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Abstract 
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Microbes are the main drivers of biogeochemical cycles on Earth and even though 
freshwaters cover only a small area of terrestrial surfaces their contribution to global cycles 
is important. Global cycles are measured by exchanges between systems e.g. water to 
atmosphere or lithosphere and are mediated by microbial communities. Cyanobacteria and 
other photosynthetic microbes can be highly abundant going through cyclic blooms. These 
blooms are attributed to their ability to harness sunlight and CO2 to outgrow competitors by 
using their complex and expensive to produce photosystems. In contrast there are microbial 
lineages termed ‘streamlined’, that are just as abundant as cyanobacteria at times, but who 
have much smaller cells, small genomes, and grow and replicate slowly. It is not immediately 
apparent how microbes with such different lifestyles can have similar ‘success’. By investigating 
individual streamlined lineages and their interactions we see that they appear to have co-evolved 
dependencies with each other and are highly successful as consortia. By comparing consortia 
from different lakes we see that streamlined microbes can sit either adjacent or in the middle of 
carbon cycling end-points and may be more directly involved than thought in mediating methane 
and CO2 ratios. An analysis of global inland water microbiomes finds that around one third of 
the core microbial lineages in inland waters are streamlined. 
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Introduction 

Bacteria and archaea with small genomes and small cells (streamlined) are 
both abundant and cosmopolitan inhabitants of terrestrial waters. This thesis 
begins with a genomic examination of a genus of free-living streamlined bac-
teria that are globally prevalent in freshwaters with inferences about their di-
versity, evolution, and metabolic dependencies in microbial communities. 
From there I move forward to explore and describe the structure and function-
ing of microbial communities in two different lakes using a combination of 
timeseries analysis and minimalist mixed-cultures. The thesis completes with 
a synthesis analysis of freshwater metagenomes examining their taxonomy, 
metabolic potential, and ubiquitous consortia. 
Inland waters form only a small portion, by volume or surface area, of our 

planet (Downing et al. 2006). However, water is believed to be one of the best 
liquid media that enables life, and is essential for life here on Earth (Pohorille 
and Pratt 2012). Humans require free and easy access to high quality freshwa-
ter for drinking (World Health Organisation 2020). Human societies require 
large quantities of non-saline water for hygiene, and production of food and 
clothing. Humans also gain great psychological and physical health benefits 
from access to safe and clean water bodies for recreation (Hallal et al. 2006, 
Buxton et al. 2021). From an ecosystem perspective, water underpins all biotic 
and many geologic processes on Earth. Far from being merely a solvent for 
molecules, water bodies are home to millions of microbial lifeforms. 
Microbes that inhabit non-saline aquatic environments include some well-

known microbial groups such as eukaryotes e.g. fungi and diatoms, and bac-
teria e.g. cyanobacteria (blue-green algae), but also lesser known groups such 
as archaea and viruses. Microbial activity is one of, if not the most important 
drivers of Earth systems such as carbon, nitrogen and other element cycles 
(Falkowski et al. 2008). Through their mediation of carbon, nitrogen, and sul-
fur transformations (as examples) microbes influence climate change and cli-
mate stability (Kharecha et al. 2005, Cavicchioli et al. 2019).Through these 
element cycles microbes contribute to geological scale systems such as atmos-
pheric evolution and stability (Kharecha et al. 2005, Zerkle and Mikhail 2017), 
water cycles through ‘seeding’ of clouds (Cid et al. 2016) and thereby rain 
which causes weathering of rock, biological contributions to weathering (Uroz 
et al. 2009), their role as primary producers starting the food chain leading to 
biomass which through transport and sedimentation may eventually be buried 
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and subducted into the mantel, together all these components also contribute 
to plate tectonics (Grosch and Hazen 2015, Ivlev 2015). Microbes in inland 
waters form the basis of the aquatic food web by converting inorganic mole-
cules such as CO2 and N2 to organic forms usable by a wide range of unicel-
lular and multicellular lifeforms. Microbes thus provide raw materials up the 
food chain for export to terrestrial (via emergent insects) and marine environ-
ments (via rivers etc). Early attempts at culturing these microbial contributors 
identified photosynthetic bacteria-Cyanobacteria that provide carbon to 
aquatic systems and a few other larger celled bacteria such as some fast grow-
ing Proteobacteria (Hahn 2006), Actinobacteria, and Bacteroidetes (Vaz-
Moreira et al. 2011). 
It was thought, due to biases caused by the characteristics of these mi-

crobes that were first cultured in labs, that success was linked to large cell 
size, large genomes which enabled a wide range of adaptable behaviours, and 
rapid growth or reproduction. However, it became clear that many morpholo-
gies of microbes could be observed in water under a microscope that were not 
represented in the culture flasks or dishes. When phylogenetic microbiology 
became possible and genomic sequences of freshwater bacteria became avail-
able the contrast between what was cultured and what actually existed was 
apparent. Over the last two decades a growing body of literature supporting 
that, unlike original assumptions based on what was first grown in labs, one 
of the most successful strategies for microbes in aquatic environments is that 
of small genomes and small cell size accompanied by slow growth and repli-
cation rates (Nakai 2020, Rodriguez-R et al. 2020). 
The first hint that small genomes and small cell size, often termed ‘stream-

lining’, were typical and not the exception as first thought was the discovery 
of the SAR11 clade of marine alpha-proteobacteria. The ubiquitous and abun-
dant (25 % of bacteria) marine bacteria Pelagibacter ubique (Morris et al. 
2002) has been studied in great detail over the last two decades to find an 
explanation for its success and dominance in marine waters. It has a small 
genome of around 1.4 Gb and a small cell size. Its genome is so small that it 
has lost the ability to synthesis several essential nutrients (auxotrophies) and 
so was a difficult and fastidious bacterium to culture (Tripp et al. 2008, Carini 
et al. 2013). This was fortunate because it forced researchers to examine their 
assumptions about what is required for “success”, and to rethink what forms 
and an ideal environment for each microbe (Hahn et al. 2004). Culture based 
innovations that came from this, and consequently enabled important break-
throughs, were ‘high throughput culturing’ which used a combination of dilu-
tion to (near) extinction, low nutrient concentration media, use of filtered hab-
itat water as culture medium, and small volume cultures (Connon and Giovan-
noni 2002, Stingl et al. 2007). During this same timeframe massive advances 
in molecular methods to sequence DNA also brought genomics into the high-
throughput era. 
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Forty years ago direct DNA sequencing became possible by combining ra-
diolabelled nucleotides, electrophoresis and polymerase chain-termination 
methods. By the mid 1990s radiolabelled nucleotides were replaced with flu-
orescent dyes and machines manufactured that could produce hundreds of 
DNA sequence reads simultaneously by replacing electrophoretic gels with 
arrays of capillary-tubes (BDT and Sanger sequencing). Within a few years of 
the commercialisation of this technology the first ‘high-throughput sequenc-
ing’ methods were developed where fluorescent dyes were approximately re-
placed by luminescence during polymerization of DNA (454, Solexa-Illu-
mina) (Ahmadian et al. 2006, Voelkerding et al. 2009). These technologies 
allowed the sequencing of around a few million reads simultaneously and 
when combined with PCR amplification enabled rapid sequencing of prokar-
yote genomes and environment genomes (metagenomes) (Wegley et al. 2007). 
When combined with barcoding oligonucleotides and marker gene PCR am-
plification it enabled the rapid sequencing of tens of environmental samples 
together (Hamady et al. 2008) causing a massive increase in community sur-
veys. By the early 2010s multiple commercial products were available, and 
companies and institutes providing fee-for-service sequencing had become 
normal. The new high throughput sequencing technologies used a variety of 
different methods to produce increasing amounts of sequence in a short 
amount of time (e.g. Illumina, IonTorrent (Rothberg et al. 2011)). Currently, 
in the early 2020s single molecule sequencing (PacBio (Korlach et al. 2010)) 
and small mobile sequencing devices using nanopore technology (MinIon 
(Haque et al. 2013)) are developing rapidly and are predicted to further re-
move the elitism of sequencing technology and make it available in the field 
for e.g. infectious disease identification by the general public (Greninger et al. 
2015) or environmental monitoring (Acharya et al. 2020, Urban et al. 2021). 
The current availability of rapid and affordable (depending on country and 
lab) sequencing is what enabled the sequencing of P. ubiques genome, meta-
genomes of its community, and many of the discoveries listed in the previous 
paragraph. It also led to the documentation of closely related bacteria to P. 
ubique in brackish and freshwaters. Community surveys of freshwaters and 
culture efforts leading to isolate sequencing increasing showed that far from 
being unusual, small bacteria with small genomes were prevalent and abun-
dant in inland waters (Hahn 2004, Rodriguez-R et al. 2020). 
Microbes with small cells and small genomes have multiple selective ad-

