundance of certain microbes (64).
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1.3 FUNCTIONAL CHARACTERIZATION OF MICROBIAL
COMMUNITIES

Studies of the community composition (i.e. Papers 1, 2, and 3), can provide valuable
insights about the identity and abundance of species in specific environments, as well
as discriminate between them (47) — i.e. “who are there?”. Knowing which species
are present from 16S amplicon sequencing can give some functional insight by
matching to databases with functional information (42), or metagenomics can be used
to generate a database de novo, from which the functional potential can be predicted
(33). However, neither approaches provide much information in answering “what are
they doing?” This can be done by measurement of gene expression activity, which
can provide indications of the metabolic processes actively occurring (23). Two
papers (Paper 4 and 5) were devoted to functional studies of microbial communities
using metagenomics and metatranscriptomics. The background and results of these
studies are outlined in this section.

1.3.1 SYNTROPHIC BACTERIA IN ANAEROBIC DIGESTERS

Anaerobic digestion is a multi-step biological process, converting organic matter into
methane which can be used for biogas production (Figure 5). It is a key component
of modern WWTPs, by removing excess sludge from the activated sludge process
(Figure 3). Furthermore, excess material from the anaerobic digester (AD) can be
refined to higher-value products as bioplastic (65) or used as fertilizer.
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Figure 5 The anaerobic digestion process. Inspired by (606).
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The AD process consists of four overall steps, orchestrated by different organisms,
with each step dependent on the previous one (67). Although the overall process is
well characterized from laboratory culturing, the organisms performing these
reactions in a full-scale AD are still relatively unknown and their interactions with
other organisms even more so (67). We studied the response of microorganisms in
AD sludge to stimuli of multiple short-chain fatty acids (SCFA) in Paper 4.
Degradation of SCFAs is a key step in anaerobic digestion (Figure 5), which
otherwise induce SCFA accumulation and performance instability, which often occur
during operation of full-scale ADs (68). Syntrophic bacteria plays a major role in
degradation of SCFAs (69), however, their exact identity and characteristics remain
largely unknown (70). In Paper 4 we analyzed gene expression response of the AD
community to SCFA stimuli. We used a genome-centric approach, where
metatranscriptomes were mapped to MAGs derived from metagenomes obtained from
the same environment. Doing so, database biases are mitigated and gene expression
patterns can be linked directly to individual community members (7/). We annotated
the MAGs, allowing us to identify those with upregulated expression of pathways and
genes related to SCFA degradation. Three novel syntrophic bacteria were identified
and their genomic content described, adding to the understanding of syntrophic
bacteria in AD systems (Paper 4). Since the completion of this study, we combined
shotgun DNA sequencing with long-read Oxford Nanopore sequencing technology to
recover more than 1000 high-quality genomes from activated sludge sampled from 23
different WWTPs (33). These all fulfilled the stringent minimum information about a
MAG (MIMAG) criteria (35) and collectively accounted for 30% of the community,
thus representing a high-quality environment-specific database of reference genomes
for activated sludge (33).

1.3.2 ANTISENSE RNA — SIGNAL OR NOISE?

The majority of the bacterial transcriptome (>95%) is non-coding rRNA and transfer
RNA (tRNA) (72). A substantial part of the remainder is messenger RNA (mRNA),
which is typically the target of most analysis (23). In addition, a plethora of small
regulatory noncoding RNAs (sRNAs) exists, which regulate transcription through
various mechanism whose exact nature is an area of active research (30). Antisense
RNA (asRNA) is a type of sSRNA matching the template DNA strand (the antisense
strand) inside a gene (Figure 6, (73) and is ubiquitous in both bacteria (74) and
archaea (75). Some studies suggest a functional purpose of asRNA by binding to their
mRNA counterpart, hereby regulating translation (74). In contrast, other studies
suggest it has no functional purpose and is just a byproduct of transcription, due to
spurious promotor sites appearing randomly across the genome which can initiate
transcription (76). The promotor site in prokaryotes typically consists of the
nucleotides TATAAT (2). Therefore, genomes with high AT-content should produce
more promotor sites at random, in turn producing more asRNA and induce a positive
relation, which was tested and verified across multiple different bacteria (77).
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Figure 6 Relation between messenger RNA (nRNA) and antisense RNA (asRNA). Adapted
from (78).

