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Abstract
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It is a microbial world we live in: microbes outnumber other organisms by several orders
of magnitude, and they have great importance for the environment. However, environmental
microbes are notoriously difficult to grow in the laboratory, and using culture independent
techniques is necessary to expand our view. In this thesis, I apply metagenomics and single-cell
genomics to environmental samples from ancient human remains and lakes.

First, I used metagenomics to learn about bacteria from a Neanderthal’s bone and the gut of
Ötzi, a frozen natural mummy. Both were exploratory studies where the main question was what
kind of bacteria are present. I found out that Streptomyces dominated this particular Neanderthal
fossil, and the DNA lacked the damage that is often seen in ancient samples. Ötzi's gut sample
was dominated by Clostridia and fungi belonging to Basidiomycota.

Second, ten single-cell amplified genomes of freshwater Alphaproteobacterium LD12 and
three metagenomes from Swedish lakes were sequenced. Comparative metagenomics allowed
hypothesizing about which functions are important for microbe proliferation in freshwater,
pointing to osmoregulation and transport proteins and, possibly, to different strategies of
metabolizing sugars. I also focused on SAR11 sister-groups in oceans and lakes. Phylogenies
and sequence evolutionary distance estimates indicated the existence of microclusters within
LD12, showing variation in abundance between lakes. The most striking difference was the
relative amount of recombination compared to mutation, the estimated r/m ratio. SAR11 marine
and their freshwater cousins are found at the opposite extremes of the r/m range, lowest and
highest, respectively. The genetic background or sequence diversity did not explain the observed
dramatic difference, so it is possibly connected to environmental adaptation or population
dynamics.

In addition, I have spent a substantial amount of effort benchmarking available metagenomic
methods, for example fragment recruitment of metagenomes to reference genomes.

In conclusion, my exploratory metagenomic studies have shed some light on the bacteria
present in ancient human remains; comparative metagenomics has suggested the importance
of substrate preference on functional differences between lakes and oceans; finally, single-cell
genomes have allowed some insight into molecular evolutionary processes taking place in the
freshwater LD12 bacterium.
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Introduction

Looking for an inspiration for the first  paragraph of the first  page of my 
thesis I started to think about what got me into this position. Why did I want  
to do science and how did I end up with bioinformatics and microbes?

My sister and me used to have this habit. At the end of summer, just after  
finishing school, we would drag our parents to the bookstore to buy us books 
for the upcoming year. And then we would both lie on the bed for hours,  
flipping through the pages, reading bits here and there, and imagining all the 
exciting new things the next year had waiting for us. It was the best time! 
During the year that followed our excitement about the topics that seemed so 
amazing at the beginning of the summer was gradually evaporating, with the 
help of tests and all the other school trickery. I am not sure why school is  
usually so efficient in killing the natural curiosity all children have for the 
world. Meeting an exceptional teacher who makes one feel inspired is an 
unforgettable  experience.  It  would be an  interesting  experiment  to  see  if  
classes on mobile phones and computer games would succeed in making 
those subjects dead boring to kids too, or if it is impossible to discourage 
from something that offers practical experience so easily. In any case, that is  
the ordinary course of events in becoming an adult.

One  book’s  fate  was  different  though.  We  got  it  from our  aunt,  who 
studied biology, and it was a 500 page brick by Claude Villee. It was a crash  
course in biology for the first year of university. This book was brilliant! And 
it  became a  daily companion.  I  remember  looking  at  the  photographs  of 
human blood cells and bacteria, and thinking ‘Wow! You can zoom inside the 
body and this is what it looks like!’. And I remember the revelation when I 
found the short stories at the end of each chapter about a profession that was 
related to its content. ‘Amazing!’, I thought, ‘Imagine doing nothing else for  
a whole year!’. As a result, my list of prospective professions expanded, and 
alongside work at a shop, where I could do nothing but calculations all the 
time, it now included a biologist, who can look at cool photographs all day 
long.

Somewhat typically for a city child I never really considered going out to 
see what the actual world looked like. I now know this is also an option, but  
staying true to my early ideas of who a biologist is I got used to comfortably 
looking at the world through the lenses of bioinformatics. Just as milk comes 
from the shop,  bacteria come from databases  and I  analyze them on the 
computer. I try to remind myself every now and then that this is a somewhat 
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biased view but it seems to me it also became quite common. I recall fellow 
bioinformaticians from Warsaw talking about the weather ‘Hey Paweł! Is it  
raining?’, ‘Oh wait, I just closed the website.’. Presently, modeling weather 
is still hard enough to make looking outside the window worthwhile if you 
really  care  whether  it  is  raining  or  not.  But  it  is  getting  better.  High-
throughput semi-automatic data generation, computer power and availability 
of analysis software is also improving. We got to the point where if you want 
to know the name of a bird or a tree, you do not look for a trained zoologist 
or botanist, or a book, but for your phone, to get the answer. And we are 
getting  to  the  point  where  you will  be  able  to  even obtain  their  genetic 
information. With all these developments, what remains to be done by us – 
humans?

The increase in biological information available in databases is immense. 
I  suspect  the costs of  data  storage or computer  cooling started  to bother 
biologists’ minds a lot more than they might have been prepared for. Soon 
after I downloaded my first dataset I started filling up the space on our server 
regularly just trying to perform some simple analyses. It took a while before 
I  finally  started  to  get  a  feeling  for  it  and  predict  those  consequences 
beforehand, helped by friendly visit from Håkan, first thing in the morning, 
asking  'What  did  you  do  yesterday?!'.  Technical  challenges  can  be  quite 
overwhelming, especially at the beginning. They are really important  too, 
because we can only see as well as the bioinformatic glasses on our nose 
permit. But not getting caught up in the technicalities is just as important. 
Not  losing the scientific principles of generating knowledge about the world 
has become the real challenge. Obtaining the data is not really a limitation 
anymore, as a matter of fact one can download plenty for free. Deriving the 
knowledge  from  it,  performing  a  meaningful  observation,  answering  a 
question about  the  world --  in other  words,  not  missing  the objective of 
finding new land floating in this ocean of data and analysis possibilities -- 
that is the true difficulty. I have accepted this challenge and thrown myself 
into metagenomics. Or to put it more honestly, I was blissfully unaware of it 
and started my projects with the naive enthusiasm characterizing the youth.

So what is metagenomics and why would anyone want to get involved in 
it? The basic idea is to zoom into an environmental sample on the level of 
genetic information present in it. Just like the microscopic pictures I saw in 
the Ville's book zoomed into the world of unseen cells, metagenomics offers 
a window into the unseen genetic world. Do you want to know what can be 
found inside your fridge? On your tongue? On the keyboard? Well, swab the 
fridge, tongue, keyboard or whatever you are into. Go to the lab, peel off the 
cell walls and membranes, wash the DNA from proteins, RNA, sugars and 
all other molecules that are currently uninteresting, put it into the sequencing 
machine that can read them and voila! Here comes the genetic information 
that allows you to identify what it was, among other things. And of course, 
when everything sounds easy like in a crime movie, there must be a catch. 
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The catch is the bioinformatic analysis of this is a mess! The big questions is 
what the data really does allow you to say, and the wisdom is to think about 
it beforehand. But let's leave the difficulties behind for a moment. Alpine 
mountaineers somehow never talk much about how hard it was to get to the 
top, how cold it was, how they could not breathe, how they might have had 
to stop after every second step, or coming to the worst about friends who 
never came back. What they want to talk about is the view from the top! 
What  is  the  view  once  you  have  come  to  the  top  of  a  metagenomic 
mountain?
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It is a microbial world

Microbes exhibit the widest known metabolic diversity, which allows them 
to thrive in virtually all environments that we have investigated so far. We 
begin to appreciate the microbial part  of our own bodies, and the role of  
microbes on the Earth, and obtain tools to understand them better. Humans 
went to the moon, and search for life on Mars, but have we checked our 
earthly back pocket properly? Who is out there, and what are they doing? 

How did it all begin?

The study of microorganisms begun with the invention of lenses that allowed 
enough magnification to see the life that could not be seen by the naked eye.  
Among the first to observe this life was a Dutch businessman, Antonie van 
Leeuwenhoek, who wrote regular letters describing his observations to the 
British  Royal  Society.  The  sheer  existence  of  microscopic  life  was  a 
revelation  and van  Leeuwenhoek seriously  confounded the Society,  quite 
understandably  as  nobody else  had  ever  seen  anything  like  it  before.  In 
particular,  van  Leewenhoek's  description  of  dividing  animalcules,  as  he 
called  the  single  cell  organisms,  challenged  the  widespread  notion  of 
spontaneous generation. Certain bugs, such as fleas or maggots, seemed to 
appear out of nowhere, or rather out of dirt, dust or rotten meat. As you may 
imagine,  understanding the behavior of postulated unseens bugs posed an 
even  harder  problem,  especially  considering  that  nobody  else  had  the 
equipment to confirm his observations at the time. Following his business 
instinct,  van  Leeuwenhoek  did  not  share  his  recipe  for  success,  and 
construction  of  high  quality  lenses  capable  of  such  large  magnification 
remained a mystery until much later. 

Difficulties with direct observation did not  prevent experimenting with 
the unseen mini-world, and the heated debate of the time focused on the 
question  whether  life  could  originate  from  non-living  things.  The 
developments  of germ theory and cell  theory eventually left  the ideas of 
spontaneous generation outside scientific dispute. It was not at all an obvious 
argument that it is something unseen living in the 'bad air', rather than the air 
itself, that causes the decay or disease. At the same time, the discovery that 
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there  is  an  agent  causing  those  processes  allowed  the  development  of 
procedures to protect food from spoiling, such as pasteurization. 

Louis  Pasteur  performed  several  experiments  to  convince  his 
contemporaries that the germ theory was indeed true. His idea was to boil a 
nutrient broth in order to kill  the bugs already present, and then to use a 
bottle opening with filters that would allow air inside but not additional bugs 
or other small particles. He also used a long, bended tube that was left open 
to  the  air,  which  made  it  harder  for  the  contaminants  to  get  in.  In  such 
conditions  the  broth  was  unspoiled  for  weeks.  To  be  precise,  this 
pasteurization did not acually kill all the microorganisms in the broth, but it 
limited their growth for a desirable length of time. 

And now we come unexpectedly to culinary preferences. On a rainy day 
like today, talking about nutrient broth immediately makes me think of warm 
chicken soup, with little pieces of carrots, thin noodles and a bit of dill. Or  
maybe tomato soup with a little bit of cream? Actually if I had tomatoes right 
now it would be the lentil soup, with chili, cinnamon and yogurt. Mmmm....  
No  wonder  such  delicious  liquids  have  numerous  fans.  Leave  it  on  the 
counter for a couple of days to discover just how many unseen micro-fans 
your favorite soup has! Microbiological broth is essentially a soup, although 
ingredients have to be adjusted to particular tastes, and is often solidified 
with agar  into a  jelly  for convenience.  How do you like  your  agar  best: 
potato dextrose, corn meal, oat, maybe potato carrot, malt or yeast extract?  
All of these have been used to turn the liquid nutrient into a solid nutrient,  
which is easier to use in some kinds of studies. 

So far microbial tastes have probably overlapped with yours, and these 
broths were the basis of the original rich media. Blood agar perhaps does not 
sound  so  tempting,  although  our  cuisine  knows  several  dishes  based  on 
blood.  Mannitol  salt  or  hectoen  enteric  agars  seem  like  something  only 
connoisseurs can appreciate. Please meet  Staphylococcus and  Micrococcus 
in  the  case  of  mannitol  salt,  and  Salmonella and  Shigella for  hectoen. 
Similarly to a family dinner, you might guess who will be delighted to have 
some brussels sprouts, and who is not going to touch anything with parsley, 
or when preparing a dinner party you have to remember who is a vegetarian 
and who is allergic to nuts. Organizing dinner parties with brussels sprouts 
only might leave you with some very limited company. This analogy can 
give you an idea of how minimal or defined growth media can select for only 
particular kinds of microbes.

'Through the  stomach  to  the  heart', as  they  say  about  humans,  and  it 
works wonders on microbes as well. The ability to feed the microbes with 
what they enjoy means you can grow them in the laboratory, and that gives 
an unprecedented access to knowledge about them. Having the right medium 
and conditions allows you to get the cells to divide and increase in numbers, 
and then you are ready to address  numerous questions with experiments. 
What microbial questions have bothered humans ever since? For one thing, 
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diseases. If you are suffering from one, you might find yourself wondering 
why...? The scientific approach is to ask "How? Who? When? Where?" The 
realization  that  microbes  exist  was  the  first  step,  then  linking  them  to 
processes  like  food  spoilage  and  disease  was  next.  Understanding  those 
processes brought various remedies of extraordinary effectiveness, and with 
this success came a bold conviction that infectious diseases could be ended. 
Can they really?

One  important  condition has  been the basis  of  classical  microbiology: 
pure  cultures,  which  contain  only  one  type  of  microbe,  perhaps  even 
originating  from only  one  cell.  Having  a  mixture  of  different  organisms 
would mean that all the different requirements would confound one another. 
To be able to interpret results and associate them with a single organism, you 
need to first make sure there is uniformity. Techniques for working with pure 
cultures were largely developed by Robert Koch, a German doctor whose 
groundbreaking  research  in  infectious  diseases  led  to  identifying  the 
causative agents of anthrax, cholera, and tuberculosis. He worked out a set of 
rules  to  prove  the  causative  link  between  a  disease  and  the  responsible 
microorganism, rules now known as Koch's postulates. In brief: first, it is 
necessary that the given microbe is observed in every instance of the illness; 
second, that microbe has to be cultivated in pure culture; third, the microbe 
must be able to infect a healthy control animal and cause the same disease; 
fourth, the same microbe must be isolated again from the animal, cultivated 
and  identified  as  the  same  microbe  as  the  original  isolate.  This  was 
groundbreaking progress if you remember that for centuries diseases were 
thought of worldwide, regardless of continent and faith, as the will of God, 
entrapment by evil spirit or punishment for the sins, which seriously limited 
the possibilities of prevention and treatment.

In sickness and in health, but mainly in sickness

Microbes  causing  human  diseases  were  always  at  the  centre  of 
microbiological attention, perhaps complemented by those related to food 
production and spoilage, contaminated water supplies, wastewater treatment 
and so forth. And the progress has been truly amazing, giving us incredible 
weapons against  infectious  diseases:  weapons such as hygienic standards, 
vaccines,  and  antibiotics.  Proper  sanitation  conditions  prevent  the 
contamination  of  water  supplies  and  outbreaks  of  diseases  like  cholera. 
Prosaic factors like handwashing and access to toilets  have had immense 
importance for reducing the spread of infectious agents,  and these simple 
things are still  the most important ways to limit the spread of pathogens. 
While  we  living  in  Europe  might  not  think  much  about  it,  these  things 
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suddenly become important during flu season, or on exotic holidays. Access 
to basic sanitation still is a goal to work towards in many parts of the world. 

One of the most successful stories of humans versus microbes is that of  
vaccines. Starting with observations made by farmers working with cows, 
namely  that  earlier  encounters  with  cowpox  infection  protected  from 
smallpox, inspired early microbiolgists to make the first vaccination trials. 
The first documented case of intentionally infecting someone with cowpox 
to protect from smallpox was a British farmer, Benjamin Jesty, who wanted 
to  save  his  family  during  a  smallpox  outbreak.  Jesty  must  have  been 
completely convinced by his observations of his milkmaids, who had had 
cowpox and did not get smallpox. Not only did he infect the whole family 
with cowpox, he also agreed to a smallpox inoculation both for himself and 
his  sons  to  prove  the  effectiveness  of  the  treatment  and  contribute  to 
spreading  the  knowledge  about  a  safe  way  to  avoid  the  smallpox  threat 
(Hammarsten, Tattersall and Hammarsten 1979). Nowadays we have a wide 
body of evidence that shows vaccine effectiveness, which has indeed been 
tremendous. Smallpox is one of the two eradicated diseases. What more can 
you ask for? This was a disease that according to historic accounts could 
reduce a population by as much as for example 25% of the Athenian army in 
the fifth century BCE, 30-90% of Egyptian taxpayers in the second century 
CE, or half of the population in one of the Japanese provinces in the ninth 
century CE (Alchon 2003). Now there are zero cases worldwide. This is the 
ultimate microbiological victory. 

Not everyone shares Jesty's superior strength of mind so admired by the 
Vaccine  Institution  in  London  in  his  times.  Suspicions  and  conspiracy 
theories  accompanied  vaccination  programs  from  the  beginning.  And  as 
emphasized by the World Heath Organization report on infectious diseases 
(2006) 'progress is often hampered by complacency'. Have we fallen into this 
trap all to easily?

The wonder drug of World War II, penicillin, saved millions of lives and 
sparked the hope that  bugs had  now been conquered.  For  a  moment  we 
thought it was time to move on to conditions like heart attack, diabetes and 
cancer, leaving infectious diseases in the darkness of history.  Penicillin is  
naturally  produced  by  fungi  to  kill  bacteria  that  compete  with  them  for 
resources, and it is an example of numerous agents of warfare utilized by 
microbes  against  each  other.  Penicillin  was  discovered  by  Alexander 
Fleming, a brilliant Scottish scientist, who kept his lab slightly untidy but did 
not fail to recognize the groundbreaking consequences of observing that a  
fungal contaminant could hamper bacterial growth. 