vantages including that they do not need as much raw material or resources to 
replicate. This strategy appears coherent with P. ubique which inhabits oligo-
trophic marine waters. However, the dominance of streamlined microbes in 
inland waters challenged this theory. Inland waters tend to have higher nutri-
ent levels than the open ocean and more variable environmental parameters 
across seasons and years. It had been assumed that such conditions would re-
quire large genomes encoding alternative metabolic options that could be used 
to respond to changing conditions. 
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Bacteria with small genomes had, at some point, ancestors with larger ge-
nomes, this has been established through ancestral state reconstruction and 
application of Occams Razor (parsimony) to explain gene presence and ab-
sence patterns within monophyletic clades (Lee and Marx 2012, Salcher et al. 
2019, Derilus et al. 2020). Expansion and reduction of genomes is thought to 
be cyclic (Barrick and Lenski 2013) sometimes corresponding to habitat tran-
sitions (Lee and Marx 2012). The reduction phase occurs after habitat transi-
tion and is driven by a combination of selective pressure and establishment of 
interdependencies in the new environment (Barrick and Lenski 2013). Selec-
tive pressure acts on the upkeep cost of genes and gene-products and fitness 
benefits of the reduced genome (Machado et al. 2021). Interdependencies de-
velop around gene products that are provided by other community members 
such that genes are lost by some portion of a population in some of the species 
of the community, but not all. This selection based on the cost of a gene prod-
uct where the gene-product is available as a common good in the environment 
is formalized in the Black Queen Hypothesis (Morris et al. 2012). Gene func-
tions are retained by a community but the occurrence across different member 
species is patchy creating an interlocking web of dependency. Amino acids, 
followed by B-group vitamins (can include heme as required for cobalamin 
(B12) synthesis in some microbes (Fang et al. 2017)) are the most commonly 
identified biomolecules traded in cooperative communities (Garcia et al. 2015, 
Neuenschwander et al. 2018, Douglas 2020, Johnson et al. 2020). 
Microbial communities in inland waters participate in element cycling, pro-

duce biomass, and contribute to global biogeochemical cycles that intersect 
geological ones. They live in communities that might be biased towards co-
operation and they are difficult to observe as individuals (culturability issues 
etc). To better understand how freshwater microbiomes function, or indeed 
what they are composed of, this thesis investigates freshwater and other inland 
water microbiomes from a genomic component level (individual species), 
consortia level (groups of cooperative species), single component (two bioge-
ochemically different lakes with different community structure), and a global 
core microbiome perspective. As the majority of microbes have not been cul-
tivated axenically and are not available from culture collections, finding the 
functional interactions of their community is not possible via culture depend-
ent methods. Given this, the thesis relies heavily on current best-practice cul-
ture-independent methods to explore, examine, and predict evolutionary and 
ecological forces shaping ubiquitous freshwater genera, their consortia, and 
communities. 
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Aims of the thesis 

This thesis examines freshwater microbes, mainly bacteria, through the lens 
of their genomes. It begins by examining the interplay between ecological and 
evolutionary divergence of a single family of bacteria (Paper I) and expands 
to examine ecological and evolutionary divergence for a wider range of bac-
teria with similar niche across a lake with seasonally dynamic habitats (Paper 
II). It then follows the microbial community from a lake with quite different 
habitat characteristics to predict unknown contributors to carbon cycles (Paper 
III) and then combines these concepts andmethods for a global analysis (Paper 
IV) of inland water microbial communities. 

The thesis addresses the following topics: 

• Description of and connection between ecology and evolution of 
Candidate genus Fonsibacter (LD12) within the family Pelagibac-
teraceae (Paper I) 

• Identification of consortia and their metabolic connections in fresh-
waters (Papers II & III) 

• Description of typical microbial communities of inland water eco-
systems and their metabolic potential (Paper IV) 

• Large scale analysis to identify consortia and their interactions 
across a near-global survey of inland aquatic environments (Paper 
IV) 
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Methods 

Methods Selection 
Because technical and hopefully also theoretical advances are constantly be-
ing made, it follows that no method can ever be the ultimate single best 
method. Therefore, best practice is to choose the most robust methods availa-
ble and accessible at the time of inquiry. Even better is to choose multiple 
robust methods that approach a problem from different standpoints and then 
compare or combine the results. When choosing between methods, the strong 
and weak points of each method should be carefully considered. Two clear 
examples of method choice are culture versus culture-independent methods 
(Amann et al. 1995, Vaz-Moreira et al. 2011) which will have quite different 
results or even different culture-independent methods (Cottrell et al. 2005). 
Making method choice even more convoluted is the often-conflicting results 
seen in publications when e.g. software is benchmarked against very different 
datasets in respect to community complexity and evenness, and species popu-
lation structures, or in the absence of suitable synthetic datasets (Weiss et al. 
2016, Silva et al. 2021). 
Because it is not possible to completely comprehend what a given micro-

bial community is doing by means of cultivation techniques, other methods 
were needed. While there are a range of techniques available, the ones used to 
produce data for this thesis include: amplicon-based community surveys, shot-
gun sequencing of environmental metagenomes, and reduced community 
mixed cultures. Data from isolation and axenic culture of microbes from the 
environment and genomes from cell sorted populations (SAGs), and analysis 
of population genomes retrieved from metagenomes (MAGs) were also used 
in this thesis but not generated for it. 

Amplicon community surveys 
Taxonomic surveys are conducted in order to draw inferences about the dis-
tribution, consortia, or community of an organism and its environment. Cur-
rently, for microbes, that means starting with sequencing of DNA using pri-
mers for specific gene/s so called marker genes from environmental samples 
and assigning taxonomy to those sequences. Taxonomic marker gene surveys 
commonly use rRNA genes but can also be functional surveys targeting 
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specific protein coding genes involved in a pathway of interest e.g. mcrA or 
amoA. The use of rRNA sequences, typically SSU rRNA gene for bacteria and 
archaea and LSU rRNA gene or ITS for eukaryotes, has been so wide-spread 
that databases such as SILVA (Quast et al. 2013) and RDB (Cole et al. 2009) 
have become standard sources of taxonomic assignment for community sur-
veys. The main downside of these techniques is that amplification of specific 
marker-genes requires the use of primers that bind to highly conserved regions 
of the target genes. Therefore, the design of primers inherently requires prior 
knowledge and consistent conservation of priming sites, issues that have his-
torically lead to e.g. the exclusion of Patescibacteria (CPR bacteria) from bac-
terial community surveys (Brown et al. 2015), and a constant need to redesign 
primer sets according to recent discoveries (McNichol et al. 2021), obscuring 
attempts to directly compare results from different studies (Abellan-Schney-
der et al. 2021). 
Amplicon community surveys are a cost-effective method to use for large 

spatial scale, timeseries, large scale sampling efforts where the cost of se-
quencing and processing metagenomes is prohibitive. They are very useful as 
a screening tool prior to in depth experimentation or sequencing. They also 
become particularly useful in macroecology when low disturbance methods 
are required, e.g. collecting environmental DNA from leaves or a watering-
hole rather than a large scale collection of animals or biopsies (Harper et al. 
2019, Gregorič et al. 2020, Lynggaard et al. 2022). There is however, a grow-
ing body of work on alternative high-throughput choices for taxonomic clas-
sification of microorganisms in environmental samples (Ren et al. 2017, Bin 
Jang et al. 2019, Breitwieser et al. 2019). This method is used in Papers II and 
III. 

Taxonomic surveys from metagenomes 
A metagenome is the (randomly sequenced fragments of) DNA from the 
whole of a sampled community. Taxonomic classification of metagenomes, 
(by marker genes, marker-gene-sets, or kmers) avoid the PCR and primer se-
lection biases of amplicon-based marker gene surveys. rRNA gene sequences 
can be retrieved from metagenomes and analysed thereby avoiding issues of 
primer bias (Kopylova et al. 2012, Bengtsson-Palme et al. 2015). However 
short reads, as is common in metagenomes, are not suitable for classification 
via rRNA genes without assembly and there are known problems with chi-
meric assembly of RNA genes in metagenomes that do not exist for amplicon 
based surveys. Other marker genes and marker-gene-sets can be retrieved 
computationally post-sequencing from metagenomes to estimate taxonomic 
membership of a community as an alternative (Segata et al. 2012, Milanese et 
al. 2019). Using multiple genes as a set is a more robust classification method 
than single gene surveys though choices of analysis e.g. between concatenated 
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genes or consensus trees, of the gene sets to establish phylogeny are debated 
(Liu et al. 2009). Databases for taxonomic classification of protein coding 
genes that are used for analyzing metagenomes are more restricted in species 
coverage than rRNA gene databases as they require whole genomes for cura-
tion (Segata et al. 2013) and therefore can lack sensitivity. However, classifi-
cation by marker-gene-set does not necessarily require assembly and thus 
avoids associated biases. Many protein coding marker genes, just like rRNA 
genes, include those whose products are involved in translation (Wolf et al. 
2001, Aguileta et al. 2008). Unlike rRNA genes, this set of genes is only ever 
found in one copy per individual genome hence their more commonly used 
name ‘single copy genes’ (Lerat et al. 2003). Single copy genes are almost 
never successfully transferred across species giving them a reasonably reliable 
phylogenetic signal (Lerat et al. 2003). Single copy genes are useful for not 
only taxonomic classification but also for estimating the quality (via complete-
ness and contamination estimates) of genomes (Creevey et al. 2011, Parks et 
al. 2015). 
Nucleotide and codon bias, or preference, can be used to discriminate the 