Despite the growing number of studies on asRNA and its putative function, all have
been performed exclusively on pure cultures of bacteria and archea — except one study
on the human microbiome (73). Many shotgun RNA sequencing methods provides
stranded reads as output, meaning that their orientation relative to the reference
genome can be determined. The study of asRNA can therefore be performed directly
on metatranscriptomics data, without the need for additional laboratory procedures
and preparations. In Paper 5 we performed a combined study and mini-review on
asRNA across multiple environments with different microbial communities, to
quantify asRNA and explore its potential function. We found that levels of asRNA
varied considerably between environments, in some cases dominating over regular
gene expression (Paper 5). We did not find support for asRNA being the result of
transcriptional noise. We performed an enrichment analysis of functional categories
comparing the fraction of genes with highest relative asRNA expression against the
rest. The asRNA-enriched genes were consistently enriched for unknown functions,
emphasizing the need for further studies on asRNA in complex communities to
elucidate their potential role in complex microbial communities (Paper 5).
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1.4 SARS-COV-2 SEQUENCING WHOLE OF DENMARK

Since it was first observed in Wuhan China, the novel SARS-CoV-2 virus causing
COVID-19 disease spread rapidly across the globe with the first Danish case
registered on 27 February 2020 (79). On 11 March the prime minister issued a
nationwide lockdown, effectively closing all Danish universities from 12 March
onwards. A few days later on 14 March, my supervisor prof. Mads Albertsen
mobilized relevant stakeholders and co-established the Danish Covid19 Genome
Consortium (DCGC) as a collaborative effort between our lab at Aalborg University
(AAU), Statens Serum Institute (SSI), Hvidovre Hospital, and Aalborg University
Hospital (6). Our lab started sequencing of the first positive SARS-CoV-2 samples
already a week later. During summer 2020 sequencing at AAU was optimized and
sequencing nodes were established at most Danish hospitals to enable rapid local
sequencing. In parallel, I co-developed a bioinformatics pipeline to generate full
length SARS-CoV-2 genomes centered on the artic protocol (27). We also enabled
interactive visualizations of the data, on GDPR-secure servers which were setup for
the purpose, using the Nextstrain platform (80) and various custom reports. This
allowed SSI to explore the genomic data put into context by rich individual-level
metadata, including summary reports stratified across administrative regions and
sociodemographic divides, as well as reports targeting specific outbreaks. As case
numbers started rising during autumn 2020 (Figure 5) DCGC upscaled considerably,
reaching 5000 samples per week from December 2020 onwards, just as case numbers
peaked. As cases dropped the percentage of sequenced cases has been stable at >90%
since January 2021 (Figure 7), making Denmark world leading in SARS-CoV-2
sequencing and public genome sharing via the GISAID initiative (81).
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Figure 7 Sequencing rate by the Danish Covid-19 Genome Consortium across time. Total
height corresponds to the total number of cases for each week, while colour indicate if a genome
was available, if sequenced but yielded no genome and if not sequenced. The inserted plot
shows data for a sub-period with rescaled y-axis.