In turn, bacteria that are pathogens to us are not themselves free from 
bacteriophages  that  infect  them.  All  life  continuously  adapts,  and  all 
organisms, large or small,  have to fight off their own pests.  There are no 
exceptions and nobody is excluded. We are all part of the same biological 
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reality of constant change and ongoing evolution, and the ultimate weapon 
against attacks is understanding these changes. 

The picture... is changing!

Evolution is  not  so straightforward to observe in life forms we are most 
familiar with, like animals or plants. Since the timescale of change is so long 
compared to human life, we are happy to approximate it with a fixed picture 
where delineation between various groups, for example species, is clear and 
easy.  Were  we  granted  immortality  and  the  ability  to  be  an  all-seeing 
observer, we would find it very difficult to find the words to describe and 
communicate the changes we would see. I will now tell a story that hopefully 
will make the problem more clear.

In my whale  tale,  this  immortal  observer  stationed  on  Earth  is  called 
Goody and he has an inquisitive granddaughter called Stuudy. On a lazy hot 
afternoon, Stuudy's parents have gone to the movies and happily left her with 
the grandpa. Stuudy has been silent for a while, occupied with the frozen 
raspberry sorbet, but that only has given her more time to think about what 
to ask grandpa this afternoon. He knows everything and it is her favorite 
time to ask him for stories, and to come up with questions that nobody else 
would even consider answering.  'Grandpa,  what is  the largest  animal on  
Earth that you have even seen?' she begun. 'Oh, Stuudy. In the oceans there  
is  a  huge  animal.  It  has  fins  and looks  a  little  bit  like  the  fish  in  your  
aquarium but it is larger. It is larger than your dog, larger than your room  
and even larger than your house. It is called the blue whale and even though  
it looks like a fish it is not a fish. It breathes air,' said Goody. 'Oh grandpa! I  
want to see it when I am big! Tell me a story about the blue whale ', asked 
Study. 'These animals I have watched for millions of years. How much has  
changed for them!' started Goody placing Stuudy on his knees. 'Blue whales  
eat little krill that they filter from the water. They also like to sing ', started 
Goody. 'But it has not always been like that. Fifty millions years ago, blue  
whales were also small, like your cat. They used to have four legs and a tail  
and run around on land, chewing plants, much like a little deer. But blue  
whales always liked swimming and spent a lot of time in water even then ', he 
continued. 'Ooooo....' gasped Stuudy trying to imagine the swimming little 
deer that then turned into a huge finned fish-like not fish, all in front of her  
grandpa's eyes.

Wait,  wait,  wait...  a  blue  whale  running  around  with  a  tail...?  Eating 
plants...? A strange deer that spends time in water? Come on, there are limits 
to fantasies you can feed the children with, even being an immortal observer  
of the Earth! Well, there are no immortal observers to tell us the story of the 
Earth, but we can gain knowledge in other ways, and the story itself is all  
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true. The fossil remains of the strange deer, called Indohyus, were discovered 
in Kashmir and it  is the closest  relative to the group of the modern day 
marine mammals including whales, dolphins and porpoises (Thewissen et al 
2007). As unlikely as it seems, the behavior of going under water has also 
been  observed in  a  small  modern  African  ungulate,  called  mousedeer  or 
chevrotain, as a way to escape from predators. Again, the fact that we can 
use names like  Indohyus or whale, stems from the snapshot pictures of the 
reality that we have. If not for the incompleteness of the fossil record, if we 
had a continual documentation of the changes from a little four-legged fur 
animal with a tail into a huge animal with a paddle-shaped limbs and baleen 
filter-feeder, generation by generation, where would you put the limits for 
our names? Is a whale with legs still a whale? Maybe with short legs only? 
How short should they be to still keep the name "whale"? Is a whale with 
teeth still a whale? The only reason why we do not have to answer ridiculous 
questions  like  these  is  that  this  kind  of  changes  take  longer  than  our 
lifespans. What we can observe from the ongoing evolution in animals is 
more subtle, and also compatible with a fixed naming scheme. As impossible 
as it is for us to imagine time scales of thousands or millions of years, as 
hard as it is to know what the small changes we can observe add up to in the 
geological  timescale,  there  is  no  qualitative  difference  between 
microevolution (small changes) and macroevolution (large changes). 

But there is a world that changes fast enough for us to be able to observe 
it – the world of microorganisms! And to our unpleasant surprise, numerous 
examples  are  available  for  anyone.  The  ongoing  changes  are  painfully 
obvious. The vaccination you took for flu last year is not effective against it 
this year. If you are unlucky enough to get recurrent urinary tract infections, 
it  is  possible  that  in  the  process  of  treatment  those bacteria  will  become 
resistant  to  antibiotics  used  at  the  beginning.  These  are  everyday 
experiences,  but  the  list  goes  on.  Bacterial  infections  can  be  resistant  to 
antibiotics used to cure them. The Western capital of tuberculosis, London, 
experienced a doubling in the cases of multi-drug-resistant tuberculosis in 
the last decade (All-Party Parliamentary Group on Global Tuberculosis, UK, 
2013).  These  were  mostly  cases  originating  from  areas  with  high 
tuberculosis prevalence,  like South Asia, Eastern Europe and sub-Saharan 
Africa, but diseases do not know political barriers and the world gets smaller 
and smaller through travel and immigration. 

Mycobacterium  tuberculosis is  a  pathogen,  to  which  Koch  postulates 
apply,  and  it  is  not  normally  found  in  humans.  But  there  are  common 
bacteria  that  many  of  us  host,  such  as  Staphylococcus  areus, which  can 
sometimes cause serious problems. S. aureus is commonly found on the skin 
or in the nose, but also causes a whole range of infections, from pimples to 
serious wound infections and sepsis. The worst cases involve bacteria that do 
not respond to anything from the available medical defenses, and the speed 
of mutations that can lead to such dramatic changes are astonishing. Using 
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available technology we can check whole genomes to track down changes 
that underlie the horrific development of increasing resistance to a medicine. 
Drug resistant hospital S. areus infections are a serious medical problem and 
I  refer  to  one  example  of  bacteria  isolated  from blood of  a  hospitalized 
patient with a heart disease. The earliest isolated bacteria could be cured by a 
drug called vancomycin that the therapy started with. The fifth isolate was 
taken twelve weeks after the first one. Comparing their genomes revealed 
only  35  differences  that  caused  resistance  to  all  three  drugs  used  in  the 
therapy, and even to another one that had not been administered (Mwangi et 
al 2007). 

There are human diseases that your grandparents never heard about, like 
AIDS caused by the human immunodeficiency virus (HIV). There are also 
diseases your grandparents were familiar with, such as whooping cough, that 
we thought were gone, but they seem to be coming back uninvited and often 
pose great difficulties in diagnosis for more recently trained doctors (Center 
for Disease Control and Prevention, trends 1922-2012). Moreover, infectious 
agents have been shown to cause diseases that were never suspected to have 
a microbial cause, like gastric ulcers. The stomach was initially considered 
sterile,  and bacteria  present  there  were though to be ingested along with 
food. The presence of bacteria was reported also in ulcer patients, and some 
of the patients were even treated with antimicrobials, but this idea was later 
abandoned since the same bacteria was discovered in stomachs of healthy 
people (Kusters,  van Vliet  and Kuipers 2006).  The culturing of stomach-
isolated  Helicobacter  pylori was  followed  by  a  rather  uncommon 
experimental approach to prove that this bacteria can establish itself and also 
cause  further  problems  that  can  be  cured  with  antibiotics.  A sample  of 
Helicobacter was swallowed by the researchers themselves. The experiments 
ended successfully – not only did the two Australian doctors, Barry Marshall 
and Robin Warren, recover from the  Helicobacter-caused inflammation in 
their  stomachs,  but  they  also  shared  a  Nobel  prize  for  their  discovery. 
Suddenly it was not only stress that was to be blamed for stomach ulcers. 

This  turn  of  events  put  Helicobacter  pylori in  the  microbiological 
spotlight and resulted in the development of tests to detect it. Knowledge 
about the human-Helicobacter relationship increased quickly, which showed 
that  the  picture  was  even  more  complicated.  Helicobacter  pylori is 
commonly  found  in  humans  and  believed  to  have  been  present  in  our 
ancestors for a long time. Moreover, although it increases the risk for ulcers, 
it also seem to decrease the risk for another kind of stomach-related disease 
(gastroesophageal  reflux),  as  well  as  some  other,  rather  unexpected 
problems,  such as asthma (Blaser 2006). The final disease outcome is an 
interplay between the host's genetics and immune status, and characteristics 
of  the  particular  H.  pylori strain  (Kusters,  van  Vliet  and  Kuipers  2006). 
Helicobacter  pylori is  just  one  bacteria  and  after  over  twenty  years  of 
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research we can only conclude that changes in our microbial ecology at other 
body sites can also have complicated health consequences.

We ought to stop here to take a deep breath. There is no need to continue 
with medical horror stories, I suppose, because hopefully you get the point,  
which is that the human-microbe situation is complicated and it can change, 
and the change can be fast. So what do we do about it? Well, the first step is 
always  to  control  the  panic  and  then  you  should  start  thinking,  as  my 
differential  equation professor  used to say.  At  times you need to face an 
equation longer than you thought possible. The first step is to take a breath, 
and then start decomposing the problem into what you have already seen, or  
what seems simple or solvable, or at least some part where it is possible to 
focus  on  it  at  once.  This  survival  strategy  has  helped  me  on  numerous 
occasions and we shall try it here too. All these emerging diseases, evolving 
resistance,  the  difficulties  in  telling  a  micro-friend  from  a  micro-foe, 
especially taken together, can seem pretty scary indeed. Let's keep in mind 
that it boils down to the realization that microbes evolve. It seems obvious 
that we can't avoid looking at the broader microbial picture. Microbes exist  
in communities and interact with the environment. Let's take one problem at 
a  time.  We  will  get  back  to  the  question  of  how  to  study  a  microbial 
community later. It is a big part of this thesis. 

And if you look on the bright side of life, which you should always do as 
wisely  advised  by  the  Monty  Python,  this  also  means  that  you  can  do 
experimental  evolution  with  microbes  in  the  lab.  You  can't  rerun  the 
evolution on Earth to see  what  would happen,  but  you can run bacterial 
evolution experiments over and over again. Under controlled conditions, you 
can take particular strains and genomes as starting points, have replicates, 
take regular samples for all kinds of checks, like genomic changes, fitness or 
metabolic capabilities, and watch all this evolve in time. What an incredibly 
exciting perspective, isn't it? One the best known undertakings of this kind is 
the long term experimental evolution of Escherichia coli in Richard Lenski's 
lab,  ongoing  since  1988  (http://myxo.css.msu.edu/ecoli).  Twelve  initially 
identical  populations  of  E.coli  are  evolving  separately  under  identical 
conditions,  with  samples  taken  every  500  generations  for  'frozen  fossil 
record'.

How do microbes evolve? 

The principles  of  evolution  are  universal  for  life,  regardless  whether  the 
organism is micro- or macroscopic. Evolution is change in time, based on 
variation  present  among  numerous  individuals,  of  whom only  some will 
survive and reproduce, influencing the future generations. Heritable traits, 
encoded  in  the  DNA of  organism's  genome,  are  subject  to  reshuffling 
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resulting from sexual reproduction, and mutations that change the original 
DNA information.  Bacteria  and  archaea  reproduce  clonally,  but  genetic 
recombination, which changes the linkage of the genes, can be though of as 
an equivalent of sexual reproduction. So even in the absence of sex in the 
eukaryotic  sense,  bacteria  still  engage  in  processes  that  allow  them  to 
introduce variability. In fact, bacteria are a lot more promiscuous is some 
ways, such as when it comes to incorporating novel DNA into the genome. 
Bacteria  can  have  introduced  genetic  information  that  is  not  inherited 
vertically from mother to daughter cell, but horizontally between organisms. 
This  horizontal  gene  transfer  is  considered  a  major  force  in  bacterial  
evolution. We will get back to molecular mechanisms of genetic variability, 
with focus on bacteria, later.

Fitness landscapes

Discussing how variability occurs, how it is distributed across the genome, 
and how it varies among individuals and strains, is one level. The next level 
is  the  forces  shaping  the  changes  in  themselves.  Important  differences 
between all the variants are described as their fitness, that is,  their ability to 
survive and reproduce. The fitness of a particular individual is shaped by the 
environment,  and fitness is  often thought of as a landscape,  where peaks 
correspond to the high fitness levels the organisms are pushed towards by 
natural selection. Similar genotypes are spatially close to each other, at least 
in that dimension. For example, two genotypes that differ by one mutation 
can be visualized as nearby points on one axis, but their relative position on 
the other axis will depend on the result this particular mutation has on the 
fitness  of the organism.  Plotting each possible mutation in relation to  its 
fitness results in a line that can have many curves, increasing the landscape's 
so-called ruggedness. Evolution along a rugged fitness landscape can get a 
species stuck in a local high fitness peak, even if globally there are positions 
with higher fitness.  Numerous ideas can be considered in regards  to this 
landscape  analogy,  for  example  the  robustness  from being  pushed  down 
from the peak, or the ease of jumping between peaks. 

Classically,  these landscape plots focus on a handful  of mutations. For 
example, the increase of resistance to a certain class of antibiotics, the beta-
lactams, depends on proteins called beta-lactamases, which are capable of 
altering the antibiotic structure. The stability of beta-lactamases is directly 
linked to the fitness of the bacteria carrying it  when grown under strong 
antibiotic pressure.  A feasible evolutionary pathway can only go between 
states that will increase resistance, but this path is determined by the starting 
point, and you can imagine that various mutations can interact; for example, 
mutations in places that are close in the three-dimensional structure of the 
protein will have cumulative effects (Jacquier et al 2013).
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Fitting such a model to reality is challenging because numerous factors 
overlap. First of all, mutations in the whole genome undergo selection as a 
unit. Changes in beta-lactamase are important for growth in the presence of 
antibiotics  –  they  are  not  necessarily  the  only  changes  going  on  in  the 
genome, although they might influence fitness the most. Imagine a mutation 
occurring  in  a  nearby  genetic  location.  This  mutation  could  obtain  an 
unexpectedly high abundance even if its effect is not particularly good for 
the bacterium, since it was lucky enough to enjoy a genetic hitchhiking ride 
along with a strongly beneficial mutation. Strong selection in the presence of 
one antibiotic, is a relatively straightforward kind of pressure, but reality is 
usually  more  complicated.  You can  imagine multiple  forces,  changing in 
time,  that  will  be  pushing  the  optimal  genotype  in  different  directions. 
Finally, other factors play a role in the overall outcome. For example, the 
size  of  the  population  will  influence  the  importance  of  random  effects. 
Intuitively,  the better  the particular  genetic  solution is fitted  to the given 
circumstances, the more likely it is to take over in the population. Beneficial 
mutations eventually fix, meaning taking over all other variants. However, 
the smaller the population is,  the larger the importance of random effects 
becomes. 

Molecular mechanisms introducing genetic variability

Every  third  example  in  the  following  brief  description  is  a  Nobel-prize 
discovery, deciphering molecular functioning of the cell, summarized in one 
sentence.  Knowing  how  the  cells  work  gives  us  the  background  for 
understanding how change comes around. And as a side remark, I would like 
to emphasize that although individual names are mentioned throughout this 
thesis,  I  do it  for convenience of writing.  Numerous examples  show that 
assigning  all  the  glory  for  discoveries  to  individuals  is  probably  often 
unfortunate and underestimates the crucial role of team work and building on 
previous  achievements  in  generating  knowledge.  Some  even  argue  that 
nothing hinders development in science like competition for the Nobel prize.

Errors during replication and protection mechanisms

The mother cell replicates its DNA during tightly regulated cell cycles with 
complex protein machinery. The DNA building blocks are nucleotides, each 
having the same sugar backbone with phosphate groups attached to one end, 
and one of four nitrogenous bases, adenine (A), guanine (G), cytosine (C) or 
thymine (T),  on the other.  The pairing of the four possible nucleotides is 
always the same: A goes with T and G goes with C. DNA polymerase is the 
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main replication enzyme. Having one strand as template, the polymerase is 
capable of extending the other DNA strand in one direction, referred to from 
the  numbering  of  carbons  in  the  sugar,  as  5'  to  3'.  More  proteins  are 
necessary for the whole process,  including for example one to locate the 
origin of replication, and another unwinding the double-stranded DNA. 

The system is not completely error-proof. If you thought making mistakes 
is a human thing, it might be reassuring to hear that mistakes are a property 
of  life,  and  also  the  one  that  allows  evolution.  Nevertheless,  several 
mechanisms exist to limit the number of mistakes. Occasionally, the wrong 
nucleotide can be incorporated into the growing chain, and the polymerase 
with a proof-reading ability detects the distortions caused by a wrong pairing 
and removes it. 

Some viruses keep their genetic information as RNA, which differs from 
DNA by the sugar used. I will use the sample of RNA viruses to introduce 
the concept of robustness. The RNA replication polymerase does not have 
the  proof-reading  activity  that  the  DNA polymerase  does,  and  therefore 
allows many more errors to persist. The resulting huge variability was long 
thought of as good material for viral adaption to a changing environment, 
such as a host's immune system. There is a problem however. Mutations are 
random and random changes rarely improve the product. Most of the time 
the result is rubbish and increasing rates of mutation leads to viral extinction. 
At the same time, viruses with abnormally low rates of mutation are also 
unsuccessful, which in viral world is called attenuation (Lauring, Frydman 
and Andino 2013). There seems to be a tradeoff. It was long though that the 
high  mutation  rates  make  these  viruses  more  flexible,  increasing  their 
adaptability. Mutations most of the time reduce the fitness of the organism, 
and can pose a lethal threat if they happen to often. But perhaps RNA viruses 
can afford the burden of the mistakes, having other mechanisms to cope with 
it.