genomes of different organisms. An example is low GC % is indicative of 
small genomes and freeliving lifestyle. GC bias can result in synonomous (si-
lent) codon biases. A codon is a ‘three’-mer. A longer sequence of DNA e.g. 
twenty-three nucleotides is a ‘23mer’ or kmer of length 23, and it will have a 
greater discriminatory power than a 3mer. Codon usage statistics and tetra-
nucleotide frequencies (4mers) (Abe et al. 2003) have been used for almost 
twenty years to classify genomes (Edwards et al. 2012). Eventually it was 
found that Kmers of longer lengths can be used to classify sequences of un-
known origin (Xiong et al. 2011). Kmer based taxonomic assignment of met-
agenome sequences is a more sensitive method, is ideally suited to short read 
sequences as kmers are much shorter than the reads themselves, but can have 
low specificity (false positives) such that more species than expected are de-
tected (Tamames et al. 2019). Kmer based classification also requires an ex-
tensive and well curated database in order to classify metagenomic sequence 
reads but does not require complete genomes and is much quicker. Many tax-
onomic profilers are trained and tested on human microbiome so their perfor-
mance is often poorer on environmental samples. 
The lack of databases with sufficient taxonomic coverage of environmental 

microbes has been the main drawback of using kmer and marker-gene-set 
based approaches. Recent massive increases in phylogenetically defined ge-
nomes broadly covering bacterial and archaeal domains has significantly im-
proved and expanded the taxonomic coverage in databases. The main source 
of these expanded genome datasets has been the recovery and reconstruction 
of population genomes from metagenomes (MAGs) (Parks et al. 2017, 
Nayfach et al. 2020, Singleton et al. 2021, Xie et al. 2021). Large advances 
are also being made in bioinformatic tools to aid the recovery of plasmid and 
viral genomes from metagenomes (Ren et al. 2020), but the databases and 
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techniques are less mature than those for cellular genomes (Ponsero and Hur-
witz 2019, Carr et al. 2021). 
Taxonomic surveys based on metagenome sequencing are not affected by 

PCR biases and are best used when both taxonomic and functional information 
is required from the same sample. Historically it has not commonly been used 
on large datasets or timeseries by single lab groups due to prohibitive sequenc-
ing and computational costs. Most of the large datasets have been generated 
by large consortiums and international projects with substantial funding (see 
references for large MAG datasets). Marker gene and kmer based taxonomic 
classification suffer most from false-negative and false-positive biases respec-
tively. A kmer based method is used in Paper IV. 

Recovery of genomes from metagenomes (MAGs) 
It has taken almost twenty years to go from the first breakthrough of assem-
bling species genomes from the metagenome of a reduced complexity com-
munity (Tyson et al. 2004) to genome-resolved metagenomics being standard 
procedure. Currently, by using combinations of genomic characteristics, se-
quence similarity, and variable species abundance across multiple samples it 
is possible to assemble and bin (collect together) hundreds of high-quality 
population genomes from just a few metagenomes (Yang et al. 2021). There 
is some debate about whether or not these are admissible as species ‘type’ 
genomes because they are a chimeric sequence sourced from divergent indi-
viduals of a local species (a population genome) rather than the sequence of 
one discrete individual. It can conversely be argued that clonal population ge-
nomes from domesticated laboratory isolates also poorly represent a species 
as species in their normal habitats are not clonal in nature, or at least not for 
long i.e. directly after a viral sweep or other bottle-neck. In fact, the pange-
nome (all the genes found across strains of a species) with components “core”, 
“accessory”, and “strain-specific” gene sets are now used to describe a species 
genome in recognition that species are not clonal (Guimarães et al. 2015). 
Therefore, even though MAGs may be incomplete chimeric population ge-
nomes they are at least conceptually as reasonable a representation of a species 
as it occurs in nature as the genomes from culture collection isolates. Given 
the lack of available cultivated isolates for the majority of prokaryote species 
from which to sequence, the use of MAGs as representative genomes of a 
species pan-genome is the best we can currently achieve. 
There is a large range of software available that can take a metagenome 

from raw reads to annotated and taxonomically labelled prokaryote MAG 
(Yang et al. 2021). First raw metagenomic reads are cleaned to remove adap-
tors and low-quality reads, then reads are pieced together into longer contigu-
ous sequences (contigs) with an assembler, short contigs are removed (e.g. < 
2000 bp), and the remaining contigs separated (binned) into probable species 

19 

http:bottle-neck.In
http:individual.It


 

  

      
    

           
          
         

     
        
     
         
      
     

    
  

          
 

         
           

    
    

      
     

     
      
    

       
   

     
        
     

    
            

         
    

        
  

     
              

      
       

    
      

populations based on sequence characteristics such as GC content or tetranu-
cleotide frequencies. If multiple samples are available then contigs are 
mapped back to original reads to obtain abundances (read depth) and then this 
information can be used to guide the binning of contigs into probable species 
populations (Cock et al. 2015, Kang et al. 2015, Lin and Liao 2016). While it 
is not commonly done, draft MAGs can be polished (Chen et al. 2019) by: 
closer examination of GC skew along the assembled genome, further assem-
bly of the contig ends by overlap consensus, the use of long mate pairs to 
scaffold contigs, and primer walking and sequencing to fill gaps. Once aMAG 
is finished or of sufficient quality for a draft then open-reading frames (ORFs) 
are predicted, genes annotated, and reconstruction of metabolism can also be 
done. The MAG is also assigned taxonomy by phylogenetic placement within 
a genome tree. 
Recovery of MAGs is most effective in lower richness communities, espe-

cially where there is large phylogenetic distance between community mem-
bers (Tyson et al. 2004, Mondav et al. 2014). The approach is also best used 
where an abundant community member is of interest, and where multiple sam-
ples are available that have overlapping community membership (Kang et al. 
2015, Lin and Liao 2016). MAGs are commonly used to document and ex-
plore the diversity of microbial life that exists on earth, and to expand and fill 
gaps in phylogenetic trees. Research questions that explore ecological and 
evolutionary issues that effect and are affected by cellular packaging of ge-
nomes are well served by MAGs. MAGs are rarely complete, have poor re-
covery of variable regions and accessory genome components. This method 
was used in Paper II where assembled reads from eight Lake Erken meta-
genomes were binned into MAGs and while this generated around 200 high 
quality MAGs, the species of interest were very poorly represented. Because 
identifying functions was more important to the study than publishing new 
genomes, the MAGs were neither used or published. 

Single amplified genomes (SAGs) 
The first genomes of bacteria that were fully sequenced came from laboratory 
cultured, or domesticated, microbes. It was, and still is in general, necessary 
to axenically culture bacteria and archaea to extract sufficient species-specific 
DNA for direct sequencing. Advancements in sequencing technology (high 
throughput short-read sequencing), molecular methods (multiple displace-
ment amplification), and computational techniques (assembly algorithms) 
meant that the amount of DNA required to get a mostly complete genome has 
decreased to just a few to tens of prokaryote cells. Combining these techniques 
with methods to separate (microfluidics, flow cytometers) and phylogenet-
ically identify individual cells (fluorescence activated cell sorting, amplifica-
tion of marker genes) isolated from environmental samples opened up the 
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possibility of sequencing genomes directly from environmental samples with-
out the need to cultivate the organism first (Ishoey et al. 2008, Lasken 2012). 
SAGS are often generated and analysed when the research question inves-

tigates a target phylogeny or function and there is a method available to iden-
tify that target population e.g. known SSU rRNA or protein coding sequence. 
Analysis of SAGs can be particularly useful where the genetic variation within 
a naturally occurring population of the target cells prevents its recovery from 
metagenomes or when investigating the genetic variation within a population. 
SAGs are better at capturing mobile elements of species genome than MAGs. 
Downsides of SAGs is they tend to be less complete than MAGs and only 
cover a small portion of the variation of a natural population (Alneberg et al. 
2018). Publicly available SAGs were used in Paper I. 

Annotation and metabolic reconstruction of isolate 
genomes, SAGs, and MAGs 
Some of the functional repertoire of a microbe can be observed if cultured in 
a lab. This is, however, a poor approximation of how it behaves in the wild in 
a heterogenous environment amongst a community. Due to this, and the diffi-
culty of culturing the majority of environmental microbes (Henson et al. 
2020), computational methods to predict functions of a microbe from its ge-
nome, by reconstructing its potential metabolic and biosynthetic pathways, 
have been developed (Caspi et al. 2011, Punta et al. 2012, Galperin et al. 2015, 
Kanehisa et al. 2016). The basic method is to assign function to a gene via 
similarity to another gene product that is already annotated. This is achieved 
by comparing the similarity of DNA, translated amino-acid sequences, or mo-
tif searching (Yang et al. 2021). Modelling of proteins can also assist in deter-
mining function (Ovchinnikov et al. 2017). Predictions of function based on 
sequence similarity are ‘putative’ until molecular assay demonstrates its func-
tion. While sequence similarity has time and again been shown to be a good 
predictor of general function, e.g. carboxylase, the specific substrate targeted 
by the active enzyme is often harder to pinpoint requiring more stringent qual-
ity cut-offs. It should nevertheless be remembered that some enzymes can ac-
cept a range of substrates such that computationally assigning only one sub-
strate may be overly cautious. 
In order to predict the potential metabolic capabilities of a microbe from a 