141 THE ALPHA VARIANT

To enable surveillance of SARS-CoV-2 variants for governmental decision making,
the COVID-19 Genomics UK Consortium (COG-UK) developed a SARS-CoV-2
classification and definition system which has become the standard of classifying
variants based on their potential impact on SARS-CoV-2 countermeasures such as
vaccines, therapeutics, and diagnostics (82). The system is composed of three levels
of escalating impact on health; variant of interest (VOI), variant of concern (VOC),
variant of high consequence (VOHC). The first level, VOI, has features that might be
associated with increased health impact, such as genetic markers for enhanced virus
fitness and/or disease severity, or increased prevalence in a limited geographical area.
However, further investigation is needed to assess this. If a VOI proves to display
aforementioned features across multiple peer-reviewed studies and geographical
regions it will be escalated to VOC status. In this case, additional countermeasures
might be needed such as increased testing and restrictions, as well as investigations to
determine the effectiveness of vaccines and treatments against the variant. Finally, a
variant might reach VOHC status. Currently, no variant exist or have existed that rise
to this level, which would have profound impact on the global society as current
countermeasures would be ineffective to sustain epidemic control (82).
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The Alpha variant (B.1.1.7 lineage) was first reported in the United Kingdom in
September 2020 (83) and subsequently spread across the world. It was among the first
variants to receive VOC status on 18 December 2020 due to an estimated increased
transmissibility of 71% (95% CI: [67%, 75%]) compared to other variants (§4). Since
then, several studies have affirmed an increased transmissibility of Alpha ranging
from 29% to 130% (85—89). In Denmark, early estimates from January 2021 were
between 36%-55% increased transmissibility (90, 91). In Paper 6 we updated those
estimates to 58% (95% CI: [56%, 60%]), substantiating the accuracy of early results
and confirming the value of comprehensive and real-time genomic surveillance of
SARS-CoV-2 for early warning to sustain epidemic control. We outlined the
introduction and transmission of Alpha in Denmark using ancestral state
reconstruction from a phylogenetic analysis of genomic data (92) with detailed
metadata on every positive case from Danish authorities. We found that introductions
contributed substantially to case numbers throughout the study period, despite
restrictive measures being in effect mid-study and onwards. In addition, spread of
Alpha within the country was to great extent associated with the first reported case of
it in Denmark, revealing that sustained transmission in society caused substantial
expansion before restrictive measures were taken. The conclusions of Paper 6 have
wide implications to the nation-level handling of VOCs to follow such as the Delta
variant, first observed in India, which as of July 2021 constitute 90% of all new cases
in Denmark (93).

The massive sequencing effort by DCGC coupled with detailed and comprehensive
metadata collected by the Danish authorities made it possible to study the
epidemiological characteristics of Alpha in great detail. In (94) we assessed the risk
of COVID-19 hospitalization in individuals with Alpha compared to those with other
SARS-CoV-2 variants. We found an increased risk of hospitalization, but only after
adjusting for covariates. In (95) we estimated the household transmissibility of Alpha
compared to other variants, across groups of age and viral load. We found an increased
transmissibility of 50% to 70%, which varied across age groups with highest
transmission rate and risk amongst children and elderly.
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2 DISCUSSION AND PERSPECTIVE

In Paper 1, 2, and 3 we conducted studies on the microbial community composition
in different environments. In Paper 1 we showed that community composition and
abundance could be predicted in AS from the IWW across comparable Danish
WWTP. Albeit data-driven approaches have been used to investigate the relationship
between IWW and AS before (96—100), they did not perform prediction and focused
only at community-level associations or by simple presence/absence of taxa.
Alternatively, approaches to evaluate impact of immigration based on ecological
theoretical concepts and models exists (52, 10/—103), but do not quantify interactions
between taxa directly and often model the community as a whole. The results
presented in Paper 1 points toward a revised understanding of WWTPs, where the
design and operation should not only be focused at optimizing the AS community
directly at the plant, but also by evaluating the source community from the sewer
systems. In Papers 2 and 3 we identified a distinct pouchitis microbiome and showed
promising results of FMT from healthy donors to change the microbiome of pouchitis.
Although studies of pouchitis microbiome has been performed previously (/04), our
studies are unique by using consistent sampling and sequencing protocols across
groups. Engraftment analysis further revealed that the success of FMT might be
donor-specific. This could have implications for possible FMT treatment strategy, as
it might be necessary to perform donor matching with the recipient patient prior to
FMT. Using engraftment analysis to study changes in microbial composition after
FMT is a powerful approach which can be used to investigate which factors are
important to ensure engraftment of donor microbes in the recipient (63). It is important
to recognize that Paper 2 and 3 are both based on relatively few patient samples and
can only be considered suggestive. Further studies with larger sample sizes and
potentially using metagenomics instead of 16S amplicon data are needed, to obtained
the statistical power necessary and also verify that changes in microbial community
composition is related to changes in the functional potential of the community, which
might be linked to the pathology of pouchitis.