For the effects to be deleterious requires that mutations actually change 
the outcome, the phenotype, and that is not necessarily always the case. So 
one way for the organism to protect itself is by mutational robustness. With 
reference back to the fitness landscape analogy mentioned earlier, mutational 
robustness is often referred to as the survival of the 'flattest'. A flat peak, or  
plateau, is harder to fall from it. Mechanisms suggested for the robustness of 
RNA viruses to mutations include preferential codon usage, and interactions 
with cell chaperons. The first mechanism, preferential codon usage, works in 
the following way. The nucleotide code is read in triplets, codons, and since 
there  are  only  20  possible  amino  acids  and  64  triplet  nucleotide 
combinations, several codons denote the same amino acid. Some mutations, 
called nonsynonymous, change the amino acid, while others, synonymous 
mutations, retain the same amino acid but use a different codon. Different 
triplets  therefore  vary  in  robustness  to  point  mutations,  and  preferential 
codon usage means that the robust codons are used more often. The second 
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way  to  achieve  mutational  robustness  is  with  chaperone  interactions. 
Molecular chaperons assist in protein folding and perform quality control by 
either refolding a protein or promoting protein degradation, and can thereby 
help to rescue a less functional protein.

Organisms that are not under pressure to maintain a small genome size 
also often employ duplications, diploidy, or alternative metabolic pathways. 
There in no space for those solutions in highly compact genomes of the RNA 
viruses.  Their  large  population  sizes,  however,  are  considered  'safety  in 
numbers',  by  having  a  high  chance  of  keeping  the  fit  variant  through 
effective  selection.  Wasting  no  time  for  proofreading  means  faster 
production  of  new  copies.  High  numbers  also  means  opportunities  for 
recombination and reassortment, which can fix the errors or dismantle the 
problematic change from the desirable parts of the genome. Another strategy, 
assuming  that  numerous  viruses  co-infect  the  same  host,  is  stealing 
functional protein from another virus. The virus's solutions are themselves 
subject to selection and evolution, and understanding the equilibrium and 
interplay  of  all  the  factors  might  offer  better  perspectives  for  antiviral 
therapies (Lauring, Frydman and Andino 2013). 

Mismatch repair system and hyper-mutators

The majority of organisms have DNA genomes and protect themselves from 
errors  by  DNA polymerase,  and  errors  that  were  missed  by  polymerase 
proof-reading still have a chance for correction later on. The control system 
that detects errors in the newly synthesized strand is called mismatch repair 
(MMR).  It  employes several  proteins  that  are  conserved and widespread, 
pointing to the important role of quality control for the cell. As with many 
other processes, this one has been studied in depth in the microbiological 
guinea pig called Escherichia coli. One of the MMR proteins is called mutS 
and it binds to the site of the mismatch, initiating the process of excising the 
part  to be corrected.  E.coli mutS- cells,  lacking functional  mutS proteins, 
display  what  is  called  a  hyper-mutator  phenotype,  meaning  they  will 
effectively  have  a  lot  more  mutations  compared  to  their  'healthy' 
counterparts, often called 'the wild type'. 'The wild type', to my non-native 
English language intuition, hints at an individual that is not exactly average 
in behavior, but there is nothing wild in that sense about those cells. Rather,  
they should be thought of as an average representation of the wildlife where 
they can be encountered, in this case the human lower intestine. Wild type 
E.coli of course also suffer from mutations, but having functional mismatch 
repair systems, many of the errors are corrected. The mutS- hyper-mutators 
however, lose one step from the quality control and therefore will let through 
about  100 times more errors. I  proudly report  this  number from personal 
observations  from  teaching  a  lab  on  comparing  number  of  spontaneous 
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antibiotic-resistant  mutants  between  the  wild  type  and  the  mutS hyper-
mutator.

Hyper-mutator  strains  are  actually  more  common  in  nature  that  one 
perhaps expects. Natural environments with high antibiotic pressure are for 
example the lungs of  cystic  fibrosis  patients.  Cystic  fibrosis  is  a  genetic 
disease that causes mucus to accumulate in the lungs, creating a nutrient-rich 
environment where bacteria can establish infections. A common threat to the 
patients is a bacterium called Pseudomonas aeruginosa. Patients often take 
antibiotics  and  have  to  change  them  in  the  course  of  treatment.  Such 
changing  and  heterogenous  environment  promotes  selection  for  bacterial 
strains  with  higher  mutation  rates.  Indeed,  one  third  of  cystic  fibrosis 
patients  infected  with  Pseudomonas  aeruginosa harbour  hypermutator 
strains (Oliver et al 2000). Hypermutators can also appear in populations that 
evolve under relatively benign conditions, such as in the Lenski experiments. 
The mutations responsible for the hypermutator effect can hitchhike with a 
beneficial  mutation,  if  the  benefit  it  larger  that  the  cost  for  sloppiness, 
increasing  the  abundance  of  the  hypermutators  in  the  population 
(Sniegowski, Gerrish and Lenski 1997). It was also observed that established 
hypermutators can mutate again to reduce the mutation rate (Wielgoss et al 
2013).

Indels

Yet another type of error occurring during replication are indels. A hiccup of 
the  replication machinery  can  cause  imprecision  resulting in  inserting  or 
deleting  parts  of  DNA,  sometimes  even  full  genes.  Repeat  regions  are 
especially prone to these kind of errors, creating large variability in length 
variants.  In  regions  coding  for  proteins,  a  change  in  the  number  of 
nucleotides might have dramatic consequences, unless the change happens in 
a multiple of three nucleotides, i.e. full codons. Changes in reading frame 
affect  all  downstream amino  acids  and  usually  result  in  a  nonfunctional 
protein. The addition or removal of a small number of amino acids might 
have a much milder effect.

Classical theory suggested that a new copy of a gene that arose after gene 
duplication could accumulate mutations and evolve free from the selective 
pressure  to  maintain  the  original  function.  This  elegant  explanation  for 
evolution of new proteins from the existing ones suffers from one problem. 
How would this extra copy stay around long enough for it to become useful? 
Another solution proposed more recently suggests that proteins with double 
functions are more likely candidates for generating numerous extra copies, 
which has the effect of evolving towards increasing efficiency of the separate 
functions under selection. Experimental support for this model came from 
Salmonella enterica that managed to evolve two necessary functions from a 
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protein  that  could  inefficiently  perform  both  of  them,  in  under  a  year 
(Näsvall et al 2012).

Recombination

Recombination introduces larger scale changes in the genome. In eukaryotes 
recombination is part of sexual reproduction. During gamete production, the 
chromosomes  align  together  and  exchange  parts,  producing  new 
combinations  in  each  egg  and  sperm cell,  in  a  tightly  regulated  cellular 
process called meiosis. Bacterial cells do not undergo meiosis, but exchange 
of DNA strands can still occur. The source of the exchanging DNA can come 
from another cell or from within the same genome; the only prerequisite is to 
have homologous sequences. Several pathways exist in E. coli that stabilize 
the structures made during homologous recombination. It is also possible to 
introduce DNA which is not an equivalent of the existing information, and to 
integrate  it  into  the  genome,  using  shorter  stretches  of  homologous 
sequences. As mentioned above, recombination can also be a way to replace 
an erroneous variant by the original copy. 

Lipopolisaccharide O-antigen

Recombination  is  often  spread  non-randomly  over  the  genome.  For 
example in E. coli, genes occurring in proximity of the operon coding for O-
antigen are known recombination hotspots (Tenaillon et al 2010). O-antigen 
is  an  outermost  sugar  polymer  of  the  lipopolysaccharide  in  the  bacterial 
outer membrane. Lipopolysaccharide is of crucial importance for membrane 
integrity, but at the same time it is detected by host immune system, as well  
as  predators  and  phages,  and  therefore  it  is  under  strong  diversifying 
selection (Tenaillon et al 2010). A high recombination rate helps to increase 
the diversity that selection has to work on.

Horizontal gene transfer

Horizontal gene transfer (HGT) describes the event of introducing DNA not 
from the mother cell but from other sources, for example from conjugation 
with another cell, from transduction by a phage, or from transformation with 
environmentally acquired DNA. Genes of environmental importance spread 
especially  efficiently  by  HGT,  since  they  confer  major  adaptation 
advantages. Transferred DNA can undergo homologous or non-homologous 
recombination  and  integrate  into  the  main  chromosome.  Mobile  genetic 
elements that replicate separately also exist, such as plasmids. Numerous  
HGT examples are known, and there has even been genetic transfer between 
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domains,  for  example  from archaea  to  bacteria  (Gogarten  and Townsend 
2005). At some point questions arose about whether the amount of horizontal 
transfer seen in bacteria  allows for meaningful  reconstructions of vertical 
descent, that is phylogenies. Using enough information, as in phylogenomics 
based on full genomes, ensures detecting the vertical signal for proper tree 
reconstructions (Choi and Kim 2007). Horizontal gene transfer often does 
not occur randomly in the genome. Known hotspots sometimes correspond 
to tRNA flanked or phage integration regions, although many hotspots do not 
show specific characteristics (Tenaillon et al 2010).

Microbes... again why bother?

By now,  I  hope  to  have gotten  even the most  resistant  readers  seriously 
interested in microbes for their own sake. Hopefully you have noticed from 
the  few  examples  given  that  dividing  the  world  into  parts  relevant  and 
irrelevant for humans is illusory. As with any other basic research, you never 
know what might become useful, and even if it never does apply directly as a 
business opportunity, understanding history has great value of its own.

Infectious diseases are not the only microbial worry for our health. We are 
beginning to appreciate the significance of microbial  cooperation and the 
consequences of losing proper microbial balance in our body. And if you 
think about it more, you will realize that the typical infectious microbes that  
cross our ways do come from somewhere. Perhaps they even spend much of 
their time outside our view, and we might be missing out on something by 
ignoring them until the first, often unpleasant, encounter. Evolutionary and 
ecological approaches are invaluable for microbial-related medicine.

Zooming out, take a better look at yourself, and further outside, the world 
is filled with mind-boggling diversity of microbes. Whether a drop of water 
or a fingertip, by using the right equipment you can discover a microbial 
rainforest.  Even  deserts  host  life,  and  places  as  inhospitable  as  deep 
sediments, naked rocks, ice and boiling acidic water host microbial life. With 
the  development  of  genetic  tools,  a  new  repertoire  of  'lenses'  became 
available to look for microbes. It revealed how astonishingly limited is the 
representation of microbial diversity among the cultivated microbes that we 
are somewhat aquatinted with.

Zooming out even more, think about the great adventures of humanity. 
Going to the moon? Checking if there life of Mars? Dare I to say... no, who 
cares about space! Aren't you curious about the life hosted all around us one 
the Earth that we know so little about? Well, if you are asking me, it would 
not  hurt  to  make  a  Hollywood  movie  to  popularize  this  idea,  ideally 
something like Jurassic Park or Apollo 13. In the meantime, I am hereby 
making  my  small  contribution.  Curiosity  and  the  exploration  are  the 
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perspectives I came from, and is the focus of this thesis. So from now on we 
leave the scary disease stories and the hopes of wonder drugs behind, to go 
on  an  exotic  trip  to  places  rarely  visited.  A few  specific  spots,  namely 
microbes from a Neanderthal bone, from the gut of a frozen mummy, and 
from several lakes, is where I have stopped for months or years to watch 
through my bioinformatic binoculars.  Care to listen to memoirs of the travel 
through the dead and the living? Then turn the page over!

29



Uncultured microbial diversity

The great plate count anomaly

Koch's  postulates  gave  a  clear  framework  for  determining  the  infectious 
agent for numerous diseases. The situation is not always so clearcut though, 
as one can see by the example of  Helicobacter and ulcers. For numerous 
diseases it seems necessary to understand the microbial ecology and factors 
that push the healthy system out of balance. Another Koch's contributions 
was the use of pure cultures, which is the basis of invaluable experimental 
knowledge,  but  also  turned  to  be  seriously  limiting  in  environmental 
research. Already from van Leeuwenhoek's time we knew about microbial 
diversity  from  microscope  investigations,  so  what  happens  when  you 
compare the results from each method? From the same sample you can put 
some under the microscope and plate the rest on various media. What is the 
result? Depressingly different for the majority of environments, as suggested 
by  the  title  (Staley  and  Konopka  1985).  Only  0.01  to  0.1%  of  oceanic 
bacterial  cells  grow  using  standard  plating  techniques,  compared  to 
enumeration  from  microscopic  counts  (Kogure,  Simidu  and  Taga  1979). 
Efforts for developing high throughput culturing techniques increased this 
number for particular environments, like the ocean (Connon and Giovannoni 
2002). Still, 1% is often the estimate given of how many representatives of 
the microbial diversity present in nature we can culture.

The overwhelming majority of bacteria do not grow when subjected to 
this standard procedure and therefore the body of knowledge we have gained 
describes only a tiny fraction of everything that is living out there. So if you 
take a drop of water, or some dirt from your favorite place (say the fridge or 
any other part of the student corridor kitchen, my personal microbiological  
favorite), look at it under the microscope, and then put in on a plate to grow 
organisms  present  there,  you  will  observe  what  is  called  the  great  plate 
anomaly. Only a few of the organisms you observed with the microscope 
will  grow in the lab.  Like a frustrated restaurant  owner who sees all  the 
guests coming in and so few staying at the tables to eat, inevitably you need 
to face the shortcomings of the menu and the premises. What is it in our 
microbiological hospitality that fails to satisfy the needs of so many potential 
customers? Part of the problem is that we don't know what these bacteria 
need to grow, part of the problem is that perhaps they need each other to 
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grow, and the classical techniques are all based on having pure cultures. But 
do not  despair!  For the moment  let's  leave guessing microbial  tastes  and 
perfecting the menu. It is time to engage in new ways of getting to know the 
biological mini-universe!

Culture-independent techniques

If getting bacteria to multiply themselves is impossible, what other choices 
are  left?  Well,  you  can  access  the  genetic  information  in  the  cell.  An 
extension  based  on  microscopy  is  the  use  of  nucleic  acid  probes  for 
hybridization with the DNA in the cells. Probes can target specific bacteria 
and fluorescent  microscopy is  used to visualize  their  cells  in a technique 
called fluorescent in situ hybridization (FISH). 

Culture-independent techniques to study microbes have been used since 
1970s (Woese and Fox 1977) and are based on studying nucleic acids from 
the organisms. The problem is that there is very little of the starting material, 
so usually it has to be amplified before it can be studied. The first group of  
techniques is based on using the polymerase chain reaction and amplifying 
targeted genes.  

Polymerase chain reaction

The polymerase chain reaction (PCR) is analogous to how replication works 
in the cell. In particular, it is based on the fact that the polymerase enzyme 
uses a double stranded DNA from which it  starts  the elongation process. 
Kary Mullis one day (according to his statements, after an inspirational dose 
of  LSD)  pondered  the  question  'What  if  small  pieces  of  DNA  were  
introduced to mark the places where the enzyme could start  working?'  It 
turned out that the idea worked, and after the further improvement of using a 
thermostable polymerase that was not destroyed by the heating cycles, an 
incredibly powerful method was brought about. PCR can amplify DNA from 
tiny amounts to quantities that are usable for downstream analysis.  It  has 
become  an  everyday  tool  in  the  molecular  toolkit,  and  the  clue  to  its 
performance lies in the design of the primers. You can amplify a gene from 
any sample  you care  to  check,  as  long as  you know a small  amount  of 
sequence from what is it that you are interested in.

Ribosomal RNA PCR

PCR  became  the  basis  for  a  very  broadly  used  approach  to  studying 
uncultured microbial diversity. The idea was to look at a particular gene that 
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every  bacterium  would  have,  and  that  would  be  suitable  for  taxonomic 
purposes.  Ribosomal  RNA (rRNA) became the standard for checking the 
taxonomic diversity of a sample.  rRNA is a gene that  produces,  as name 
suggests, an RNA molecule that is part of the ribosome, which is the protein 
production factory and one of the most conserved cellular machineries in all 
of life. A ribosome is a complex of two subunits, each containing at least one 
RNA and numerous proteins. It binds around messenger RNA to read the 
genetic code in triplets and translates this RNA into a chain of amino acids. 
Since protein making is an essential cell function, it has not changed much 
over time. As we discussed earlier, in the case of RNA viruses, mutations are 
much  more  likely  to  ruin  a  functionality  rather  than  to  improve  it,  and 
consequently  most  changes  would  be  selected  against.  A  cell  without 
functional ribosomes is a dead cell. 

rRNA folds into a three dimensional structure with several variable loops 
and  conserved  base  pairing  regions.  This  structure  offers  a  dream 
combination  of  parts  suitable  for  comparing  both  closely  and  distantly 
related  organisms.  Moreover,  rRNA is  present  in  all  living  organisms: 
eukaryotes, archaea, and bacteria. Among the most spectacular results that 
came from the diversity studies based on rRNA is the discovery of the third 
domain of life, the archaea (Woese, Magrum and Fox 1978). By now there 
are numerous databases with rRNA sequences and tools to analyze it, and it 
remains "the gold standard" for taxonomic classification.  The nonexistent 
species  definition  for  bacteria,  if  nevertheless  attempted,  often  refers  to 
identity of the small subunit  rRNA, with the threshold for species put  at 
97%. 