genome, it can begin with the prediction of open-reading-frames (ORFs) i.e. 
genes, and the selection of the longest predicted ORFs for each genetic region. 
Predicting ORFs for most bacteria is reasonably straightforward and the entire 
annotation process from calling ORFs to genome annotation and functional 
prediction can be done quickly and easily by a pipeline such as PROKKA 
(Seemann 2014). However, using ORF prediction as a starting point can be 
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problematic as start and end codons for ORFs vary across life forms due to 
different genetic codes, the longest ORF is not always the correct one, and 
genes can be missed if an alternate start/end codon are used by the organism 
even when the correct genetic code is used (Dimonaco et al. 2021). An alter-
native method to beginning with ORF calling is to directly compare DNA se-
quences. This works well with small datasets, to identify non-coding genes 
e.g. rRNA, and single genome annotation where the genome of a close relative 
is annotated and available. For organisms with only distant relatives available, 
as is common for many environmental microbes, different methods are 
needed. 
Due to selection working at the protein level but enacted on the genomic 

level (e.g. codon redundancy) there is higher conserved similarity between 
amino-acid sequence and motif preservation compared to nucleotide se-
quences. Therefore, comparing similarity of amino-acid sequence can provide 
more information for environmental organisms than nucleotide sequence 
searches. To this end, the genetic sequences can first be annotated starting 
with translation of DNA from all six possible reading frames to amino acid 
sequence and then comparing these translations to known proteins or gene 
sequences in a database. Translation predictions with highest similarity and 
coverage to those in the database are selected as being likely correct. The most 
commonly used databases for assigning homology are uniprot (Magrane and 
Consortium 2011), refseq (Sayers et al. 2011), and pfam (Mistry et al. 2021). 
Issues with this method are that several different genetic codes for translation 
exist, i.e. not just “code 11” the most common for bacterial and archaeal genes, 
and so translation with one code might fail if it is not the correct one. Which-
ever method is used to get gene or gene product sequences, once they are pre-
dicted they are annotated. Annotation is the assignment of a gene name and 
its putative function based on sequence similarity. Subsequently, these func-
tions can be assigned to metabolic pathways or modules e.g. TCA cycle, and 
the metabolic capabilities of the organism predicted. For environmental mi-
crobes the most commonly used pathway reconstruction databases are KEGG 
(Kanehisa et al. 2012) and MetaCyc (Caspi et al. 2011). One criticism of com-
putational annotation and assignment of function to a gene is that just because 
a gene is annotated does not mean that it is transcribed, translated, or processed 
to be functional. While this is absolutely true, it does not negate the assign-
ment of functional traits through sequence similarity. It should also be remem-
bered that similar issues exist for any observed metabolic function from a do-
mesticated microbe or assayed protein, as the environment they are grown in 
is quite different to the natural habitat and there is no one hundred percent 
guarantee that an organism will be using the ascribed function at a given time 
in the wild. Like most techniques the wider range of methods and perspectives 
are used to arrive at a conclusion the more accurate it will likely be. 
Genome annotation of isolates, SAGs, and MAGs is used to estimate the 

functional potential of a population or species. It is also required when 
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submitting a genome to a public database such as ENA or NCBI. Drawbacks 
include that only putative functions can be assigned and in general at least 
30 % of a genome will have unknown function. This method was used in 
Paper I. 

Functional annotation of metagenomes 
While I have discussed the metabolic prediction of microbes from their ge-
nomes, the same methods can be applied directly to metagenomes to predict 
the functions of a community without assembly of MAGs. The choice to as-
semble and bin a metagenome into MAGs prior to analysis should be based 
on the aims of the study and not automatically assumed to be the only suitable 
method. Studies where the aim is to investigate function (of a community) 
may be best served by annotating either raw or assembled reads (Ovchinnikov 
et al. 2017) whereas a study investigating the ecology of species may require 
MAGs as a starting point (Hugerth et al. 2015, Mehrshad et al. 2018). Other 
considerations of assembly, or recovery of MAGs to use prior to annotation 
for function is that around 50% of the reads from metagenomes are discarded 
during assembly and binning for MAGs. Furthermore, the bias in both assem-
bly (Bengtsson-Palme et al. 2014) and binning is against low abundance mem-
bers of the community and it would be a fallacy to assume that low abundance 
was equal to unimportant. Genes and regions of genomes that have high pop-
ulation variation are also biased against during assembly and binning (Alne-
berg et al. 2018). The loss of so much genetic information from each dataset 
must have implications for our interpretation of metagenome functional un-
derstanding. 
Functional assignment based on sequence similarity is considered more ef-

fective the longer the sequence and is used as justification for assembly of 
metagenomes. However, an analysis of sensitivity (true positive matches) and 
specificity (false positives) using DIAMOND (Buchfink et al. 2015) and a 
RefSeq (Sayers et al. 2011) database found that while sensitivity increased 
with sequence length, specificity either increased or did not change (Treiber 
et al. 2020).Using higher mapping cut-off values prevented increases in false 
positives (Carr and Borenstein 2014). Read lengths between 100 bp and 250 
bp were found to be optimal for correct annotation and abundance estimates 
that begin with translation into all six reading frames thus avoiding issues with 
ORF calling (Nayfach et al. 2015). Thus, choosing a sufficiently high identity 
or mapping value cut-off to select only the most robust annotations will im-
prove accuracy while maintaining sensitivity. If genome-centric interpretation 
of your data is not a necessity for your research question, then assembly may 
bias results and binning of MAGs is unnecessary. 
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Functional annotation of metagenomes is suitable for functional prediction 
of entire communities. It has the same drawbacks as annotations of isolate 
genomes, SAGs, and MAGs. This method was used in Papers II and IV. 

Network analysis and visualization 
Like any method network analyses has its strengths and weaknesses and 
should only be used on appropriate datasets to address appropriate questions. 
The datasets used in this thesis, in particular Papers II, III, and IV were of 
microbial aquatic community surveys. Aquatic microbial communities are 
ideal candidates for network analysis as it is already known that microbes that 
exist within the same aquatic habitat interact metabolically such that positive 
and negative abundance correlations can indicate interactions, especially 
when there is poor correlation with any apparent environmental parameter. 
High correlation between microbial abundances can be due to adaption for 

similar niches (covariance) such that species respond to changes in their envi-
ronment in similar ways e.g. an influx of phosphorus, rather than being a direct 
correlation between the microbes. Eliminating covariance with environmental 
parameters prior to network analyses can reduce the problem of falsely detect-
ing microbial correlation, as can including the environmental variable as a 
factor in the network analysis to see if it is a common node (Faust 2021). Fur-
ther complicating both the use of and interpretation of network analyses is 
what does a positive or negative correlation signify. Positive correlations can 
indicate mutualism, syntrophy, or commensalism; while negative correlation 
can indicate parasitism, dependency, predator-prey relationship, or antago-
nism (Weiss et al. 2016). Pearson correlation can in principle detect mutualism 
well and commensalism and parasitism about half the time while SPARCC is 
similar but can also detect competitive relationships where species exclude 
each other (Weiss et al. 2016). It should however be debated the degree to 
which correlation indicates direct interaction and whether these methods are 
applicable to all habitats. 
Another issue that is often raised as problematic with network analyses is 

the use of compositional and not count data. Compositional data is the com-
monly used relative abundance species-by-sample table where because the 
sum of species abundance is 100 % then any change e.g. increase by 10%, in 
relative abundance of one organism results in changes e.g. a decrease of 10 %, 
in other organisms when in fact the absolute abundance of one of the organ-
isms may stay the same. This creates an artifactual correlation between species 
(relative) abundance because the abundances are not independent. Pearson 
correlation should produce artifactual connections caused by compositional-
ity, however studies have shown that is less affected by noise in a dataset, 
detects linear correlations well, and so appears to be robust (Weiss et al. 2016). 
Network analysis methods developed in the last decade, starting with 
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SPARCC (Friedman and Alm 2012) have data transformations that account 
for compositionality so that this is no longer an issue in network analyses. 
SPARCC is a correlation method that uses log transformation and an iterative 
process of pair identification to deal with composition bias and is robust on 
sparse data. SPIEC-EASI (Kurtz et al. 2015) is a conditional correlation 
method which uses centered-log-ratio transformation to deal with composi-
tionality, also has an iterative option, and is robust with sparse data. 
The model communities that established in the mixed cultures in Papers II 

and III explored the degree to which such correlations and inferred interac-
tions held true in relation to cooccurrences seen in the natural complex lake 
water communities fromwhich they were sourced. Correlation analyses in this 
thesis employed a consensus analysis method whereby three different methods 
were used to calculate strength and probability of correlations and any signif-
icant and strong correlation found in at least two of the methods was retained 
for network visualization. The methods used in Paper II, III time-series and 
Paper IV taxonomy and function included Pearson, SPARCC (Friedman and 
Alm 2012), and SPIEC-EASI (Kurtz et al. 2015) on abundance weighted data. 
The correlation analyses used for the mixed cultures in Paper II were Pearson, 
Dice-Sørenson (presence/absence), and SPIEC-EASI. In general, the network 
analyses in Paper II and III were used to generate hypotheses while in Paper 
IV they were used to test a hypothesis that the global freshwater microbiome 
feature consistently co-occurring microbial populations. 
Networks are used to generate or test hypotheses about interactions be-

tween microorganisms. This tends be most effective for single habitat samples 
or using methods that account for covariance with abiotic factors. This method 
was used in Papers II, III, and IV. 
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Paper summaries 