In Paper 4 and S we studied the metagenome and metatranscriptome of microbial
communities. We found three novel syntrophic bacteria in sludge from anaerobic
digesters that could metabolize SCFAs (Paper 4) and demonstrated the power of a
combined metagenomics and metatranscriptomics approach as a first-line screening
methodology to link community potential to activity under certain conditions (Paper
4). The MAGs recovered in this study were assembled exclusively from conventional
shotgun DNA sequencing data, with short read lengths of maximum 300 base pairs
(Paper 5). This makes it difficult to handle repetitive regions during assembly and
increase the computational effort needed (7/). By combining short reads with long-
read technologies as Oxford Nanopore in a hybrid approach, such issues can be
alleviated substantially, as we showed (33). Using high-quality MAGs derived by this
hybrid-approach as reference databases for metatranscriptomic studies may provide
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even better resolution of gene expression analysis, in particular to investigate small
noncoding RNAs as for example asRNA. In Paper 5 we explored antisense RNA
expression across different microbial environments. The levels of asRNA varied
considerably across environments and were driven primarily by a few genes with
unknown function. This study is to our knowledge (still) the second study, after Bao
and colleagues (73), to address asRNA in microbial community and the first
performing a comparative study across multiple environments. We did not find
support for any particular function of asRNA, highlighting the need for further studies
to elucidate this. The suggested function or asRNA are many (30, 74, 75, 105) and
deciphering the extent to which each of them is occurring from metatranscriptomics
data will arguably be very difficult. Primarily due to the compounded signal, but also
to setup the correct data analysis method to test hypotheses (Paper 5). In a
transcriptomics study of a single cultured organisms’ response to cyanate treatment, |
incorporated asRNA into the differential expression analysis between the two
conditions. We were able to identify several interesting genes which had different
ratios of sense/antisense RNA in the controls compared to cyanate treatment (/06).
Of course, such results are preliminary and may be artefacts of other mechanisms such
as changes in mRNA expression only, but may also suggest a regulatory role of
asRNA. These results are preliminary, and further studies are needed to formalize and
verify this.

In Paper 6 we explored the introduction and transmission of the SARS-CoV-2 Alpha
variant. We found that the first introduction in November 2021 caused substantial
onwards transmission and that continuous introductions from outside Denmark further
fueled the Alpha expansion. Our study highlights the powerful potential of genomic
surveillance to reconstruct spread of variants and from that gain insight into the
underlying causal drivers. The epidemiological characteristics of the Alpha variant
was further investigated in two additional studies (94, 95). At the time of publishing,
no studies had investigated Alpha hospitalization risk nor transmissibility on
individual-level population data as that provided by the Danish surveillance effort,
enabling proper inclusion of relevant covariates. In conclusion, all these studies enable
policy makers to make more informed decisions on how to balance opening the
society while maintaining control of the epidemic. This is by large possible due to the
scale and extent of the Danish genomic surveillance effort of SARS-CoV-2, which is
amongst the most comprehensive in the world (§/). However, the usage of modern
phylogenetic analysis incorporating epidemiological data to characterize the state of
the epidemic (contact numbers, superspreading events, etc.) or investigate outbreaks
are lagging behind, largely due to the massive amounts of data being generated and
lack of training in how to analyse it (/07). This is known and initiatives are taken to
alleviate it, for example in the United Kingdom (/08). The SARS-CoV-2 virus will
continue to exist indefinitely in some form (/09) and with it, surveillance programs
will play an important part in the long-term solutions to handle it.
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