There are several drawbacks to this method once you start considering the 
details. First of all, you have to know what you are looking for to find it.  
True statement for most of the enterprises in life. Here, it means that you 
won't  have  primers  to  amplify  unknown  sequences  if  they  are  not  like 
sequences  already present  in  the  databases.  Universal  primers  have  been 
developed  for  various  taxonomic  groups.  There  are  universal  bacterial 
primers, universal actinobacterial primers, and so on, which brings us to the 
second major pitfall. 

If the original mixture of organisms is uniform, it makes no difference 
where exactly the primers bind and which template is used. But once you 
consider the speed at which new templates are generated, it makes a whole 
lot of a difference how well the primers bind to particular templates. If the 
efficiency is better for some of them, the bias in favor of those will increase 
exponentially, completely distorting the proportions in the original sample. 
This process is unavoidable and has to be taken into account. As a result,  
PCR results can not really be used to determine the relative abundances of 
particular taxonomic groups. In practice, different primers sets and different 
methods can give different results. On the other hand, if the biases have been 
studied, or if several primers sets and alternative methods point to the same 
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result, then some cautious arguments about relative abundances can be based 
on PCR results (see below for results on Vindija cave microbial diversity).

A faster and cheaper but less accurate method for analyzing the sequence 
diversity among the PCR products are fingerprinting techniques. With this 
method, endonucleases cleave PCR products at a specific site; for example 
enzyme EcoRI from Escherichia coli recognizes the sequence 5'-GAATTC-
3'. Using EcoRI to digest the PCR products creates fragments of different 
sizes depending on the sequences of the PCR products. To generate a pattern 
based  on  sizes,  the  digested  products  can  be  analyzed  with  gel 
electrophoresis. All sequence molecules are situated in wells at one end of 
the  gel,  like  horses  before  a  race,  and then  they  start  moving through a 
porous gel when electric field is applied. The shorter the molecule, the faster  
it  is.  The  separation  by  length  can  be  complemented  by  separation  in  a 
denaturing  agent  gradient,  which  adds  another  dimension  to  the  analysis 
(denaturing  gradient  gel  electrophoresis,  or  DGGE).  These  so-called 
fingerprinting  techniques  are  commonly  used  in  microbial  ecology  to 
compare different  populations  of  microbes,  which  are  approximated  by a 
differing specific band pattern. 

I will use again the example of the 'hyper-mutator' lab, mentioned before, 
to  illustrate  the  difference  between  restriction  digestion  and  sequencing. 
Encouraged  by  the  unforgettable  motto  of  this  lab,  'Flexibility  is  our  
strength!',  I  decided  to  change  the  restriction  enzyme  digestion  of  the 
suspected gene, which was supposed to reveal the basis of the bacterium's 
resistance.  The  hope  for  the  restriction  digestion  difference  was  that  the 
mutation was going to be in the restriction site and therefore will change the 
banding pattern. But this technique never worked and it was impossible to 
say why without actually checking what the change in the sequence really 
was.  So  one  of  the  years,  instead  of  digesting  the  PCR products  of  the 
amplified gene suspect, the students received results from Sanger sequencing 
for  analysis.  And  indeed,  the  mystery  was  solved!  There  were  several 
common changes  responsible  for  antibiotic  resistance,  and  the  restriction 
enzymes used in the lab did not target any of those. 

Diversity of Actinobacteria in Vindija Cave

Despite all the above mentioned drawbacks of PCR based approaches, price 
and convenience has a say in experimental design. 16S PCR clone library 
and Sanger sequencing is the method I used for obtaining data on microbial 
diversity in the Vindija sediment, the layer the Neanderthal bone came from. 
I  used  two  sets  of  primers:  a  commonly  used  set  of  universal  bacterial 
primers  and actinobacterial  specific  set.  Comparison  of  taxa  abundant  in 
both sets, and analysis of the known taxonomic biases of these primer sets, 
strengthen  the  argument  for  cave  sediment  abundance  data.  Both  the 
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sediment and the bone are dominated by Actinobacteria, but different kinds 
of Actinobacteria. The phylogenetic approach made it possible to search for 
sister groups between the cave sediment clone library and bone metagenome. 
No such sister groups were found, suggesting that bone bacteria, if they were 
of environmental origin, came from rare taxa (paper I). 

Sequencing

Another  large  group  of  techniques  originating  from  reproducing  DNA 
replication in the lab for experimental purposes is sequencing. Sequencing 
means deciphering the order of nucleotides in the DNA molecule. The field 
transformed  dramatically  over  the  last  years,  introducing  numerous  new 
methods and reducing the cost of sequencing to the level where generating 
human genomes for use in medicine is no longer science fiction. Let us begin 
from the start, with one of the oldest widely used techniques.

Sanger Sequencing

The  idea  of  Sanger  sequencing  is  simple.  During  replication,  modified 
dideoxynucleotides are added to the mix along with the regular nucleotides. 
The modification makes it impossible for the chain to elongate beyond such 
a dideoxynucleotide, so the last nucleotide in the fragment is known and can 
be  recognized  due  to  radioactive  or  fluorescent  labeling  of  the  modified 
dideoxynucelotide.  The fragments  are  then  sorted  by electrophoresis,  and 
because  each  different  dideoxynucleotide  ending  can  be  unequivocally 
recognized, it is possible to then simply read the sequence. 

A disadvantage of Sanger sequencing is that it is time consuming, because 
it  requires  a  laborious cloning  step  for  separating  each  of  the  originally 
recovered PCR fragments. Sequencing several thousand clones is considered 
a large-scale effort.  To realize  where the bottleneck lies,  imagine picking 
bacterial colonies from a plate, one by one, for further processing and how 
much of the diversity present in the sample can be accessed this way. The 
advantages  of  Sanger  sequencing  are  that  of  using  a  long-established 
technique,  with numerous tools  available  for analysis,  and long sequence 
reads (~1000bp). However, both these arguments fade in importance with the 
further  developments  in  the  field.  Numerous  so-called  next  generation 
sequencing technologies have recently became available and I will discuss 
one example next.
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454 pyrosequencing

For  the last  few years,  454  pyrosequencing  has  become  more  and  more 
popular and it is commonly used in both genomic and ecology projects. 454 
technology  (Margulies  et  al  2005)  is  sequencing  by  synthesis,  using  a 
pyrosequencing  protocol  and  the  key  to  the  massive  amount  of  DNA 
produced is miniaturization. The steps are as follows: fragmentation of the 
original sample followed by blunt-ending; ligation of adaptors; denaturation; 
binding to beads by hybridization optimized to obtain one DNA fragment per 
bead;  capturing  the  beads  in  droplets  used  as  microreactors  for  PCR; 
denaturation of the amplified DNA; deposition of beads with single stranded 
DNA clones  into  wells  of  a  fibre  optic  slide  containing  smaller  beads 
carrying immobilized enzymes; pyrophosphate sequencing. I come back to 
the  library  construction  step  in  some  more  detail  under  metagenomic 
sequencing, to point out differences that were specific for the Neanderthal 
sequencing project.

Reading  the  growing  DNA strand  in  454  pyrosequencing  is  based  on 
detecting  nucleotide  incorporation  by  light  emission.  Detecting  chain 
extension follows the flow of one kind of nucleotide ongoing in multiple 
wells in a highly parallelized setup. If the nucleotide is incorporated light 
signal is emitted. Incorporation of multiple nucleotides of the same kind at 
once increases the strength of the signal. However, distinguishing the exact 
number  of  incorporated  nucleotides  proved  difficult  and  makes  the 
technology vulnerable to so-called homopolymer errors. Compared to other 
currently  available  next  generation  technologies  like  Illumina,  454 
pyrosequencing offers longer read lengths.  The technology has developed 
from the initial read length of about 100bp (GS20), to about 250bp (GSFLX) 
and now about 500bp (GSFLX Titanium Chemistry).

Other important concepts

The technologies  mentioned  above  were  used  for  data  generation  in  this 
thesis, but do not exhaust the list. Among the alternatives available on the 
market  today  there  are  also  for  example:  Illumina,  Solid  sequencing  by 
ligation, Ion Torrent semiconductor sequencing, or single molecule real time 
sequencing from Pacific Biosciences. And that is definitely not the end of the 
developments!  The  field  has  diversified  into  numerous  applications 
distinguishing  de novo sequencing from resequencing, taking into account 
the size of the targeted genomes, whether epigenetic information can also be 
accessed.  Numerous  companies  compete  fiercely  for  customers  and  the 
progress and changes in price and possibilities are fast. 
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De novo and resequencing

De novo sequencing means reconstructing a novel genome, as opposed to 
sequencing another individual from species for which genomes are already 
available. The effort of sequencing a human genome for the first time, with 
reconstructing physical map of all the chromosomes, is not quite the same as 
resequencing it, in which the overall structure is known and can be used as 
guidance. Even for much smaller bacterial genomes, it makes a difference 
whether a reference is already available and be utilized for assembly.

Whole genome shotgun sequencing

Initial sequencing efforts utilized techniques that allowed keeping track of 
the  genome  organization,  such  as  primer  walking.  Sequencing  reads  in 
sequential order made reconstructing the full sequence trivial, but this was a 
time consuming process. A revolutionary idea that placed the burden on the 
side of reconstructing consensus by assembly was to fragment the original 
DNA and sequence it randomly, and then worry about how put the pieces 
back together.  More details  on the assembly process can be found in the 
following chapter on bioinformatics.

Microbial taxonomy

You might  have  been  wondering  about  the whale  tale  from the previous 
chapter, which introduced a perhaps rather bizarre analogy. Now is the time 
to try and make use of it. I hope that one effect I have already achieved, is  
that  you  are  expecting  a  dynamic  picture  and  that  you  are  ready  for 
unexpected  traps  with  definitions  and  taxon  delineations.  Not  at  all  an 
obvious attitude when tackling microbial problems, if you keep in mind what 
a surprise it seemed to be that bacteria evolved antibiotic resistance or would 
not surrender to Linnean taxonomy.

How  do  we  classify  microbes?  The  first  intuition  of  microbiologists, 
copied from the macro-world, was to look at shapes. This was basis of the 
early systematics, but it can be very misleading. A spiral shape has some 
taxonomic value, but this is an exception rather than a rule. The four more 
typical  shapes,  namely  coccus,  bacillus,  spirillum or  filamentous  shaped 
bacteria,  in no way match the now known phylogenetic diversity.  Saying 
'oval-shaped bacillus' is as good as referring to 'the blond girl in Sweden'. 
Not helpful. Moreover, girls might dye their hair; bacteria can also change 
shape depending on their level of nutrients, or other kinds of stress. If not 
shape, what else is it that all bacteria have that can be compared to group 
them in a more meaningful way? Metabolic phenotypic characteristics are 
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often the basis  for clustering,  like  metabolism of  certain compounds,  the 
ability to produce antibiotics, or to grow on particular carbon or nitrogen 
source but these can also be misleading. The goal is to arrive at taxonomy 
corresponding to evolutionary relationships. 

With all the sequence data available, it makes sense to use gene sequences 
that reflect history. House-keeping genes, which are responsible for making 
the necessary equipment to operate any cell, are often used for this purpose. 
The most common is the previously introduced part of the protein translation 
machinery,  the  ribosomal  RNA.  Methodologically,  modern  taxonomic 
definitions are based on phylogenies, usually tree-like reconstructions of the 
evolutionary history depicting relationships between the taxa. Phylogenetic 
methods  are  introduced  in  the  chapter  on  bioinformatic  methods. 
Phylogenetic  trees  follow  the  intuition  that  leaves  on  the  same  branch 
represent taxa that are more closely related to each other than to any other 
leaves on the tree. Phylogenies based on the ribosomal RNA are by far the 
most  common  taxonomic  tool.  To  be  able  to  discuss  microbial  matters, 
common terminology is also needed. For example, to compare diversity of 
various  lakes  consistent  and  robust  vocabulary  is  necessary,  because 
seemingly  contradicting  results  might  simply  stem  from  using  different 
standards by different research groups (Newton et al 2011). 

Approach taken by Newton et  al  for this undertaking, considering that 
lakes  are  represented  by  scarce  genomes  and  even  less  cultured 
representatives  and plethora  of  rRNA sequences,  was  to  construct  rRNA 
phylogenies and propose hierarchical naming convention for robust rRNA 
clusters.  Hierarchical  framework is  basis  of  taxonomy and dates  back  to 
work of Carl von Linne, Swedish botanist and father of modern taxonomy. 
All living organisms are currently divided into three highest level groups: 
eukaryotes, bacteria and archaea, often referred to as domains. In this thesis I  
focused on bacteria.  I  use  the term microbes  and microorganisms,  which 
include  all  unicellular  organisms,  but  usually  I  still  mostly  talk  about 
bacteria.  Sometimes  the  term  prokaryotes  is  used  to  refer  bacteria  and 
archaea.  Bacteria can be further divided into numerous groups,  following 
NCBI Taxonomy, the lower level ranks are phylum, class, genus, species.  
Having unified framework allows comparisons and reviewing distribution 
and  ecology  of  the  bacterial  groups.  For  freshwater,  and  many  other 
environments, early comparisons were based on phyla. This was useful for 
initial  assessments  but  assumed  unrealistically,  that  all  taxa  within  one 
phylum behaves similarly. It remains to be shown whether the lower level of 
description, such as the one proposed by Newton et al, remains useful or will 
require substantial further refinements.

To go back to the whale analogy, while focusing on the whale teeth and 
what  is  happening  with  them,  you  might  not  notice  that  the  legs  were 
suddenly lost, or that a humongous tail appeared. Or vice versa: fooled by a 
similar  humongous  tail  overshadowing  other  traits,  unrelated  organisms 
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might be grouped together, for instance you might think whales were fish. 
This sort of confusion is a real problem in the microbial world. Genomes 
with essentially identical rRNA and house-keeping genes can differ greatly 
in the content of their genome. For example, comparing 20 Escherichia coli 
genomes, genes in common comprise no more than 40% in each genome, 
and adding more genomes to the comparison reduces the amount of common 
core  genes.  Inversely,  the trend for all  genes  found in sequenced  E.  coli 
genomes,  referred  to  as  E.  coli's  pangenome,  increases  with  every  new 
genome added (Tenaillon et al 2010). In other words, while keeping track of 
the good molecular markers and the vertical relatedness, we lose track of 
capabilities encoded in the genome and the physiological outcome. This is 
what  happened  when  E.  coli strains  producing  Shiga  toxins  appeared, 
causing  outbreaks  of  illness  suspiciously  similar  to  shigellosis.  The 
taxonomic  chaos  increased  further  when  it  turned  out  that  two  different 
bacteria  historically  distinguished  by  their  ability  to  cause  the  disease 
(Shigella and  Escherichia)  fall  below the proposed thresholds for species 
delineation, and actually belong together. Avoiding 'the seduction of drawing 
false  phylogenetic  conclusions  from  observed  phenotypes  and  clinical  
behaviours'  is strongly advised (Johnson 2000).  E. coli comprises one of 
good model systems for studying processes behind transitions between free-
living, mutualistic,  commensal,  opportunistic and specialized pathogenetic 
lifestyles.  And  all  these  bacteria  are  referred  to  as  E.  coli with  further 
specifications of the strain and isolates, like the commensal typestrain E. coli 
K12 MG1655, or pathogenic E. coli O157:H7 strain Sakai isolated during an 
outbreak in Japan.

Bacterial species

The idea of species as something more than simply a collection of similar  
organisms  comes  from  Ernst  Mayr.  His  biological  definition  of  species 
describes groups of organisms separated from others, breeding only among 
themselves. Since this definition, biologists developed the species concept 
further, including the molecular basis. Natural selection or random processes 
like  genetic drift  make the particular  group change differently than other 
groups, following a distinct evolutionary trajectory resulting in the formation 
of a new species. 

It is subject of heated debates whether species even exist among bacteria, 
or  perhaps  what  is  the  bacterial  equivalent  of  species.  What  I  mean  by 
species here is some useful unit we can refer to when describing bacterial  
evolutionary  history.  Since  much  of  our  knowledge  about  bacteria  is 
sequence based, definitions are often based on sequence similarity. One rule 
of thumb, mentioned earlier, is to arbitrarily call all cells with 16S ribosomal 
RNA with identity higher than 97% a species. To escape the debated term 
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'species',  operational  taxonomic units  (OTU) are  often  used instead,  with 
explicitly defined level of identity to 95% or 97% or 99%. The influence of 
the threshold on the outcome can be verified to identify robust results. The 
original  species  definition  requirement  was  based  on  full  genome  DNA-
DNA hybridizations,  also  with  a  threshold,  usually  around  70%.  These 
definitions are practical and operational, although there are also efforts to 
come up with a species concept, rooted in our evolutionary and ecological 
knowledge about bacteria (Gevers et al 2005).