Paper I - One genus 

Project goals 
Investigation of the pangenome of the Candidate genus Fonsibacter (LD12, 
or SAR11 clade IIIb) to shed light on adaptions to life in freshwater habitats 
via comparison to the metabolic adaptions of the three sequenced clades of 
Pelagibacteraceae that each are associated with specific salinity habitats: Pe-
lagibacter ubique (SAR11, clade I)-marine, (SAR11 clade IIIa)-brackish, and 
(LD12, SAR11 clade IIIb)-freshwater. At the time this study was carried out, 
a lot of information was already available on P. ubique, including its use of 
proteorhodopsins for light-energy harvesting under starvation conditions, its 
small genome size (approximately 1.5 Mbp), its numerous aminoacid aux-
otrophies, slow replication rates, large apparent population size, and depend-
ence on phytoplankton production of DMSP for reduced sulfur. Ca. Fonsibac-
ter SAGs were compared to P. ubique isolate genomes to see which of these 
genomic and functional characteristics had been preserved across the marine 
to freshwater transition and what unique functions had been retained from a 
common ancestral population or were newly acquired by the freshwater clade. 
It should be noted that at the time, Ca. Fonsibacter had not yet been axenically 
cultured, isolates had therefore not been sequenced, a candidate specific 
named, and no MAGs had been retrieved. 

Methods 
Sixteen SAR11 clade I (marine), two SAR11 clade IIIa (brackish), and ten 
LD12 / SAR11 clade IIIb (freshwater) genomes were analysed by reciprocal 
BLASTX and BLASTP (Camacho et al. 2009) to examine average aminoacid 
identity (AAI %), identify homologues and thereby the pangenome of each 
clade, identify putative HGT events, and to examine carbon metabolism and 
aminoacid synthesis capabilities. Genome completeness was estimated using 
single copy gene presence/absence. For genome trees and examination of 
genes of interest translated protein sequences were aligned using MAFFT 
(Katoh and Standley 2013) gaps removed, and then trees bootstrapped using 
RAxML (Liu et al. 2011). 
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Results and discussion 
The freshwater Alphaproteobacterial clade Ca. Fonsibacter (LD12) is distinct 
from other clades related to P. ubique and is divergent from other clades in 
gene sequence and genome content. Ca. Fonsibacter is closest to clade IIIa 
(brackish inhabiting) in confirmation of 16S rRNA gene and genome-tree phy-
logeny. Both within and between clades, sequence similarity supported that 
LD12 genomes are quite conserved with AAI % > 95 % for the majority of 
the genes. AAI dropped to 50 to 90 % when compared to their marine coun-
terparts and varied between 70 and 90 % in sequence identity as compared to 
the brackish-water clade. The accumulated differences between Ca. Fonsibac-
ters vertically inherited genes and other Pelagibacteraceae support that it is 
genetically isolated from marine populations, but not brackish ones. In con-
trast to our initial predictions, Ca. Fonsibacter does not seem to have a large 
pangenome and does not have a large effective population size. The average 
individual genome size was slightly smaller than other SAR11 (est. 1.2 Gb) 
and classic traits of small genome size such as low GC content, low metabolic 
redundancy, and multiple auxotrophies were confirmed. Vertically inherited 
proteorhodopsins were also confirmed as present. Differences related to ap-
parent interactions with the external environment were found in osmolyte syn-
thesis or uptake, transporters, membrane structures e.g. antigenic surface 
structure, and signal receptors. All of which is consistent with cellular adap-
tions to freshwaters compared to saline environments. Ca. Fonsibacter also 
has important differences in carbon metabolism and energy conservation 
(presence of full glycolysis pathway, absence of glyxoylate bypass, and ab-
sence of Entner-Doudoroff pathway) compared to marine counterparts (Fig 1 
and (Eiler et al. 2016)). These shifts in metabolic pathways all support that 
Ca. Fonsibacter optimizes energy production over carbon preservation (the 
opposite of marine SAR11), which may be advantageous in higher nutrient 
environments. Combined, these differences support a clade of bacteria well 
adapted to the freshwater environments that Ca. Fonsibacter inhabits. 

Significance 
Paper I is a case study of genetic adaption related to saline-freshwater transi-
tions in bacteria and has provided a baseline for comparison by more recent 
studies. Some theories about the selective processes behind streamlining were 
subsequently re-examined. 
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Fig 1 Simplified diagram of carbon metabolism of Pelagibacteraceae, modified from 
Eiler et al 2016. 
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Paper II - One lake 
Project goals 
Having examined metabolic adaption of one prevalent and abundant freshwa-
ter bacteria, Ca. Fonsibacter, we wanted to explore if there were similarities 
with other prevalent and abundant bacteria in lakes, specifically other stream-
lined bacterial genera of the candidate Actinobacterial order Nanopelagicales 
(acI, ACK-M1) Ca. Nanopelagicus and Ca. Planktophila. These three genera 
are common inhabitants of inland water bodies and can each be highly abun-
dant (Newton et al. 2007, 2011, Holmfeldt et al. 2009). Interestingly they can 
be abundant at the same time suggesting that there is some non-overlap to their 
niches. Given that inland waters have complex and dynamic communities it 
is not immediately apparent how these streamlined bacteria avoid com-peti-
tion and thrive. We selected the main theorised methods by which these bac-
teria might coexist and thrive and designed analyses that could provide sup-
port or evidence against these principles as driving factors. The three princi-
ples we investigated were ecotype (anabolic within species), cooperative com-
munity (anabolic between species), and/or detrital (catabolic between species) 
models of coexistence. Lake Erken in central east Sweden has a research and 
monitoring station which collects chemical and biochemical data 
(https://meta.fieldsites.se/resources/stations/Erken), and a microbiological 
sampling protocol to collect and preserve DNA from the water column for 
future research. Thus, we could leverage long term environmental data and 
DNA samples over a timeseries and observe correlations between microbes 
and also their environment. We were also able to access sufficient DNA to 
sequence several metagenomes from different layers of lake stratification over 
several years to analyse for metabolic functions. The three ecological expla-
nations were tested using correlation analyses, network analyses, phylogenetic 
distances, and metabolic complementarity analysis of the time series of Lake 
Erken bacterioplankton and mixed cultures established from the same lake. 
Metagenomes were also used to support metabolic interactions suggested by 
networks. 

Methods 
SSU rRNA gene amplicon data from an eight-year time-series and 100 mixed-
cultures were pre-processed and taxonomically classified against SILVA 
(Quast et al. 2013). The timeseries data was analysed in R for correlations with 
environmental parameters including season. Network analyses of the common 
microbes from the timeseries were analysed with SPIEC-EASI, SPARCC, and 
Pearsons correlation while the mixed-culture networks used binary Dice-
Sœrenson instead of SPARCC. Primary cohorts of the three target genera were 
extracted from the resultant networks and compared. The genomically pre-
dicted biosynthesis presence/absence of high value goods that could form the 
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basis of cooperation or competition between the three genera and their primary 
cohorts were documented via a venn diagram and their potential confirmed by 
presence in the annotated metagenomes. Due to the level of debate centred 
around the example of katG as a high value good in the Black Queen Hypoth-
esis, we also analysed the genetic potential of the cohort members to synthe-
sise a functioning catalase-peroxidase (katG) and found the Nanopelagicales 
to be deficient in the heme synthesis which is essential as the active redox 
component of the enzyme. 

Results and discussion 
The ecotype element of abundant coexistence for Ca. Fonsibacter and Ca. Na-
nopelagicales was found to be predator evasion whereby they have highly var-
iable antigen presentation which reduces their apparent clonal population size 
and also increases chance that some immunogenic strains will survive a viral 
sweep. Further it was found that competition between these bacteria with 
small genomes was reduced by each lineage putatively producing at least one 
essential nutrient used by other members of the community e.g. Ca. Fonsibac-
ter synthesizes heme which Ca. Planktophila requires, Polynucleobacter syn-
thesizes cyanophycin which Ca. Planktophila also utilises, and Ca. Planktoph-
ila produces several B group vitamins required by Ca. Fonsibacter etc (Table 
1, Paper II Fig 7). These interlocking auxotrophies result in partial dependence 
across the community that prevents any individual genus of bacteria with 
small genomes taking up all the ecological space of this niche by its co-de-
pendence on the others. 
Table 1. Aspects explaining how each of the three theories enable abundant and prev-
alent co-existence of the three genera 

genus ecotype cooperative 
contributions 

auxotrophies 

Fonsibacter immunity heme, katG, 
B1, B2, B5, B6 

amino-acids, 
sugars, 
B3, B4, B9 

Nanopelagicus immunity B2, B3, B5, B6, 
B9 

amino-acids, 
sugars, cyano-
phycin, 
heme, B1, B4 

Planktophila immunity, 
carbon 
substrate 

B2, B3, B5, B6 sugars, cyano-
phycin, 
heme, B1, B4, B9 
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This concept of a complex system of interlocking mutual dependencies is sup-
ported by numerous papers documenting the sharing of metabolic costs across 
aquatic environments (Garcia et al. 2015, Caufield et al. 2017). Interlocking 
mutual dependencies is theorised to be an emergent feature of aquatic micro-
bial communities (Johnson et al. 2020, Machado et al. 2021). Due to the de-
creased dispersal of both organisms and metabolites in soils we should be cau-
tious with extrapolation (without testing) of theories andmethods from aquatic 
habitats to terrestrial ones. 

Significance 
This research brings together multiple ecological theories: black queen hy-
pothesis and general genome reduction, community benefit of auxotrophies, 
ecotype functions, viral escape, niche theory, and network analyses. It is an 
example of how different investigative methods can better support findings 
when combined. 

Paper III - One-carbon (C1) 

Project goals 
The primary objective was to better understand species contributions to car-
bon cycling and in particular the turnover of C1 molecules CO2 and CH4 and 
the incorporation of such substrates in lake microbial communities. Secondly 
the investigation hoped to find potential new contributors to the flow of C1 
molecules through a community. The methods used were similar to Paper I 
in that a timeseries and mixed-cultures were used as the basis for interrogating 
microbial interactions and identifying functional consortia. In this paper in-
stead of focusing on ecological theories to explain coexistence we focused on 
the movement of carbon through a community. Here we utilized a time-depth 
series from Lake Lomtjärnen, a shallow humic oxygen-stratified lake in cen-
tral west Sweden sampled over the last few months of winter while ice cov-
ered. Samples for culturing were taken from the anoxic and warmer bottom 
layer at the end of winter in April and for the second culture batch at the end 
of autumn in September. 

Method 
A network analysis of amplicon community survey over a time-depth-series 
of Lake Lomtjärnen (Garcia et al. 2019) was analysed to detect the most prev-
alent and abundant community members, their interactions and putative me-
tabolism assigned by phylogeny. Secondary network analyses of two batches 
of 92 laboratory cultures seeded with approximately 50 cells each and grown 
in filtered lake water under anoxic conditions and supplied with concentrated 
CH4 were conducted to see if a reduced community approach yielded further 
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insights. CH4 concentration of culture head space was measured at the end of 
the experiment, prior to preparation for DNA sequencing. The filtered lake 
water used as media was also surveyed by amplicons to document the filtera-
ble fraction that might contribute uniformly to all incubations. 
Network analyses on the time-depth-series included SPIEC-EASI, 

SPARCC, and Pearsons’ correlation as previously described but the network 
analyses of the cultures produced a cluster of only the filterable bacteria from 
the media and so a logic-based method (compared to mathematical) was em-
ployed. The logic-based method is based on the concept where it is postulated 
that if a gap in a biosynthetic pathway in a community exists, then another 
microbe will fill that gap. The enzymatic ability to use methane as a substrate 
or produce it as a product is somewhat restricted phylogenetically. Therefore, 
when examining cultures that show a net production or net consumption of 
methane, then at least one organism capable of using or producing methane 
must exist in that culture. It is also true that if an organism that is an obligate 
user or producer of methane has reached abundance in a culture but no me-
thane flux was detected, then at least one other organism that can perform the 
reverse reaction must co-exist in that culture. Comparing microbial member-
ship and methane concentrations enabled us to pinpoint cultures where mi-
crobes involved in methane cycling had grown. 

Results and discussion 
The network analysis of a time-series of a natural environment was effective 
for understanding the interactions of abundant microbes and the C1 flow 
through the community over time and through the water column (Fig 2). Three 
phylotypes, Rhodocyclaceae, Polyangiaceae and Gallionellaceae, were iden-
tified as potentially involved in methane cycling consortia as their metabolic 
contribution or other linkage to the C1 metabolising clusters in Fig 2 was not 
identified. 
Network analysis of laboratory cultured assemblages however was a better 

tool for finding the contribution of less abundant/rare microbes with 39 poten-
tial new (not previously known to directly use or consume methane) phylo-
types involved in methane cycling consortia identified (Table I Paper III) . 
Fifteen of the microbes identified were from the candidate phylum Patesci-
bacteria which is common in ground water, sediments, and other aquatic hab-
itats (Kantor et al. 2013, Herrmann et al. 2019). All extant members of this 
phylum are streamlined. Nanoarchaea, another streamlined phylum, were 
also identified. The remainder were members of Proteobacteria, Actinobacte-
ria, Planctomycetes, Bacteroidetes, and Firmicutes. 
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Fig 2. Lake time-depth-series network. Filled node-circles are OTUs. Grey lines show 
positive correlations and pink-dotted lines show negative correlations. Green, golden, 
and grey bigger circles designate cohort clusters. Putative roles in methane consump-
tion from observations in the model communities shown as non-filled red or orange 
circles for methane producer and consumer respectively. 

Significance 
Reduced community incubations are an effective method of examining meta-
bolic complementarity and documenting empirically which microbes can 
grow together, information which should be integrated into network analyses 
in the future. This method can be used to identify any gaps between known 
metabolic contributors (in this case methane cycling microbes) and unknown 
thereby shortlisting potential candidates to be investigated. Simple alternative 
methods, i.e. logic-based ones, of network and cooccurrence analysis are 
worth developing and codifying for use with mixed cultures or extremely re-
duced communities as they can yield surprisingly informative results and the 
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current methods for network analysis have been developed for use with highly 
complex species rich communities. 

Paper IV - One inland water microbiome 

Project goals 
Given the breadth of geochemical attributes that describe our inland waters 
(Keith et al. 2020), it may be that habitat variation is so great that there is no 
commonality in the global microbial community. However, studies have in 
two different ways suggested that there actually may be a globally coherent 
freshwater microbiome. Analyses comparing multiple ecosystems have found 
consistent phyla linked to broad scale habitat definitions such as soils, marine 
waters, non-marine, or host associated (Philippot et al. 2010). Secondly, stud-
ies consistently find the same dominant genera in e.g. lakes, to the extent that 
limnology developed its own names and cladistics for these prevalent bacteria 
(Newton et al. 2011). Together, this information from phyla down and genera 
up, suggests that there may be a global inland water microbiome that can be 
defined and studied at multiple phylogenetic levels. Also given the strong sup-
port for the existence of functional networks in aquatic environments in gen-
eral, it follows that a network analysis at near global scale might reveal meta-
bolic interdependencies similar to those explored in Papers II and III. Paper 
IV therefore is an ambitious but preliminary study to use unassembled meta-
genomic reads to illustrate the taxonomy and metabolism of inland water mi-
crobiomes and investigate interactions through network analyses. 

Methods 
A global set of openly available metagenomes identified from keywords 
“aquatic” and not “marine” from NCBI, ENA, and IMG was compiled. Alto-
gether820 metagenomes were included in the analysis after extensive manual 
curation and quality control. The metagenomes first had to go through several 
curation steps to enable comparative analysis and standardization and hope-
fully this global dataset will be a valuable resource for future studies of inland 
water microbial communities. Due to the combination of compute resources 
required to get MAGs and their abundances prior to functional annotation, 
combined with the biased loss against rarer community members from the da-
taset as unassembleable or unbinable metagenomic reads were classified and 
annotated without assembly. 
For metagenomes from aquatic habitats, I needed a classifier that could an-

alyse raw reads and utilize custom databases. Given the size of the dataset I 
also needed a classifier that was reasonably fast. Kraken2 (Wood et al. 2019) 
followed by Bracken (Lu et al. 2017) to improve abundance estimations, has 
high sensitivity, reasonable specificity if strong cut-offs are used, is fast, and 
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allows the user to construct their own database and build a custom library. 
Metagenomic reads were taxonomically classified with Kraken2 and Bracken 
against a combined dataset of representative genomes sourced from RefSeq 
and NCBI, and listed in GTDB. HUMAnN3 (Beghini et al. 2021) was selected 
for functional annotation as it avoids ORF calling biases by mapping straight 
to UniRef90 protein database if the translated search option is chosen, it com-
pensates abundance estimates affected by gene length, and has multiple data-
base outputs including UniRef (Suzek et al. 2007), pfam (Mistry et al. 2021), 
eggnog, COG (Wheeler et al. 2007), and pathway analyses using KEGG 
(Kanehisa et al. 2016) and MetaCyc (Caspi et al. 2011). It is considered to be 
a good option for functional annotation of metagenomes and, like Kraken and 
Bracken, is likely to be maintained in the future. A core taxa and function set 
was identified and basic richness and diversity estimates analysed. Network 
correlations between taxa at phyla and species level and also functional net-
works between pfams are underway. 