One of these ideas is the concept of an ecotype. An ecotype comprises 
ecologically distinct bacteria that undergo common evolutionary forces and 
are represented by well-supported sequence clusters. Such a cluster is the 
postulated bacterial equivalent of species and it meets another requirement 
transferred  from  the  eukaryotic  definition,  which  is  that  species  are 
irreversibly  separated.  Following  such  definition  currently  used,  bacterial 
species  contain  numerous  ecotypes  (Cohan  2002).  Apart  from  stable 
ecotypes  where  diversity  is  regularly  purged  by  selective  sweeps,  other 
models  of  evolution  are  also  possible,  resulting  in  different  relationships 
between  sequence  clusters  and  ecological  units  (Gevers  et  al  2005).  For 
example,  distinct  ecotypes  can  form  one  sequence  cluster,  due  to  high 
recombination  rates  that  homogenize  the sequences.  Distinct  clusters  can 
also  arise  from drift,  rather  than  selection,  especially  in  populations  that 
often undergo bottleneck effects. Separated ecotypes could also come again 
into contact and mix, resulting in numerous clusters within an ecotype, due 
to potent dispersal running under the name of 'genotype-plus-Boening' model 
(Gevers et al  2005). Lastly, a no-species model also has to be kept as an 
option. Similar to the animal and plant species that we are used to, what we 
are looking for are units stable in time, that are coherent and have a good 
prognosis  for  being  coherent  in  the  future,  for  some  reasonably  useful  
amount of time. 
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Metagenomics and single-cell genomics

We  already  have  two  methods  for  studying  bacterial  diversity,  namely 
culturing that gives access to cells we can grow in the lab, and PCR-based 
studies  targeting  particular  genes.  This  chapter  introduces  two  more 
approaches,  metagenomics  and  single-cell  genomics.  Metagenomics  uses 
DNA to learn about  the full  genomic content of  a particular  sample.  For 
complementary information RNA can be utilized in metatrascriptomics to 
obtain  information  about  actively  transcribed  genes,  as  well  as 
metaproteomics and metabolomics, which can be used to study proteins and 
cell metabolites respectively. 

Metagenomics workflow

The  idea  of  studying  the  whole  population  at  once,  instead  of  trying  to 
separate  different  kinds  of  cells  from  each  other,  is  really  the  shortest 
description of what metagenomics is (Handelsman 2004,  Tringe and Rubin 
2005). Biologically, it is a meaningful perspective to study the population 
level. In practical terms however, it causes numerous technical problems, as  
we will see further on. Let's begin by introducing the overall scheme of a 
metagenomic study (Wooley, Godzik and Friedberg 2010). It comprises four 
main stages: sampling, DNA extraction, sequencing and analysis. 

Sampling

Sampling  the  environment  of  interest  is  the  obvious  beginning  for  an 
analysis  of  microbes  present  there.  Less  obvious,  however,  might  be  the 
precautions on how to do it  in a way that  will  not  alter  the picture.  The 
sample has to be taken sterile and stored in a way that will not permit growth 
or  degrade  the  cells.  The  precautions  include  sterile  handling  (gloves, 
disinfected equipment) and usually freezing until it is further processed. One 
can be amazed by how easily microbes can be introduced accidentally. They 
are literally everywhere! It is crucial for comparisons to store meaningful  
metadata together with the sample, describing in detail where was it taken 
from.
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DNA extraction

The next step is to extract the DNA. Sounds easier than it is! Ideally, what 
you  want  to  access  is  the  total  DNA present  in  the  sample,  which  is  
contained within many different cells. How to make sure all of them were 
opened and the DNA was not damaged? Microbes vary substantially in the 
structure of their outer layers. One of the very first classifications of bacteria  
was based on the structure of their cell walls, which resulted in differential 
staining with so-called gram stain and the bacteria are therefore referred to as 
gram negative or gram positive. Gram positive bacteria have a thick layer of 
peptidoglycan in their cell walls, which is the reason why they get stained. 
Opening up  this  kind  of  cells  is  a  much harder  task  than  opening  gram 
negative bacterial cells, and we don't want to destroy the DNA that will be 
released first in some harsh enzymatic treatment. For all these reasons, lysis 
based  on  bead-beating  is  preferred  for  microbial  diversity  studies.  Small 
beads are used to mechanically open up the cells and the size of the bead and 
time of bead-beating will influence how much the DNA is sheared.

Sequencing

Having the DNA extract, we proceed to sequencing. A variety of choices is 
available,  as  described  above,  and  all  of  them  should  be  suited  to  the 
research  question  in  mind.  Techniques  differ  by  the  amount  of  data 
produced, read length, quality, time and price. The importance of long reads 
for  analyzing  metagenomic  data  can  not  be  overestimated.  In  genomic 
project,  short  reads  length  is  compensated  by  high  coverage.  In 
metagenomics, however, one gets decent coverage only on rare occasions. 
Both the fossil and lake metagenomes have all been generated with the 454 
pyrosequencing, following developments in read length and throughput. 

In the case of the Neanderthal project the standard technique has been 
modified to fit the needs of an ancient DNA project. As the degraded ancient  
DNA is already short, the the fragmentation step was omitted (Green et al 
2006, Briggs et al 2007). Two kinds of adaptors are ligates in the procedure: 
A and B, resulting in single stranded 5'A-template-B3' fragments. Since the 
DNA is  not  fragmented  to  achieve  certain  read  length,  it  will  contain  a 
mixture of fragments of different lengths. Whereas all fragments need both 
adaptors during the library preparation step, the sequencing reaction has a 
length limit and will not always get to the end adaptor. These two pools of 
fragments:  with  and  without  adaptors,  can  be  seen  in  the  read  length 
histograms,  which  has  a  two-peak  distribution,  and  they  were  analyzed 
separately,  but  no  significant  differences  in  the  abundance  of  major  taxa 
were found (paper I).
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The largest metagenomic initiatives

My favorite example is that of human body. Numbers speak for themselves 
so take a deep breath (and who produced the oxygen atmosphere?). In your 
own body there  are  ten  times  more  microbial  cells  than  your  own cells 
(Savage  1977) –  which  means  that  going  by  numbers,  you  should  start 
thinking of yourself as bacteria more often. In weight they are not more than 
a  few  kilograms,  since  the  cells  are  so  much  smaller,  but  they  play  an 
important role that we start to recognize. After the human genome project, 
another  large,  human-related  initiative,  is  the  human  microbiome project 
aimed at learning more about our microbial alter ego (Pennisi 2011).

Human microbiome

Human-associated  microbes  are  studied  for  their  wide  implications  for 
human  health  and  disease.  Since  human  body  interacts  widely  with 
numerous  bacteria,  archaea  and  eukaryotes,  changes  in  the  microbial 
component  can have serious consequences. These interactions are not  yet 
fully understood, discoveries are subject to heated debates, but the fact that 
there  is  a  connection is  becoming common knowledge.  The idea that  by 
influencing microbial population in the gut one could enhance immunity has 
already been exploited in commercials. Much attention and many research 
efforts  are  directed  to  deepening  the  understanding  of  human  related 
microbiomes under global research initiatives (Turnbaugh et al 2007), such 
as  International  Human  Microbiome  Consortium  (http://www.human-
microbiome.org).

Global ocean sampling

People have always been curious about the surrounding world. Just as the 
great discoverers once travelled on their ships to get to the unknown lands, 
we can now explore the largely unknown world of microbes. And traveling 
on the ship around the world is not just a sophisticated analogy but in fact a 
quite accurate description of one of the largest metagenomic initiatives. The 
Global ocean sampling (GOS) expedition collected marine water from 41 
places  all  around the world,  along their  2000km long route  (Rusch et  al 
2007). The sequences that came from this project doubled the amount of data 
in the NCBI database and enforced creating a separate 'env' database. An 
overwhelming amount of 6 million proteins have been identified (Yooseph et 
al 2007) many of which were new. It depicts the incredible possibilities of 
exploring new environments opened up by metagenomics but also highlights 
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the limitations. To understand the main problem try using BLAST with an 
unknown sequence against the common database, which we normally do in 
the hope of getting information about its function or taxonomy. Scrolling one 
hit after the other, the unknown and uncultured marine sequences one does 
get tired, and knowing it has similarity to a sample taken from say Sargasso 
Sea, it often not the kind of information you are after. 

Single-cell genomics 

The heart of this technique is based on the ability to amplify DNA starting 
from  as  little  a  single  genome.  Its  origin,  as  many  other  discoveries  in 
molecular biology, comes from a virus. In this case bacteriophage phi29, one 
of  the  smallest  known  viruses  with  a  double  stranded  DNA  genome. 
Polymerase from phi29 amplifies DNA using a mechanism referred to as 
multiple displacement amplification (MDA), as it can continue to work even 
after encountering double stranded DNA by displacing one of the strands. 
The  polymerase  has  numerous  other  desirable  properties:  it  can  amplify 
DNA to high amounts  in  a  short  time,  with little  errors,  generating long 
fragments and in constant temperature (Dean et al 2001). It offered unique 
opportunity for ecological applications, allowing amplification of DNA from 
'almost nothing' (Binga,  Lasken and  Neufeld 2008,  Walker and  Parkhill 
2008).

Workflow  for  single-cell  genomics,  share  several  steps  with 
metagenomics, although different solutions might be better suited. Sampling 
and DNA lysis are necessary first steps, and after obtaining the material from 
a single genome, sequencing and bioinformatic analysis follow.  Just like in 
metagenomic, similar precautions have to be taken during sampling to avoid 
contamination. Samples  are  then  usually  frozen  with  glycerol  until 
processing, to preserve the cell and its DNA. Lysis opens up the cells and 
ideally it should work on a wide range of cells, avoiding DNA damage and 
contamination  that  could  interfere  with  the  downstream steps.  The  most 
commonly used alkaline cell lysis works on roughly one third of all cells, 
leaving much room for improvement (Stepanauskas 2012). The middle steps, 
that is accessing single cells and amplifying DNA from one genomic copy 
are the crucial differences. 

Accessing single cells

Imagine zooming in with a microscope, just like van Leeuwenhoek did, and 
having  a device  small  enough to operate  on the organisms that  you see. 
Micro tweezers is actually an existing tool, and one of the ways to separate 
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single  cells.  Tedious,  as  it  goes  one  by  one.  Physical  separation  is  most 
commonly  obtained  using  microfluidics  or  flow cytometry  (Stepanauskas 
2012). Flow cytometry is a well-established technique, and also the one used 
in my projects, so I will focus on it, but microfluidics is a field of intense  
development that holds promise for versatile future applications. 

Fluorescent activated cell sorting (FACS) is based on suspending the cells 
in fluid that passes by detection apparatus in a stream so thin that cells are 
treated  individually.  Beam of  light  that  is  led  through the  stream allows 
measuring light  scatter  and also fluorescence,  for  example of  the stained 
DNA, by detectors. Finally the stream breaks into single droplets, optimized 
such as to contain individual cells, which are placed into wells on a plate. 
Sorted  cells  are  typically  screened,  for  example  by  16S  rRNA PCR  or 
another  gene  of  interest,  before  continuing  with  the  whole  genome 
amplification  and  sequencing.  The  goal  might  be  to  identify  taxonomic 
groups or a specific function, but also cells that successfully went through all  
the initial steps and have good enough input material for the most expensive 
step of the process. 

Whole genome amplification

Multiple displacement amplification is the most common way to amplify the 
DNA  from  a  single  genome  (Lasken  2007).  Starting  points  for  the 
amplification are random hexamer primers, that do not require any previous 
knowledge  about  the  target  genome.  Amplification  is  very  powerful  and 
therefore slightest contamination interferes substantially. Methods have been 
improved dramatically compared to the early results, where even reagents 
were introducing contamination.

Aside  from  the  main  chromosome  you  can  also  recover  organelles, 
plasmids, food items, symbionts and pathogens, that sorted together with the 
cell. That gives opportunity to study interactions and learn something more 
about predation,  infections and symbioses among microorganisms in their 
natural environment.

The genomes are rarely complete though due to missing template, and 
whole genome amplification artifacts such as chimera formation and huge 
coverage  biases,  challenge  genome assembly  algorithms.  One  strategy to 
overcome  this  issue  is pooling  together  several  cells  assuming  they  are 
similar enough, although there is no guarantee that they will share genomic 
architecture. Alternative approach is to assemble individual cells and then 
compare them, to come up with a shared genomic representation, preserving 
information on genome rearrangements of each individual. The latter I refer 
to as patchwork genome, since just as in patchwork needlework, it is stitched 
from pieces coming from different cells (see paper II). 

44



Strengths and weaknesses of each approach

Metagenomics  and  single-cell  genomics  offer  insights  into  microbial 
population and individuals, respectively, overcoming the limitation imposed 
by  culturing.  Together  they  make  up  a  powerful  approach  for  analyzing 
genomic  content  and  metabolic  capabilities,  as  well  as  abundances  and 
biogeography patterns. To give one example, two SAGs from Flavobacteria 
served  as  good  reference  genomes  for  the  GOS  dataset  offering  novel 
biogeography insights (Woyke et al 2009).

Metagenomic  approach  is  analysis  of  the  total  genetic  information 
contained in a  sample,  meaning microbes  coming from one place but  all 
mixed  together.  It  gives  insight  into  types  of  microbes  and  microbial 
functions in a particular environment, however linking those two is hard. It is 
a little bit like taking out things from a large common bag of presents. You 
don't know who contributed what and unless you are lucky and someone left 
their individual marks that allows an educated guess, you have to settle for 
discovering an exciting function without knowing who performs it. Linking 
taxonomy and functions is possible in rare cases where a good phylogenetic 
marker happens to be located on the same fragment with the novel function 
of interest.

Libraries  with long insert  size  increase  that  chance  and were basis  of 
discovering  bacterial  rhodopsin  pumps  (Béjà  et  al  2000),  to  give  one 
example. Previously only known from archaea, proteorhodopsin as it was 
called  since  it  was  found  in  a  proteobactrium,  turned  out  ubiquitous  in 
oceans,  tuned  to  wavelength  available  in  different  habitats,  and  a  key 
photometabolic protein allowing phototrophy processes of global importance 
in the oceans (Béjà et al 2001). All discoveries made from metagenomic data 
were based on fragments containing rhodopsin in vicinity of a house-keeping 
gene.  Single-cell  genomics  gives a direct  link between taxonomy and all 
functions  identified  in  that  cell,  and  allowed  for  identification  of 
proteorhodopsin  in  Flavobacteria,  in  genomes  where  rhodopsin  and 
ribosomal  RNA  operons  were  situated  far  away  from  each  other 
(Stepanauskas and  Sieracki 2007).

Whereas  metagenomic  data  gives  a  representative  overview  of  the 
abundances in the communities, it also means that accessing rare member is 
difficult  with  this  technique.  SAGs do not  suffer  from that  problem and 
allow studying minor member of the community, such as TM7 phyla in the 
soil  (Podar et al 2007). The methodology has developed enough to allow 
large  scale  efforts  aimed  at  obtaining  genomic  information  from  the 
uncultivated microbial 'dark matter', such as targeting 29 major archaeal and 
bacterial lineages (Rinke et al 2013). This is a major expansion compared to 
the four well-studied phyla that majority of the known genomes come from 
(Hugenholtz 2002).  
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Research Aims

Studying  environmental  bacteria  is  greatly  hindered  by  difficulties  in 
culturing  them.  The  general  aim  of  this  thesis  was  to  use  two  culture 
independent  methods,  to  develop  bioinformatic  approaches  for  analyzing 
data  from  these  novel  techniques,  and  to  apply  these  techniques  to 
environmental samples from human remains and freshwaters. 

The  microbiology  of  human  remains  is  a  little-studied  field,  which 
potentially  might  give  insights  into  ancient  microbiota.  Few  data  are 
available for comparisons and interpretation, and every new sampling adds 
information. Papers I and V describe exploratory studies, with the main aim 
of  identifying  bacteria  in  the  sample  and  producing  hypothesis  for  their 
origin, age, and role. 

The microbiology of freshwaters is of great interest because of the role 
that natural reservoirs of freshwaters have for society. The field is also at  
early stages of data acquisition, although some comparative data is available, 
especially  from  marine  systems.  Paper  III  presents  a  comparative 
metagenomic  approach  intended  to  identify  freshwater  specific  taxa  and 
functions.  The  focus  of  paper  II  is  on  the  evolutionary  forces  shaping 
populations and genome evolution of LD12 bacteria in freshwaters. 

Benchmarking  bioinformatic  metagenomic tools  on test  datasets  is  the 
basis  for  several  pipelines  developed for the  ancient  and  freshwater  data 
analysis. Examples of such benchmarking are presented in paper V, where 
the aim was to identify best way to do the fragment recruitment used for the 
lake study in paper II.

Specific  research  aims  for  each  of  the  papers  are  described  below, 
indicating major bioinformatic efforts, mainly the ones I was responsible for.
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Specific research aims

Paper I
• Assign bacteria from the Neanderthal bone sample taxonomically. 

Develop  a  reliable  taxonomic  assignment  pipeline  for  very  short 
metagenomic reads and an assembly procedure to reconstruct longer 
sequences for phylogenetic methods.

• Investigate whether or not bone bacteria are of environmental origin. 
Study  the  diversity  of  bacteria  in  a  cave  sediment  sample  and 
compare it to the bacteria from the Neanderthal bone found in that 
cave. 

• Provide  a  hypothesis  for  microbial  activity  in  bone  degradation. 
Study the functions of the abundant bacteria.

• Provide  a  hypothesis  for  the  age of  the  bacterial  DNA.  Develop 
procedure for calculating substitution patterns in bacterial sequences.

Paper II

• Confirm the phylogenetic position of LD12 among SAR11 bacteria 
and  study  microdiversification  patterns  within  LD12.  Investigate 
microclusters and abundances based on metagenomic reads. Develop 
a pipeline for fragment recruitment of LD12 metagenomic reads and 
metagenomic phylogenies. 

• Infer  gene  flow  among  SAR11  bacteria.  Investigate  genomic 
locations and evolutionary origins of the abundant glycotransferases 
gains, identified in the gene flux analysis. Comparative genomics of 
LD12  and  SAR11.  Study  hypervariable  regions  and 
glycostransferases annotation in that region. 

• Study  SAR11's  evolutionary  dynamics.  Compare  recombination 
rates in marine and freshwater representatives of SAR11. Develop a 
pipeline for recombination analysis based on metagenomic data. 
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Paper III

• Confirm patterns of microbial diversity in lakes and the presence of 
typical freshwater lineages. Annotate proteomes taxonomically.

• Investigate  microbiological  differences  between lakes  and oceans, 
and the pattern in freshwater trophic gradients based on comparative 
functional metagenomics. Develop a quality filtering procedure for 
bringing all metagenomes to a comparable starting point. Annotate 
metagenomes to generate orthologous clusters assignments and test 
for significant differences between freshwater and marine systems.

Paper IV

• Identify bacteria from a distal gut sample from Ötzi, a frozen natural 
mummy, and generate hypotheses about their origin. Apply a broad 
taxonomic pipeline and rRNA assembly, followed by phylogenetic 
reconstruction,  for  detailed  assignment  of  the  dominating  taxa. 
Compare with the control water sample.

• Study functions present in the dataset to generate a hypothesis about 
the development of antibiotic resistance. 

 

Paper V

• Benchmark tools available for fragment recruitment of metagenomes 
with varied complexity and read length. Study the source of artifacts. 
Verify the use of identity bands for phylogenetic conclusions. 

• Choose the best procedure for recruitment of LD12 reads from a 454 
Titanium pyrosequencing of a lake metagenome, to be tested with 
phylogenetic reconstruction.
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View through bioinformatic lenses

Before we move on to descriptions of the savannas, mountains, springs and 
rainforests of the microbial world it will be worthwhile to get used to the 
equipment we use. The first time you look through a microscope it takes 
some getting used to. You need to get the magnification right to get a sharp 
picture. Once you have it, you know that this is what you wanted. Following 
this, is the question: what am I looking at? It would be really hard to guess if 
you had no clue what was under the microscope, but since you usually place 
the objects to watch yourself, there are some limited options to choose from. 
It is not impossible though that the first time you will be staring at an air 
bubble or a scratch on the glass or some unintended dirt, before you discover 
anything  more  interesting.  So  what  does  it  look  like  when  using  the 
bioinformatic lenses to look at bacteria?

Do not compare apples and oranges

Before we go into the details of presenting analysis tools and approaches I 
would like to start by making a few important points. Some methodological 
take-home  messages  that  I  consider  a  summary  of  the  lessons  I  learned 
during my PhD. I will present three examples from early efforts I have put 
into developing a metagenome taxonomic pipeline based on ribosomal RNA.

First of all, you can not compare apples and oranges. Seems trivial, but 
when it comes to bioinformatic analyses the devil is in the details. It might 
seem that you are looking at the same thing, but upon closer inspection it 
turns out there are numerous pitfalls and reasons for the result to be heavily  
impacted by artifacts. A few differences in the input data, a few more in the 
thresholds used for the analysis, exchanging one tool for another one that 
seems almost the same, and all of a sudden the output can be quite different. 
How do you detect these pitfalls? I do not believe in simple recipes. As they 
say, if you don't know how to behave, behave decently. 

What comprises a decent bioinformatic analysis? I think two parts  are  
crucial. Firstly, it should be crystal clear what has actually been done. The 
black-box  approach  is  almost  a  guarantee  of  problems.  Secondly, 
benchmarking on test datasets of similar characteristics is a necessary part of 
a  decent  approach.  Just  like  a  valid  PCR run  requires  controls,  a  valid 
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bioinformatic  analysis  should  also  include  some  sanity  checks.  Ideally, 
standard operating procedures are applied to various datasets to make the 
results comparable between each other and efforts have already been made 
by the community to enforce standards upon itself.  Suggestions has been 
made  both  for  Minimum  Information  about  a  Metagenome  Sequence 
(MIMS, Kottmann et al 2008) necessary to deposit together with the data, as 
well  as  minimal  bioinformatic  analysis,  running  under  a  graceful  name 
MINIMESS (Raes, Foerstner and Bork 2007).

Benchmarking the methods

The idea is simple. Take a dataset for which you know the answer and run it 
through the analysis you intend to apply to your data. Perhaps modifying 
parameters  you  suspect  might  be  of  importance.  Ideally  this  test  dataset 
should be as similar to the intended dataset as possible. I will introduce the 
methods,  databases  and pipelines  themselves  later  on.  For  the  ones  who 
should  be  annoyed  by  this  order,  please  come  back  to  the  take  home-
messages later. For those who feel like skipping this whole chapter, bear in 
mind that this serves as motivation. These examples illustrate why paying 
attention  to  details  might  become  really  important  at  the  stage  of 
interpretation and conclusions. The names of the tools do not really matter 
for  the  moment:  the  points  I  am  trying  to  make  will  be  clear  without 
understanding what these tools do exactly. There are numerous test setups I 
used.  I  will  start  with  having  the same input  dataset  and  three  different 
parameters of the same pipeline, to illustrate the differences in the output.

Same input: different parameters, different conclusion

Among the early interesting results from metagenomic comparisons was the 
differences in microbiota of obese and lean mice, pointing to the relationship 
between  abundances  of  Firmicutes  and  Bacteroidetes  and  obesity 
(Turnbaugh et al 2006). Let's have a look at the publicly available analysis 
from MGRAST (Meyer et al 2008) pipeline for the two metagenomes from 
lean and obese mice. I accessed them at two different time points, for the 
pipeline version 2 and 3, and modified the settings of the version 2 from 
default to more strict. Results for the lean mouse look similar in all three 
treatments, although raw numbers vary by an order of magnitude. But look at 
the  obese  mouse  results.  The  main  conclusion  of  the  study  was  that 
Firmicutes  dominate  the  microbiota  of  the  obese  mouse.  If  you take  the 
default analysis from the pipeline version 2, they don’t!
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dataset Lean mouse
MGRAST id 4440463.3

10 845 reads

Obese mouse
MGRAST id 4440464.3

11 857 reads

pipeline MGRAST 
v2 RDP

MGRAST 
v2 RDP

MGRAST 
v3 RDP

MGRAST 
v2 RDP

MGRAST 
v2 RDP

MGRAST 
v3 RDP

settings default stringent default default stringent default

nr hits 371 39 26 387 32 30

Bacteroid
etes%(nr)

54% 
(200)

44% (17) 62% (16) 57% 
(220)

16% (5) 20% (6)

Firmicute
s % (nr)

12% (45) 26% (10) 31% (8) 12% (47) 72% (23) 77% (23)

Table  1.  Comparison  of  taxonomic  result  for  lean  and  obese  mouse 
metagenomes  using  MGRAST pipeline  version  2  with  default  and  more 
stringent settings, and pipeline version 3. Percentages of two main phyla are 
indicated with raw counts in parenthesis.

Figure  1.  Visualization of  rRNA false positives hits  in a dataset made of 
Bartonella genomic reads with removed rRNA operons (blue). Each circle is 
a  BLAST comparison  against  a  different  database,  false  positive  hits  are 
shown in black, position of tRNAs in red. Benchmarking of the following 
searches hmm (yellow); eSilva (violet): e-03, e-10 >50bp; SILVA (green): e-
3,  e-10  >50bp,  truncated  SILVA e-10  >50bp,  truncated  SILVA without 
tRNAs e-10 >50bp; Greengenes (pink): e-03, e-10 >50bp; RDP (blue): e-3, 
e-10  >50bp,  RDP without  tRNAs e-10  >50bp;  European  rRNA database 
(orange):  e-03, e-10 >50bp.

Figure  2. rRNA  taxonomy  benchmarking  2011.  Percentages  are  taken 
compared to the number of real rRNA reads in the dataset. For example, for 
100 real rRNAs in a dataset, in a run against RDP 50 more false hits were  
returned,  GG missed  40,  Silva  returned  100 real  rRNAs and 150 falses, 
eSilva missed a few real rRNAs and returend a few false hits.

Figure 3. rRNA taxonomy benchmarking 2012. Both missed and false hits 
are below 10% of the real rRNA reads.
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False positives: expect the unexpected

I got the idea to use the  Bartonella sequencing reads as a test case for the 
metagenomic  analysis  in  the  Neanderthal  study  at  the  very  beginning.  I 
realized  quickly  that  the  results  from  BLAST (Altschul  et  al  1997)  are 
difficult to interpret. Real sequencing reads coming from one genome would 
pretend to be a metagenome and it was obvious what to expect. Although 
this idea for testing BLAST was crystal clear, I was really baffled the first 
time Jennifer  suggested I  should remove  ribosomal  RNA reads from the 
genomic data and test  the procedure of  identifying rRNA reads for false 
positives. Why would you do that? No rRNA reads should obviously give no 
hits, what was there to test I could not understand. 'Just do it and we will see' 
– Jennifer convinced me to do what seemed like a really basic activity to 
waste  time  on.  This  was  my most  unforgettable  lesson  on  the  nature  of 
experimental sciences. You don't know until you have checked, and nothing 
can be assumed to work according to logic or convincing explanations. Not 
even publicly available bona fide ribosomal RNA databases! 

They obviously contained sequences other than rRNA that were giving 
hits  in  a  dataset  with no  rRNA reads.  In  Figure  1 you can  see  genomic 
position of the  Bartonella reads. The black bands in the outer grey circle 
correspond  to  the  removed  ribosomal  RNA operons  with  1kb  flanking 
sequence. Each inner circle is a different database and search setup and you 
can see that  numerous searches  had false  positives,  indicated by a  black 
strand  showing  the  position  of  the  read  in  the  genome.  Different  rRNA 
searches have different colors. These false positives were not simple low-
scoring results.  Regardless of how strict parameters were used some false  
positive hits remained. These were obviously good, strong hits to something 
in the database that was not a ribosomal RNA. In this case it turned out to be 
sequences adjacent to the ribosomal RNA operon, often containing tRNAs, 
visualized in the figure in red. 

This  cautionary  story  does  not  limit  to  rRNA  databases.  Adjacent 
sequences,  that  are  not  what  they seem to be,  and in  general  misleading 
annotations is a common problem of all databases.

Artificial metagenomes

I have been using simulated metagenomes from the beginning to test all the 
pipelines I intended to use for the original data. Constructing an artificial  
metagenome  is  simply  taking  reads  from a  known  position  in  a  known 
genome. In this way both the taxonomy and functional annotation are known 
and the tool can be benchmarked. Taking Bartonella reads was the simplest 
case of low complexity, namely including one genome. This does not reflect 
the situation of a metagenome well, because numerous taxa would be mixed 
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there. Early ideas were to mix sequencing reads from more than one genome 
(Mavromatis et al 2007). Soon after that, tools for generating a mix from a 
given list of genomes and their relative abundances appeared (Richter et al 
2008), and I did not need to do it with my own scripts any longer. For more 
details on this setup, see paper V. The tools also offer several sequencing 
setups that more realistically simulate read length and sequencing errors, and 
they are still being developed (Angly et al 2012, Hu et al 2012, Huang et al 
2012, McElroy, Luciani and Thomas 2012). 

Changes in time

The bioinformatic  field is not  static,  it  changes at  a speed that  might  be 
difficult  to  keep  up  with.  That  is  good  news  for  improvement,  perhaps 
sometimes bad news for publishing. My last point is to illustrate the dynamic 
and dramatic changes in results retrieved at different time points for the the 
same  ribosomal  RNA based  analysis.  In  2011  I  benchmarked  the  three 
available rRNA datasets: the Ribosomal Database Project (RDP,  Cole et al 
2009), Greengenes (GG, DeSantis et al 2006) and Silva (Pruesse et al 2007), 
together with my modified version of the Silva database (see paper I  for 
details)  for  performance  in  the  same,  commonly  used  BLAST  setup. 
Checking sensitivity, amount of false positives and missed real rRNA reads 
revealed dramatically different results between the available databases and 
significant improvement of the Silva databases after  some simple editing, 
described in detail in paper I. Briefly, the summary of performance on the 
artificial  metagenomes  showed  that  RDP introduced 50% false  positives. 
This  was  still  much  better  than  the  Silva  database,  where  absurdly  high 
amounts of false positives were retrieved, namely ratio of false hits to real 
rRNAs was more than 150%. GG on the other hand was conservative, with 
low amounts of false positives but missing as much as 40% of the real rRNA 
reads.  These  spectacular  failures,  that  you  can  see  in  Figure  2,  were 
fortunately  improved,  and  similar  tests  done  in  2012  showed  that  the 
problem  of  false  positives  was  largely  solved.  Apart  from  BLAST  run 
locally, against RDP, Greengenes and three Silva databasase versions, I also 
checked MGRAST and CAMERA results on the same database, and well as 
one more tool (hmm) run locally – all permformnig reasonably well, as you 
can see in Figure 3.

Sequence comparison tools

Our main analysis approach is comparing with what we have already seen. 
That  means  we  are  limited  by  what  is  present  in  the  databases  –  it  is 
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impossible  to  discover  something  that  is  not  already  there.  The 
representation of taxa becomes crucial too. You can imagine that having one 
genome from a phylum is not the same as having one hundred genomes, 
when it comes to finding similar sequences.

To BLAST or not to BLAST?

One of the most common tools for sequence comparisons is the Basic Local 
Alignment Search Tool,  BLAST (Altschul  et  al  1997). For an illustrative 
analogy, imagine holding a 'query' photo in one hand and screening through 
a  pile  of  photos  to  find  something  that  will  look  most  similar.  Ideally, 
together with the found 'hit' photo you can also say something about if they 
really are similar or you simply tried your best but actually they look nothing 
like  each  other.  BLAST was  developed  early  and  had  the  advantage  of 
providing  statistical  measures  of  hit  significance  firmly  based  on 
mathematical  theory  of  random walks.  Together  with  a  hit,  the  program 
returned meaningful  numbers  of  how useful  this  result  really  was.  Many 
BLAST variants  were  developed  since  the first  release,  and  versions for 
nucleotide  and  protein  comparisons  are  available,  as  well  as  introducing 
gaps,  translations  of  either  query  or  database,  and  various  algorithmic 
solutions  to  either  speed  up  the  search  or  increase  sensitivity.  Doing  a 
BLAST, I would say is the default answer to the question 'what is a sequence 
similar to', whether in terms of taxa or functions. The versatility of available 
databases makes this approach extremely useful.

As is often the case with useful tools, we have stretched its applications to 
the limits. There are pitfalls with BLASTing everything you get into your 
hands.  One  limitation  is  using  short  sequences.  Testing  genomic  reads 
against a database that contains similar genomes exposed unexpectedly bad 
performances for reads of about 100bp, especially in the faster nucleotide 
searches,  and  a  need  for  an  alternative  approach  (paper  I).  Due  to 
exponential  increase in amount of  available data,  serious speed-ups were 
necessary and a plethora of tools that solve alignment problems in various 
ways are now available (see for example list in paper V). A more sensitive 
approach,  suited  for  detecting  more  distantly  related  sequences,  is  by 
building  a  profile.  That  means  making  use  of  the  positional  information 
contained not only in one sequence query, but in an alignment of multiple 
sequences.

MEGAN

Building  on  the  popular  and  powerful  BLAST  analysis,  numerous 
visualization and summarizing tools were developed. One of the earliest and 
most  popular ones in metagenomics is MEGAN (Huson et al  2007). The 
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basic idea behind it boils down to the following observation: the best hit tells 
my query is similar to the tail of a blue whale, but what do the next ones say? 
Perhaps  it  is  just  as  similar  to  numerous  other  tails,  including  fish  for 
example, and all you can say about the query is that it seems to be a tail of an 
aquatic animal. Or maybe the following similarities are a lot worse, and it  
definitely is a tail of a blue whale. MEGAN employes this simple concept of 
taking  a  lowest  common  ancestor  of  the  top  hits  to  perform  query 
assignment.  Parameters  for  how many top hits  should  be  used,  and  how 
many hits are required to report a taxon in a dataset, can be modified and an 
intuitive and useful tree-based visualization is available.

Lowest common ancestor approaches often suffer from poor taxonomies: 
uninformative classifications, like 'environmental sequence', or misclassified 
sequences. Consequently, useful information can be lost and the assignment 
can be pushed closer to the root giving an uninteresting insight that we are 
dealing with an organism or a bacterium. Some ideas on how to overcome 
these problems are discussed in the methodological part of paper I. 

Figure  4. Schematic overview of fragment recruitment of metagenome to a 
reference, red vertical lines indicate differences between the reference and 
the  recruited  reads.  Distantly  related  reference  (blue)  recruited  unrelated 
reads (yellow, pink).

Recruitment to a reference

Expanding the query space to a full  genome, a question often asked is to 
identify this particular taxon among the metagenomic mix (Figure 4). Yes, it 
might be difficult, but on the other hand we can not resist using population 
representative data  to answer  questions  about  abundance and diversity  of 
particular environmental microbes. They are there in the dataset, how hard 
can it be to identify them? Well, fishing out a particular genome depends on 

56



whether you have a good bait. Also, whether the task is more like finding a 
needle in a haystack or separating wheat from chaff, perhaps laborious but 
there  is  plenty  of  both.  In  genomic  terms,  it  depends  on  how close  the 
reference genome is to what you want to identify in the metagenome, and 
what the complexity or community structure is in the metagenome. Simplest 
cases are those with an abundant, unique taxon for which you have a close 
relative. The more distant the relative and the more complicated structure of 
the taxa of interest in the metagenome, the harder the fragment recruitment 
task (paper V). If annotation is crucial for downstream analysis, meaning that 
inclusion  of  unrelated  reads  might  completely  mess  up  the  picture,  it  is 
recommended to use  a phylogenetic  setup to verify the recruitments  (see 
metagenomic trees in paper II).