Results and discussion 
Extensive metagenomic sampling campaigns in South America, North Amer-
ica, and Europe provide excellent coverage of a variety of inland waters. Af-
rica and Australasia have only single sample sites and only five countries of 
Asia had metagenomes available (Fig 3). Central and northern Eurasia are not 
represented at all. Lakes are the most represented inland water habitat being 
the subject of several large-scale sampling campaigns (Linz et al. 2018, Buck 
et al. 2021), but of the easily accessible water bodies: rivers, creeks, ponds, 
and non-permanent water bodies were the most under-represented habitat 
types. 
Fourteen ubiquitous (100% of samples) and 46 core (>95% of samples) 

phyla were identified while 33 ubiquitous and 261 core species were identified 
(Fig 4 and SI Table Paper IV). 2 259 ubiquitous (potential) functions were 
documented (SI Table Paper IV). 
Preliminary phyla network results found strong and persistent negative cor-

relation between Actinobacteria and Chlorobi and a positive correlation be-
tween Balneolota and Uroviricota (Fig 6 Paper IV). This positive correlation 
between a bacterium and a bacterial virus supports interpretations that the bac-
teria either competes with the viral host or utilizes cellular debris released 
from the viral host by lysis. 
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Fig 3. Location of sample sites for metagenomes 

Significance 
A first but preliminary comprehensive documentation of the inland water mi-
crobiome. Habitats and regions that are easily accessible and under-sampled 
are identified and can guide future research initiates at a global scale. The need 
to integrate the massive influx of new genomic and taxonomic information is 
highlighted as an area that would provide the most computational benefit and 
the harmonized dataset made available as part of this study can be a valuable 
resource in future inland water research. The correlation network at phylum 
level revealed both expected and unexpected linkages that can be explored in 
future studies. 
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Conclusion 

Freshwaters are important and their microbiome interactively is responsible 
for a crucial section of elemental cycles. All larger organisms, including hu-
mans, are dependent on microbial communities maintaining balance for eco-
systems and global elemental cycle functioning. In freshwaters that includes 
carbon cycle balance. There is a portion of the inland water microbiome that 
consists of streamlined microbes, both bacteria and archaea. These organisms 
are highly prevalent with global distributions and some, but not all, can reach 
high abundance at times. Some of these prevalent streamlined bacteria e.g. Ca. 
Fonsibacter have adapted to freshwaters from higher salinity habitats, have a 
small pangenome, and show specific attributes relating to their expansion into 
freshwater. Others such as Ca. Planktophila have adapted from a terrestrial 
origin, have greater strain variability and a larger pangenome. The Ca. Patesci-
bacteria (CPR) phyla are also prevalent but unlike the previous examples are 
associated with anoxic or low oxygen aquatic and terrestrial environments. 
They are also streamlined though some of their characteristics are closer to 
obligate symbionts and indeed it is unclear if they are all obligately symbiotic 
or if some are free-living. Certainly, some have genomes and cell sizes large 
enough to indicate the potential for a more independent lifestyle. While sig-
nificant work has shed light on the metabolisms of several CPR families, much 
remains to be understood. Despite differences, all these streamlined prokary-
otes have convergent characteristics of genome and cell size reduction. All 
have low GC % in their genomes and a resulting codon bias that can make 
these polyphyletic clades difficult to place in phylogenetic trees. All have 
multiple auxotrophies and are reliant on their community (or host) to provide 
essential nutrients. For some we have identified high value goods that they 
produce for reciprocal exchanges or cross-feeding thereby ensuring their 
maintenance in their community. As a group they are so ubiquitous and abun-
dant that together they are an important component of element cycling in in-
land waters. They allow the transfer of e.g. carbon through the water column, 
provide biomass, and provide stability to communities. 
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Outlook 

More tightly combining consortia analyses from networks with functional at-
tributes of microbes could reveal newaspects to community assemblage rules. 
There are many adjacent fields of research to that presented here which, when 
combined, will likely lead to step-by-step advances or maybe some sudden 
breakthrough. Combining multiple coculture methods, both high throughput 
and designed cohort studies should provide insights into assembly processes. 
Increasing global scientific equity and access to sequencing resources will 

also likely aid in new understandings of the taxonomic diversity and metabolic 
interdependencies of inland water microbiomes. For example, there is debate 
over whether there is a correlation between species richness of a community 
and latitude (Chaudhary et al. 2016, Lawrence and Fraser 2020) at microbial 
scales (Fierer and Jackson 2006), but until more even coverage of continental 
or inland waters are available, we can’t draw strong conclusions on global 
distribution of species or their community attributes. Something that should 
be avoided in attempts to increase global coverage is any continuation of co-
lonial-style projects e.g. where researchers from wealthy nations go to poorer 
ones to collect samples without consultation, acknowledgement, or authorship 
by local scientists, or traditional owners. Undersampled regions have local 
people with skills and knowledge and should have ownership of their regions 
genomic resources as specified in the Nagoya protocol (Secretariat of the Con-
vention on Biological Diversity 2011) and so local people should lead or at 
minimum be included in project design and publishing of knowledge from 
sequencing projects. For example, IMG/DOE opening a specific call for 
southern hemisphere researchers to submit proposals to their Community Se-
quencing Projects promotes equity whereas a CSP call for USA or European 
citizens to travel to the southern hemisphere to run experiments or take sam-
ples, is not as equitable. 
While it makes sense that aspects of aquatic habitats make them ideally 

suited for streamlined microbes and also select for such linages (Garcia et al. 
2015, Johnson et al. 2020), it is possible that like many scientific theories this 
has created assumptions that will be challenged by future discoveries. For ex-
ample, it has been shown that to some degree aquatic microbial communities 
have on average microbes with smaller genomes than soils (Giovannoni et al. 
2014, Rodríguez-Gijón et al. 2022), however as pointed out, there may be a 
technical cause for this result (Rodríguez-Gijón et al. 2022). Aquatic microbes 
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with small genomes were latter to be cultured, latter to be sequenced, and latter 
to be recovered as MAGs, so it could also be the case for soils. Or not. 
One of the current issues that fortunately, finally, is coming to a head is 

that of species definition, taxonomy, and the material considered as acceptable 
for type strains (ie the acceptance of genomospecies and genomes as type ma-
terial) (Chun and Rainey 2014, Garrity 2016, Konstantinidis et al. 2017, Chu-
vochina et al. 2019). Currently there is a variety of different taxonomic clas-
sification systems. In fact, it has been this way for a decade or more. Now, 
however, genome-based classification has become the norm and genome da-
tabase expansion rate means that solutions taken now will need to be scalable 
and adaptable to future needs. One of several problems that needs resolving is 
how to better deal with changing taxonomy as phylogenetic trees are revised, 
to include earlier classification names so as to not loose information connected 
to synonyms. Other issues are that there are currently multiple isolate and ge-
nome based taxonomic lineage options. While this has actually been the case 
in microbiology for quite a while as seen with the multiple taxonomies of RDP 
(Cole et al. 2009), Greengenes (McDonald et al. 2012), SILVA (Yilmaz et al. 
2014), and NCBI (Wheeler et al. 2007) it was somewhat tolerable as it was 
well understood that rRNA genes were not synonymous to taxa but rather 
placeholders for taxa (Balvočiute and Huson 2017). While expert boards need 
to make decisions on future actions, the user experience of the functional and 
not so functional aspects should also be consulted (as IMG does periodically) 
when deciding on how best to proceed with information integration. For in-
stance, one of the strengths of NCBI taxonomy ID system is the retention of 
taxonomic information when names and/or taxonomy change. One of the 
strengths of the GT database is that all isolate and genomospecies have taxo-
nomic lineage (even if placeholders) detailed at every taxonomic level down 
to species (Parks et al. 2020) thus preventing the clumping together of ‘envi-
ronmental’, ‘unclassified’, or ‘incertae sedis’ genomospecies. Integration of 
current (and future) databases will be critical to ensuring progress is made and 
researchers can effectively use the data being generated. 
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Summary in English 

This exploration of freshwater microbial ecology begins with ecological adap-
tions to freshwater in a single species with small cells and small genome, 
scales up to examine cooperation between several similar genera in Lake 
Erken, then switches focus to Lake Lomtjärnen carbon cycling consortia, and 
is then completed by a near-global survey identifying the core microbiome of 
inland waters and connections between common species. 
Ca. Fonsibacter (LD12) has all the characteristics associated with stream-