Phylogenies

Alignments

Alignments are the basis for numerous other analysis.  One of them is 
constructing phylogenies. The point of making an alignment is to make sure 
that homologous positions are compared. The concept of homology is not 
limited  to  sequences.  A commonly  used  example  to  explain  homologous 
structures that  adapted to different  functions,  are a human arm and a bat  
wing.  They are  both  made from corresponding bones,  although modified 
under different selective pressures. If you compare them, you want to make 
sure human fingers are compared with bat fingers, human elbow with bat 
elbow  and  so  on.  Same  with  sequence  alignment,  for  any  downstream 
analysis to make sense you have to make sure that correct positions will be 
compared, i.e. they are aligned together. This might sound easier than it is. 
Identical  sequences  are  easy  to  align  but  confer  little  information.  Less 
similar sequences have potentially interesting information but the question is 
how to align them correctly. You can imagine that variable regions flanked 
with conserved sequences might be easier to align, and that is a commonly 
used  approach.  The  beginning  and  the  end  of  an  alignment  are  often 
trimmed, as well  as highly variable parts.  Choosing well  aligned parts  is 
again  often  based  on  conserved  regions  and  variable  sequences  flanked 
within them. This is the idea behind Gblocks (Castresana 2000). Numerous 
alignment tools exist, for example MAFFT (Katoh et al 2005).

Synonymous and nonsynonymous subsitutions

Having  nucleotide  sequences  aligned  on  protein  level,  such  that 
nucleotides  can  be  assigned  to  codons,  substitutions  ca  ben  divided  into 
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synonymous,  that  change  the  codon  but  not  the  amino  acid,  and 
nonsynonymous,  that  change  the  amino  acid.  To  discern  what  is  a 
substitution,  you  need  to  know  what  was  the  original  nucleotide.  If  all 
sequences are identical, except for one of them that differs, it is an educated 
guess that the substitution is the unique base. Outgroups, related sequences 
outside  the  diversity  of  the  group  in  question,  can  be  used  to  infer  the 
ancestral state for the position. Calculations based on types of substitutions 
are  used for estimating evolutionary  distances  between sequences,  giving 
expected  substitutions  per  site  per  unit  of  time,  with  dS  denoting 
synonymous  and  dN  nonsynonymous  substitution  rate.  Assuming  that 
selection acts more strongly on nonsynonymous mutations the ratio (dN/dS) 
is often used for tests to detect sites under strong selection.

Tree search

The concept of a tree is very intuitive visualization of relationships between 
species (see  for example  http://www.onezoom.org), although phylogenetic 
trees are mathematical objects. All species come from a common ancestor 
and a monophyletic clade, that is speces from the same branch, are more 
closely  related  with  each  other  than  with  any  other  species  in  the  tree.  
Reconstructing phylogenetic trees has the purpose of answering the question 
of evolutionary relationships between the species of interest, and is usually 
based on sequences, either genes or full genomes.

Equipped  with  a  good  alignment  you  can  construct  one  tree  using 
algorithmic methods, such as neighbor joining. If you choose a measure that 
gives a distance between two sequences, you can iterate steps of choosing 
two closest sequences and recalculating the distances after joining the two 
neighbors, to eventually arrive at a tree. The trouble is, you only have one 
and no idea if better ones exist or not. To compare two trees, you need a 
measure that can distinguish them and tell which one is better, an optimality 
criterion,  such  as  maximum parsimony,  minimum evolution or  maximum 
likelihood. Distances are a simple way of processing information from the 
sequences. Other methods are based on evolution models, that will differ for 
nucleotide and protein sequences and should be fitted to the data. The next 
thing you need is a way to come up with new trees to be compared. This is 
not  a  trivial  task,  because  you  can't  simply  check  all  trees.  Numerous 
phylogenetic programs exist and the one I used the most in my projects is 
RAxML (Stamatakis 2006), based on maximum likelihood.

One concept crucial for tree interpretation is the root, or if you prefer the 
earliest  split  on the tree.  Usually outgroups are  used for rooting.  A good 
outgroup consist of species that are known to be just outside the diversity of 
the considered sequences. If you look at relationships within your closest 
family,  it  would be someone  like  a  third  cousin.  If  you are  interested  in 
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relationships between apes, it is a good idea to use a non-ape monkey as an 
outgroup. When looking at Alphaproteobacteria, Betaproteobacteria can be 
used as an outgroup, and so on. In all these cases, once you get the tree, you 
will know that the earliest split is between the outgroup and the rest of the 
tree and that is where the root has to be placed.

Genomic analysis

Sequencing genomes from cultured bacteria  have existed for a  couple  of 
decades and numerous analysis tools have been developed. I briefly review 
here a few that I used in my projects. 

Assembly

The  problem of  assembly  is  to  put  back  together  reads  from the  whole 
genome shotgun sequencing. Correctly, needless to say. Assembling is a little 
bit like solving a puzzle: all the fragments originally came from the same 
picture and you have to check how they fit together to reconstruct it. You can 
search for overlaps of aligned sequences, to put  together reads with long 
enough overlaps that have little discrepancies. This is the basic idea behind 
assemblers like Phrap (Ewing and Green 1998). Numerous algorithms and 
implementations  have  been  developed  to  suite  the  rapidly  developing 
sequencing  field.  One  example  of  a  program that  translates  an  assembly 
problem into finding a path on a graph is Velvet (Zerbino and  Birney 2008). 

Assemblies used for single amplified genomes (SAGs) data have to deal 
with unequal abundances of different regions. Coverage information can be 
very  useful  for  detecting  repeats  for  example,  but  in  case  of  SAGs  that 
information is lost.

Metagenomic assembly is a tricky problem too. Obviously the mix of all 
kinds  of  organisms,  at  strain,  species,  phyla,  even  domain  level,  gives 
opportunity for all kinds of chimeras, missassemblies and other artifacts. The 
pipeline I have developed for the ancient datasets (see paper I and paper IV), 
was based on limiting initial assembly pool based on the broad taxonomic 
assignments  and  heavy  manual  curation  to  assure  use  of  meaningful 
sequences. Alternative approaches infer which fragments or contigs belong 
together  based  on  various  sequence  characteristics,  such  as  GC  in  the 
simplest  version  (Tyson et  al  2004),  tetranucleotide or  more  complicated 
sequence signatures (Dick et al  2009),  as well  as coverage or paired-end 
information, and a combination of all these features (Albertsen et al 2013). 

Assembly returns contigs, which are further ordered into scaffolds. Contig 
is  a  contiguous  sequence  created  from  overlapping  reads.  Contigs  that 
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belong together form a scaffold, that can contain missing sequence. Usually 
scaffolding  requires  a  slightly  different  kind  of  data,  such  as  paired-end 
reads.  They  are  created  from  parts  of  genome  at  a  given  distance,  for 
example 200bp or 2000bp. If those reads end up in contigs they can act as 
anchors that give information of the size of the gap between the contigs and 
their  relative  order.  Repeated  regions  and  multiple  gene  copies  are 
notoriously difficult to assemble. For example ribosomal RNA operons, if 
more than one is present in the genome, can create problems. Depending on 
the repeat size various kinds of paired-end data are needed to span it and 
connect the pieces.

Annotation.

Getting the right sequence is just the beginning. Next step is the annotation, 
which starts by calling open reading frames (ORFs). Deciding on gene ends 
is  not  difficult,  because  protein can  not  continue  past  a  stop  codon.  But 
choosing  between  alternative  possible  starts  might  be  tricky.  Apart  from 
protein coding  genes,  RNA features  can also  be annotated.  Further  steps 
involve functional  annotations,  meaning deciding on gene names,  usually 
based on BLAST results, sometimes also on phylogenies for more difficult 
protein families, rarely experimental evidence is available.

Many of  these  steps  can be  automated,  and one has  to  be  aware that 
amount of manual curation heavily impacts the quality of the annotation that 
is  a  starting  point  for  all  downstream  analysis.  Moreover,  genomes 
downloaded from different sources will most probably adhere to different 
standards,  which  can  make  comparisons  hard.  For  example,  conclusions 
about gene presence/absence will depend on the ORF calling procedure, or 
the naming consistency. These technical limitations have to be kept in mind 
and for comparative analysis of multiple genomes it might be worthwhile to 
re-annotate  everything  in  the  same  standard,  or  make  sure  that  detailed 
statements are double-checked.

A useful  way  to  determine  genes  belonging  to  the  same  families  is 
clustering. Various clustering algorithms can be used. In brief the idea can be 
explained by a reciprocal BLAST: if gene A from genome X has best hit to 
gene B from genome Y, and also gene B has best hit to gene A, you can be 
pretty sure they belong together. This network of hits can expand to more 
genomes, and also other genes, for example copies of gene B: B1, B2, B3. 
Looking at the strength of connections in this hit  network you can try to 
delineate groups of proteins that belong together. Again, it sounds easier that 
it might be, especially for complicated protein families with multiple copies. 
Commonly  used  approach  is  based  on  Clusters  of  Orthologous  Groups, 
COGs (Tatusov, Koonin and Lipman 1997), which is often used to assign 
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genes  to  protein  families  and  offers  a  higher  mapping  level  to  cellular 
functions. 

Comparative genomics

Meaningful  observations  usually  stem  from  comparisons.  Taking  several 
genomes  together  enables  comparing  various  characteristics,  like  overall 
genome  structure  or  particular  pathways.  BLAST is  commonly  used  to 
visualize sequence similarities and indicate strength of the similarity, as well 
as rearrangements. In case of SAGs, situation is further complicated by the 
fact that every individual cell has an incomplete genome. Comparison at the 
genome  level  indicates  large  differences  and  overall  level  of  synteny, 
agreements  in  gene  order.  When  zooming  into  a  particular  region,  for 
example the surroundings of the ribosomal RNA operon,  more details  on 
gene order and similarities can be observed.

Detecting recombination from sequence data

Recombination influences population structure to a large extent. With low 
recombination, population has a clear clonal structure and also phylogenetic 
histories from single genes are generally congruent. High recombination in a 
panmictic  population  blurs  boundaries  between  individuals,  resulting  in 
conflicting  signals  from  different  parts  of  the  genome  and  unresolved 
phylogenies. Recombination is usually inferred from multi-locus sequence 
typing data, meaning several conserved house-keeping genes ideally spread 
uniformly  across  the  genome  and  sampled  from  numerous  individuals. 
Several approaches to inferring recombination are available. Each gene can 
be  assigned an  allelic  variant  and  allele  combinations  are  used to  assign 
individuals to specific sequence type. To utilize sequence information to the 
fullest, instead of assigning an allele, phylogenies can be reconstructed to 
detect and estimate amount of recombination. With just the right amount of 
polymorphisms  and  recombination  events  with  strong  signatures,  clear 
boundaries  of  the  exchanged  strands  can  sometimes  even  be  spotted  in 
alignments.  With  too  little  diversity  recombination,  even  if  it  occurs,  is 
impossible to detect. With too high mutation rates, recombination signal can 
quickly be overwritten or mosaic structures can be difficult to detect. High 
sequence divergence is also usually a barrier for homologous recombination. 

Recombination versus mutation ratio

Recombination  and mutation  are  two major  sources  of  variability  and 
bacteria differ substantially between in each other in how much they engage 
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in these processes.  Ratio of mutation to recombination is  often used and 
differ by two orders of magnitude between bacteria (Vos and Didelot 2009). 
One can either look at rates of the events in a population or scale the values 
depending  on  the  observed  number  of  substitutions  (r/m),  conferring  the 
information  of  how likely  is  it  that  a  given  substitution  originated  from 
recombination rather than a mutation event. Rates are usually called rho and 
theta  and  the  ratio  has  a  straightforward  interpretation.  For  example  if 
estimated rho/theta equals 2, that means recombination occurs twice as often 
as mutations in the population. The value of r/m will depend on how many 
substitutions each event introduces on average, for example with the same 
population rate of 2,  if  one recombination event on average introduces 5 
substitutions,  then  r/m  will  equal  10.  To  calculate  these  numbers,  a 
population  sample  is  necessary.  Several  approaches  to  detecting 
recombination exist, utilizing phylogenetic methods, pairwise comparisons, 
population genetics or patterns of substitutions. Equally many programs are 
available,  and  one  example  that  identifies  clonal  descent  to  reconstruct 
phylogeny  and  then  detect  recombination  events  disrupting  it,  is  called 
ClonalFrame (Didelot and  Falush 2007).

Detecting horizontal gene transfer

Phylogenetic trees also allow detecting horizontal gene transfers as unusual 
placements  in a tree,  conflicting with other  genes.  If  for  one gene given 
species cluster with organisms that are not its closest relatives according to 
numerous  other  genes,  it  is  a  potential  HGT  event.  This  incongruent 
placement  suggests  foreign origin and allows speculation where does  the 
transfer come from. Sometimes transferred fragments can display numerous 
characteristics that differentiate them from the rest of the genome allowing 
identification of genomic islands.

Metagenomic analysis 

Databases and pipelines

The  metagenomic  field  has  exploded  in  the  recent  years,  and  several 
databases and analysis pipelines are publicly available, e.g. CAMERA (Sun 
et  al  2011),  MGRAST (Meyer et  al  2008) and IMG/M (Markowitz et  al 
2007). The types of analysis are usually overall similar, but flexibility, level 
of control over the parameters and available visualization tools might differ. 
In general terms, all metagenomic analyses need a quality processing step, 
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taxonomic  and  functional  annotations  and  summary  of  those  at  various 
levels, and perhaps also comparative metagenomic tools.

Quality processing

For comparisons between metagenomes it is crucial that the input data is of 
similar kind, but also that the initial  quality processing does not alter the 
datasets heavily. For example, estimates like average genome size depend 
crucially on the amount of total base pairs and they can be heavily affected 
by the applied filtering steps. Standard quality checks include length filter, 
quality  filter  if  quality  values  are  available,  and  a  clustering  step.  Quite 
disappointingly some of the commonly used large datasets, like GOS, do not 
have quality values for the reads. The procedure applied should obviously fit 
the  sequencing  technology  used.  For  example  quality  filtering  by  lowest 
quality  base  pair,  results  in  a  far  too  harsh  treatment  of  pyrosequencing 
reads, that commonly have quality drops close to 0 in homopolymer regions. 
Instead 454 reads are better off with filtering of mean read quality to exclude 
reads that seem to be poor overall. For an example of quality processing of 
several  metagenomes  see  paper  III,  where  several  poor  quality  datasets 
where identified in this step. Consequently downstream comparisons where 
performed on all  datasets  and  a  subset  of  high-quality  datasets  to  assure 
robustness of the conclusions.

Taxonomy

Taxonomic assignment is usually based on sequence similarity search for full 
proteome, and on identifying good markers, like ribosomal RNA. For the 
protein searches it might be important to decide whether open reading frame 
(ORF) predictions will be attempted first, or read translations should be used 
directly,  probably  with  gaps.  Identifying  rRNA reads  might  seem like  a 
waste  of  data,  since  such  a  small  fraction  is  used,  but  is  nevertheless 
commonly done.

Broad taxonomic summaries  are  based  on  read  abundances.  For  more 
refined  placement  assembly into  longer  sequences  can be attempted.  The 
payoff  for  using  longer  sequences  is  easier  alignment,  more  robust 
phylogeny, and the unexpected side use of the substitution patterns, which 
turned  out  extremely  useful  for  detecting  potential  ancient  DNA damage 
(paper I). The importance of reconstructing longer rRNA sequences, useful 
for phylogenetic placement has been recognized and tools, such as EMIRGE 
(Miller  et  al  2011),  as  well  as  published  procedures  ensuring  obtaining 
meaningful consensus sequences (Fan et al 2012), are now available.
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Figure 5. Pipeline for taxonomic and functional analysis used in papers I and 
IV.

Functions

Functional annotations are usually done by BLAST. Various databases can 
be  used  for  different  purposes,  for  example  the  proteinase  database 
MEROPS (Rawlings,  Barrett  and Bateman 2010)  was used in  paper I  to 
identify collagenases, and the STRING database (Franceschini et al 2013) 
was used in paper III to annotate COGs. Similarly to identified rRNA reads, 
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also reads for other genes can be assembled and analyzed by phylogenies. 
The  strengths  of  functional  annotations  also  shows  in  comparisons  and 
testing for significant differences between samples.

Comparative metagenomics

Having protein assignments for metagenomic reads you can start comparing 
samples,  using  the  classification  of  the  annotations  into  categories.  For 
simplicity I will refer to two levels that the comparisons can be made at. 
COGs, meaning clusters of orthologous groups, for particular functions, such 
as COG id (e.g. COG1875, 'phosphorus starvation-inducible protein phoH') 
and  subsystems,  the  highest  level  of  classification  (e.g.  subsystem  P 
'Inorganic  ion transport  and  metabolism').  Our  focus  here  is  the  research 
question from paper III, that is to study important differences between lakes 
and  oceans,  with  several  samples  for  each  habitat.  This  terminology  of 
comparison between habitats, or comparison between lakes and oceans, will 
be used throughout the following descriptions of the tests.