lined microbes. It has a small cell size, small genome, high coding density, 
low regulatory components, and low GC content DNA. It has particular adap-
tions to freshwaters with an emphasis on energy conservation over carbon 
conservation. It has specific adaptions for living cooperatively in aquatic hab-
itats including genomically encoded variability in membrane surface antigenic 
molecules, and multiple auxotrophies but produces high value molecules e.g. 
heme, for contribution to the common goods market. Ca. Nanopelagicus and 
Ca. Planktophila also have all classic streamlined microbe attributes and are 
auxotrophic for heme biosynthesis. Ca. Nanopelagicus has similar genomic 
traits to Ca. Fonsibacter and they are part of each others functional cohorts in 
Lake Erken with both being reliant on photoautotrophs for essential nutrients, 
most likely organic carbon substrates and aminoacids. Ca. Planktophila is pre-
dicted to have the least number of auxotrophies of the three genera but was 
the least ‘cultivable’ of them. Both Ca. Planktophila and Ca. Fonsibacter re-
quire folate (B9) which is produced by many members of their individual con-
sortia in Lake Erken. Complex interdependencies were also revealed on ex-
amination of microbial consortia from Lake Lomtjärnen. Network analysis 
showed clustering around the flow of C1 molecules from the consortia of pho-
toautotrophs, methanogens, methanotrophs, and sulfate reducers at the warm-
er lake bottom up through the depths, through a transition level of organic 
carbon exchange up to consortia of heterotrophs including a few methane cy-
cling phylotypes inhabiting the colder surface waters directly beneath the ice. 
Thirty-nine phylotypes were shortlisted as putative new members of methane 
cycling consortia by correlation between methane flux and the absence of a 
known methane cycling phylotype in cultures from the lake to explain the flux. 
Lake Erken and Lake Lomtjärnen have different nutrient statuses, stratifica-
tion regimes, and ice coverage, though they do share some microbial clades. 
Both of the lakes microbial networks showed phylogenetic assortativity within 
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clusters and both had clusters of photoautotrophs surrounded by dependents. 
Most of the 46 core phyla identified in the global survey of inland water met-
agenomes have previously been identified as important and prevalent in fresh-
waters, accounting for the recent descriptions and naming of at least half those 
identified. One third of the core microbial phyla of inland waters have only 
streamlined members e.g. Patescibacteria, and several other phyla have within 
them streamlined clades e.g. Actinobacteria. Samples of the global survey 
covered all oxygenation states, nutrient levels, and photic depths yet phyla 
with specific habitats e.g. strict anaerobes, were detected as core phyla. All 
bacterial phyla with photosynthetic clades and archaeal phyla with methano-
genic clades were identified as core to inland waters supporting that these hab-
itats are critical to the two main end points of the carbon cycle connected to 
climate change. In addition to the expected core bacterial and archaeal phyla 
are three eukaryote phyla of Ascomycota, Basidiomycota, and Apicomplexa. 
The relationship between species richness and functional richness of microbi-
omes varied across inland water habitats, being sometimes positive e.g. 
groundwater and sometimes negative e.g. ice. Preliminary network results 
examining common phyla found a negative relationship between Chlorobi and 
Actinobateria which is likely due to water oxygenation preference though Ac-
tinobacterial dependence on primary producers to fix and release carbon could 
also contribute. 
Inland waters are dynamic and varied and while their microbial inhabit-

ants may be underexplored and poorly understood they are important. While 
I set out to explore streamlined genera specifically, putting them into context 
by examining their community and metabolic connections helped explain their 
success, their prevalence. Well known microbes such as photosynthetic bac-
teria and methanogens may steal the carbon cycling limelight but they and 
streamlined heterotrophic microbes are all ubiquitous in all inland waters. 
While at first the streamlined microbes do not appear important players in 
carbon cycling, they are numerous and their participation in the flow of carbon 
through water bodies is likely significant. All components of earths biogenic 
carbon cycle will be important in the coming century, even the smallest of the 
small in inland waters. 
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Svensk sammanfattning 

Denna djupdykning i sötvattnens mikroskopiska liv börjar med en studie av 
mikroorganismers ekologiska anpassningar till ett liv i sötvatten. Med ut-
gångspunkt från en enskild bakterieart känd för sin globala förekomst, små 
celler och kompakta arvsmassa av begränsad storlek undersöktes samarbetet 
mellan flera liknande bakteriesläkten i sjön Erken. Därefter övergå avhand-
lingens fokus till de mikrobiella konsortier som omvandlar organiska kolför-
eningar i sjön Lomtjärnens syrefria bottenvatten for att slutligen komplettera 
detta med en nästintill global undersökning av inlandsvattnens globala mik-
roflora och de kopplingar som kan iakttas mellan vanligt förekommande arter. 
Ca. Fonsibacter (LD12) har alla de egenskaper som normalt förknippas 

med ”minimalistiska” mikrober. De har liten cellstorlek, litet genom, hög kod-
ningsdensitet, få regulatoriska komponenter och lågt GC-innehåll i sin arvs-
mass. Min forskning visar att Fonsibacter dessutom har en rad ytterligare sär-
skilda anpassningar till ett liv i sötvatten, med tonvikt på energibesparing ppå 
bekostnad av att hushålla med kolföreningar. Den har ett flertal specifika an-
passningar för att leva ”kooperativt” i akvatiska livsmiljöer, d.v.s. genom sam-
arbete och näringsämnesutbyte med andra mikroorganismer. Detta inkluderar 
genetiskt kodade variation av ”ytantigen” (membranbundna molekyler som 
presenteras mot organismens yttre miljö), multipla auxotrofier (beroenden) 
där molekyler som är resurskrävande att tillverka, t.ex. heme grupp-moleky-
ler, produceras av ett fåtal arter samtidigt som denna produktion tillgodoser 
behovet även hos det resterande mikrobiella samhället och näringsvävar. Ut-
över Fonsibacter har också grupperna Ca. Nanopelagicus och Ca. Plank-
tophila också alla klassiska egenskaper som förväntas hos dessa minimalister 
och kan inte själva tillverka en rad andra byggstenar som behövs för tillväxt. 
Ca. Nanopelagicus har liknande genomiska egenskaper som Ca. Fonsibacter 
och ingår tillsammans i funktionella konsortier som i grunden är beroende av 
fotosyntetiserande primärproducenter för att få tillgång till essentiella närings-
ämnen som aminosyror och andra essentiella kolföreningar. Bakterier som 
tillhör släktet Ca. Planktophilia förutspåddes ha det minsta antalet auxotrofier 
av de tre studerade grupperna, men var samtidigt den minst "odlingsbara". 
Genom att rekonstruera organismernas arvsmassa kunde vi dra slutsatsen att 
både Ca. Planktophila och Ca. Fonsibacter har ett grundläggande behov av 
externt tillfört folat (B9) som produceras av många medlemmar i deras unika 
mikrobiella konsortier som kunde särskiljas i en tidsserie från sjön Erken. 
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Komplexa ömsesidiga beroenden kunde också ses vid undersökning av mi-
krobiella konsortier från sjön Lomtjärnen. I denna sjö låg fokus på syrefria 
vattenmassor och nätverksanalys visade på betydelsen av C1-molekyler som 
producerades av konsortier som innefattade fotoautotrofer, metanogener, me-
tanotrofer och sulfatreducerare. Man kunde se skillnader men också metabolt 
utbyte mellan dessa grupper som återfanns i det varmare syrefria bottenvattnet 
och de konsortier av heterotrofer, inklusive metan-nedbrytare, som lever i det 
kallare ytvattnet direkt under vintrarnas istäcke. Totalt trettionio förmodat nya 
typer av bakterier ingick i de metanomsättande konsortier som styr och påver-
kar metanavgången från sjön. Erken och Lomtjärnen har olika näringsstatus, 
skiktningsmönster istäckningsdynamik samtidigt som de delar vissa mikrobi-
ella grupper. Båda sjöarnas mikrobiella nätverk visade på selektion kopplad 
till släktskap med metabola beroenden i konsortier som även inkluderade fo-
tosyntetiserande primärproducenter. De flesta av de 46 globalt utbredda söt-
vattens-mikroorganismerna som identifierades i den globala undersökningen 
har tidigare identifierats som viktiga och vanliga i sötvatten, och fler än hälften 
har namngivits och beskrivits. En tredjedel av de globalt identifierade och 
vanligaste sjöbakterierna är små ”minimalister”, t.ex. Patescibacteria och . 
Aktinobakterier. Prover från den globala undersökningen täckte olika syresätt-
ningstillstånd, näringsnivåer och solljusexponering kopplat till provtagnings 
djup, men flera grupper med förmodade krav på specifika livsmiljöer, t.ex. 
strikta anaerober, var vitt spridda i dessa inlandsvatten. Den talrika förekoms-
ten av bakteriegrupper med kapacitet för fotosyntes och med arkéer kapabla 
att producera metan identifierades som viktiga sötvattensgrupper vilket stöder 
att dessa inlandsvatten är viktiga för dessa två slutpunkter i kolcykeln som 
direkt kopplade till klimatförändringar. Utöver de förväntade bakterierna och 
arkéerna återfinns tre eukaryoter från Askomycota, Basidiomykota och Api-
complexa. Förhållandet mellan artrikedom och funktionell mångfald varierar 
mellan de olika mikrobiella samhällen som ingick i den globala kartlägg-
ningen av inlandsvattnens mikrobiella samhällen. Ibland var sambandet posi-
tivt t.ex. i grundvatten och ibland var sambandet negativt, t.ex. i en preliminär 
analys av mikrobiella nätverk baserat på förekomst visade på ett negativt sam-
band mellan Chlorobi och Aktinobakteria, vilket sannolikt beror på olika pre-
ferenser för vattnets syresättning, även om aktinobakteriernas beroende av pri-
märproducenter för att fixera och frigöra kol kan bidra. 
Inlandsvatten är dynamiska och variabla ekosystem. -Även om deras 

mikro flora är till stora delar utforskade och dåligt förstådda spelar de en 
nyckelroll för dessa ekosystems funktion. Att specifiskt utforska ”minimalist-
iska” släkten bidrar till att sätta dessa relativt okända organismer i ett bredare 
där deras ekologi och metabola interaktioner kan förklara deras framgång, och 
talrika förekomst. Välkända mikroorganismer som fotosyntetiska bakterier 
och metanogener stjäl ofta strålkastarljuset när vi studerar kolets kretslopp, 
men de ” minimalistiska” heterotrofa mikrober finns överallt i alla inlandsvat-
ten och även om de till en början inte verkar vara centrala i kolomsättningen 
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är de talrika och därigenom kan deras deltagande omsättningen av såväl kol 
som andra kopplade näringsämnen vara betydande. 
Vi behöver sätta de minsta av de små i centrum när vi ska förstå hur våra 

ekosystem och vår planet fungerar. 
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