Figure 6. Overview of the statistical analysis from paper III.

Normalizations

For subsystem comparisons you can simply count  hits  and then calculate 
fractions for each subsystem and compare the medians of those fractions. If 
we  start  splitting  each  subsystem  into  long  lists  of  individual  COGs, 
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fractions become less useful and instead, to make the datasets comparable,  
the numbers can be normalized and resampled. Normalization against likely 
essential,  single-copy COGs (Raes et al  2007), gives numbers that reflect 
genome/organism counts,  which makes it more intuitive and analogous to 
looking at number of individuals in different species between habitats. Here, 
it  is  the  number  of  hits  to  a  COG,  and we are  interested  in  differences 
between lakes and oceans.

Functional beta-diversity

Statistical approach have long been used in ecology, where a typical question 
would be to compare species in different habitats and look for patterns. Beta-
diversity measures answer questions on how local habitats differ from each 
other. Here, we look at COGs instead of species and functional beta-diversity 
measures distribution of the COGs in the metagenomes. One of the more 
robust  ways  to  calculate  it  is  based  on  the  Horn-Morista  distance.  The 
formula for this distance between two samples uses counts of a particular 
species/COG and  all  species/COGs  in  the  two  samples.  Importantly,  the 
measure is not affected by different sample sizes, which is why resampling is 
not necessary before this step.

Having  the  matrix  of  distances  between  the  samples,  results  can  be 
visualized by multidimensional scaling, fitting the points on a plot to assess 
separation between habitats. A more rigorous analysis of the separation can 
be performed by Permanova. 

P-values

Routines for checking the significance of the results vary depending on how 
many tests are performed. If you imagine a statistical procedure that ensures 
erroneous rejection of the null hypothesis, meaning discovering a significant 
difference between lakes and oceans that is actually not true, happening no 
more than once every hundred tests, such a procedure works fine until you 
start to make hundreds of tests. There are only a handful of subsystems, so 
setting the p-value threshold at 0.01, makes it unlikely to obtain significant 
difference  by  chance  in  this  setup.  However,  with  hundreds  of  tests 
performed for each COG, a control for those rare events becomes necessary.  
Classical  multiple  hypothesis  testing  solutions,  like  the  Bonferroni 
correction,  tip  the  scale  in  the  other  direction  – hardly  any tests  will  be 
significant and we lose power to detect anything. Instead the false discovery 
rate  can  be  used  to  control  for,  just  as  the  name  suggests,  significant 
differences that will be false. A related concept is the so-called q-value for an 
individual COG test, it means the minimum false discovery rate for which 
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this particular test can be called significant (Storey 2002). To put it simply, 
p-values and q-values need to be reasonably low.

Wilcoxon test

We  can  calculate  the  mean  or  median  per  habitat  and  ask  the  question 
whether they differ significantly. The classical statistical solution for such 
question is the Wilcoxon rank sum test, which does not require assumptions 
about  distribution of the values.  The idea is  to order  the values for both 
habitats  and  then  compare  whether  this  ranking  seems  to  be  separated 
enough to support  a significant  difference between the habitats.  To put  it 
simply,  the  question  is  whether  the  spread  of  values  show  a  difference 
between lakes and oceans, or do they seem to overlap. 

Permanova

The  Wilcoxon  test  compares  differences  in  abundances.  Another  way  to 
analyze the data is to use multivariate analysis of variance. Again, we can 
not assume normal distributions so instead a permutation approach is used, 
which  is  why  the  test  is  called  permutational  multivariate  analysis  of 
variance, i.e. perMANOVA or Permanova  (Anderson 2001). The graphical 
intuition for analysis of variance is the following. For the Wilcoxon test we 
ranked the subsystem fractions for all samples. We put them along a scale 
deciding which one comes first,  second and so on,  and then look at  the 
grouping between habitats. Now we don't have to fit into one dimension, let's 
imagine two dimensions, a piece of paper. Imagine all samples spread on the 
paper and now look at the grouping of the habitats. Does it seem like they 
separate well or do they overlap? Variation between habitats, compared to 
variation  within  each  habitat,  is  an  interpretation  of  what  the  F-statistic 
measures. The larger the F-statistic the better the spread. As you might have 
guessed  the  distance  between  samples  can  be  calculated  with  the  Horn-
Morista measure introduced above. 

A Permanova  of  all  COGs  gives  information  on  whether  there  are 
significant  differences.  To further  identify  which  function  is  responsible, 
Permanova can be performed for COGs within one subsystem at a time. The 
follow-up is Wilcoxon tests for each COG, that identify COGs that differ 
significantly  between  lakes  and  oceans.  To  test  the  robustness  of  these 
results,  the  same  tests  can  be  repeated  excluding  samples  that  had  poor 
quality results, mentioned in the earlier section on quality preprocessing. The 
common  list  of  significant  functions,  from  all  datasets  and  best  quality 
datasets,  comprises  the  list  for  more  detailed  manual  inspection.  These 
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results are visualized in Figure 2 of paper III, separating COGs significantly 
over-represented in lake and in marine samples.
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Microbiology of human remains 

Life's inevitable destination makes most people melancholic in the best case 
and nowadays culture seems to live in denial of aging and death. Everybody 
should  be  young,  beautiful  and  successful,  and  of  course  photoshoped. 
Unique example of a bestseller story on the after death is a book by Mary 
Roach called 'Stiff'. Recommended position, if you would like to laugh out 
loud reading about 'the the curious lives of human cadavers'. The lucky ones 
continue  to  spend time after  death  on  an  adventure  with  science,  as  the 
author argues, mostly enabling progress in various disciplines from cosmetic 
surgery to car safety. Expanding this perspective, I would like to present two 
individuals who were lucky enough to be revitalized by science not hours 
after their death but thousands of years later. To have anything remaining of 
you after such a long time is an achievement by itself!

Let me present, a traveller of Sardinian origin, who lived 5,300 years ago. 
Ötzi, also known as the Tyrolean Iceman, froze high up in the mountains,  
becoming an exceptionally well  preserved wet  mummy, to the delight  of  
researchers. His remains represent early stages of taphonomic process, where 
body stays  intact  to  a  large  extent.  What  was  initially  believed to  be an 
unlucky mountaineer who became the subject  of  a forensic  investigation, 
quickly turned out to be a sensational archeological finding that was lucky 
enough not to be destroyed by the glacier and spotted while melting from the 
ice. I analyzed about 300Mb of 454 GSFLX data from his distal gut sample 
(paper IV).

Next I would like you to meet a female Neanderthal who lived 38,000 
years ago in what is nowadays Croatia. A piece of bone remaining from this 
individual, Vi33.16, was the basis of launching an ambitious initiative aimed 
at deciphering the genome of our closest, extinct relative. Quite surprisingly 
perhaps,  it  was also one of the largest  metagenomic initiatives producing 
huge amount of microbial sequences as a side-effect. I have analyzed about 
4Gb of 454 GSFLX data looking at the microbes from this bone (paper I).

Ötzi

The  Iceman  was  discovered  by  two  German  hikers  who  noticed  human 
remains in the ice of Ötztal Alps. A rescue team was sent the day after to 
bring the body down but removing it from the ice took several days. The first 
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clues that it was not a recent mountain accident came from the equipment 
found with Ötzi, like the copper axe and arrows. Also his clothes, including 
leather shoes with a grass netting, survived due to the unique preservation 
conditions. The body was not destroyed by the glacier thanks to entrapment 
in a deep gully. All these extraordinary coincidences resulted in a spectacular 
archeological find giving unique insight into Stone Age Europe. The body 
was found close to the Austrian-Italian border and it is now on exhibition in 
South Tyrol Museum Of Archaeology (http://www.iceman.it). 

Ötzi is a natural wet mummy, representing unique preservation. Unlike 
mummies known from Egypt the body was not subject to burial rites and it is 
not as desiccated.  Several  naturally mummified corpses preserved in peat 
bog are known but Ötzi is the oldest find. A unique, single snapshot of life in 
Europe 5,000 years ago. Ötzi has been subject to numerous research projects. 
Naturally explaining the age of the find, cause of death, and analyzing the 
equipment and clothing in detail. Preservation of the biological material rises 
high hopes on possible genetic and medical insights from this find. Already 
more than ten years ago feelings of 'a limit to what the Tyrolean Iceman can  
usefully tell us' were expressed under a provocative title 'Time to leave Ötzi  
alone?'  (Sharp 2002). It  is  rather to be expected that  every new research 
technique  is  to  be  applied  on  this  extraordinary  find,  with  the  hopes  of 
learning something new.

Ötzi is a good example of the unique path that has to be considered for  
every find of this kind, the path that leads to the exception of preservation of 
the  remains  rather  than  their  decomposition.  The  body  must  have  been 
protected from scavengers and insects, by snow and ice, shortly after death 
until  its  discovery.  It  probably  remained  frozen  for  thousands  of  years, 
although during warmer periods it might have defrosted to some extent. It 
melted after its discovery, and was also later defrosted for sampling. It is 
now stored frozen in humid environment simulating the conditions in the ice. 
Exceptional  preservation of  the mummy's  soft  tissues  poses questions  on 
whether insight into endogenous Ötzi's microbiota is also possible.

Fossil Vi33.16

The  bone  Vi33.16  comes  from  Vindija  Cave  in  Croatia,  an  interesting 
paleoanthropological  site  with  numerous  findings  of  Neanderthal  and 
modern  human  remains,  various  tools  and  animal  fossils  (Jankovic  et  al 
2006).  Fossil  Vi33.16  comes from middle  G layer  of  the  deposits  and  a 
sediment  sample  was  taken  from  the  same  layer  for  comparison  (see 
previous section on microbial diversity of the sediments). The fossil spent 
about  twenty  years  in  a  museum  after  its  discovery  and  before  the 
sequencing  project.  Vi33.16  is  a  fragmentary  bone  of  uncertain  context, 
undiagnostic  in  terms of anatomical  features.  It  was milled and used for 
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DNA extraction that yielded good quality DNA. Most importantly it was free 
from modern contamination by human DNA (Green et al 2006), the biggest 
nightmare of the ancient DNA field. Not damaged, modern templates are 
preferentially used in enzymatic reactions and they are prevalent. To imagine 
how much of a problem that is, it's enough to say that one aerosol droplet 
can  easily  contain  a  thousand  times  the  amount  of  amplifiable  mtDNA 
templates from 1 gram of ancient human specimen (Willerslev and Cooper 
2005).  Thus  ancient  DNA researchers  at  work  look like  astronauts,  fully 
covered  to  prevent  contamination  with  their  own  DNA,  and  several 
authenticity criteria have to be met to argue for the ancient origin of obtained 
sequences. The exceptional quality of the DNA from the fossil  posed the 
question whether there is a chance of retrieving ancient bacterial DNA as 
well.

Figure 7. Neanderthal metagenome project overview.

Taphonomy

Taphonomic process describes what happens to the body after death in the 
process of deterioration and returning elements into the global cycling, or for 
the lucky ones, becoming a fossil. With an exceptional amount of luck, you 
might end up in a bog, desiccated or frozen, with a state of preservation that 
keeps soft tissues intact. More often, bones are preserved, and in favorable 
circumstances they can still contain endogenous molecules originating from 
the live individual, which is what we are interested in.
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Bone fossilization

The key to successful retrieval of biomolecules from bones is understanding 
their deterioration. Different fossils can have various amounts of DNA, and 
also the quality of the sequence (length, amount of damage) can vary. Bone 
is a form of mineralized collagen, both organic and inorganic components 
are  crucial  for  its  structure.  Bone  is  a  composite  of  a  mineral  called 
bioapatite,  and  proteins,  and  collagen  is  about  one  third  of  the  bone's 
volume,  whereas  osteocalcin,  the  next  most  abundant  protein,  about  2% 
(Collins  et  al  2002).  There  are  three  possibilities  of  bone  deterioration: 
chemical  deterioration  of  either  organic  or  mineral  fraction,  or 
biodeterioration  of  organic  fraction.  You  can  ask  many  questions  at  this 
point:  is  it  possible  that  in  one  bone  more  than  one  of  the  mentioned 
processes take place or usually one of them dominates? What does it depend 
on: burial environment or some bone characteristics? Is it possible to predict 
whether DNA will  be present in a bone and what  kind of information is 
necessary for such a prediction? Even in the first ancient DNA studies it was 
noticed that preservation quality is not simply correlated with how old the 
specimen is (Pääbo 1989).

Not to keep you wondering: usually one diagenetic process dominates. If 
the soil is highly corrosive for the bone, it is the burial environment that is 
the most important  factor.  Otherwise the bone is either well preserved or 
attacked by  microbes.  Biochemical  assays  detecting  amount,  composition 
and racemization of amino acids are useful screening techniques for bones 
with retrievable DNA. 

Changes occurring  in  the  bone after  the  death  and burial,  the  process 
called diagenesis,  has been subject to a large project about microbial and 
physico-chemical  degradation  of  bones  in  the  context  of  European 
archaeological heritage (Jans et al 2004, Nielsen-Marsh 2007, Smith et al  
2007). A large set of over 200 animal and human bones from the Holocene 
(up  to  about  10,000  BC),  were  described  using  several  diagenetic 
parameters, such as collagen content and porosity. Ideally one would like to 
have a measure predictive of bone preservation and revealing the process 
that  caused  it.  An  important  conclusion  from  the  study  was  that  bone 
porosity  is  the  most  distinctive  diagenetic  parameter  (Smith  et  al  2007). 
Bone pores come in three sizes and the distribution of total porosity between 
these three classes is relevant for diagnosis. For example, microbially altered 
bones  have  increased  middle  size  porosity,  which  is  roughly  the  size  of 
bacterial cells. 

All bones in the study were classified into four preservation categories, 
well documented before. If site-specific factors were more important than 
universal  mechanisms  one  would  expect  many  more  diagenetic  types  of 
bones, closer to the number of archaeological sites, namely more than 30 
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(Nielsen-Marsh  2007).  A bone could  either  be well-preserved,  displaying 
diagenetic parameters comparable with modern bone, or follow one of the 
following  three  possible  diagenetic  trajectories:  accelerated  collagen 
hydrolysis,  microbial  attack  or  catastrophic  mineral  dissolution.  An 
interesting example was a site where all three types where observed, with 
collagen hydrolysis bones from Roman layers, well-preserved bones from 
early medieval (1500-1700 AD) and microbially attacked bones from late 
medieval (1600-1800 AD) (Nielsen-Marsh 2007).

Microbial attack

Identification  of  histological  features  in  animal  fossils  and  observing 
microbial attack on bones dates back to 19th century (Jans et al 2004). A 
bone section can be viewed under the microscope to recognize typical bone 
structures and their damage. Unlike chemical processes, biodegradation is 
localized  and  can  either  be  observed  on  the  outer  surface  of  the  bone 
(outward-in  pattern  of  attack)  or  around natural  canals  (inward-out),  like 
blood vessels (Jans et al 2004). Bacterial degradation is inhibited by such as 
temperatures, rapid desiccation, bactericidal substances, as well as lack of 
endogenous bacteria, which is the case in infants (Jans et al 2004).

An  interesting  difference  between  human  and  animal  bones  were 
observed in the dataset mentioned before for the large European study.  A 
little more than half of the animal bones was biologically altered, in contrast  
to three fourths  of human bones attacked by microbes  (Jans et  al  2004). 
Biodegradation  in  human  bones  was  almost  exclusively  due  to  bacterial 
activity, whereas roughly half of biodegraded animal bones displayed a type 
of tunneling believed to be of fungal  origin.  Previous archaeological  and 
forensic studies also reported that this  kind of fungal (Wedl)  tunneling is 
only  occasionally  found  in  human  bones.  This  unexpected  difference 
between animals and humans was best explained in a statistical analysis by 
articulated burial, meaning that the whole body was buried and not parts of 
the body or processed bones. Fungal attack was believed to be rare due to 
lack of available nutrients by the time soil fungi can access the bone.

It is interesting to add results from the Neanderthal bone and Ötzi's distal 
gut samples in this context.  There was a striking difference in amount of 
fungi in the samples. The Iceman sample had abundant Basidiomycota fungi, 
presumably  representatives  of  the  cold-adapted  Alpine  microbes,  coming 
from the ice surroundings. Indeed the excellent preservation left numerous 
available nutrients that  could perhaps be accessed during brief  periods of 
time.  On  the  contrary,  Neanderthal  bone  yielded  virtually  no  fungi, 
consistent with the previous observations. However, the speculated origin of 
the  most  abundant  Streptomyces bacteria  is  environmental,  since  it  is  a 
typical soil bacterium.
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Figure 8. Microbiology of the taphonomic process.

The role of  microbes  was investigated by culturing bone inoculum by 
English microbiologist A. M. Child (1995a 1995b). Child suggested that the 
initial taphonomic changes are due to autolytic processes and endogenous 
microflora.  In  favor  of  degradation  by  microflora  from the  gut  and  oral 
cavity is the fact that the abdomen and thorax bones are often more damaged 
than skull, or long bones. She believed that a substrate such as a corpse, once 
present in the soil, should be subject to competition between endogenous and 
soil  microbes,  where soil  organisms should be more successful.  She used 
media where collagen was the sole nitrogen source to find soil organisms 
capable of collagen hydrolysis. Very few collagen degrading bacteria were 
observed. A possible explanation was that only a few of those pioneers are 
necessary,  and  afterwards  other  microorganisms  can  attack  the  bone, 
similarly to the substrate succession observed in wood decomposition. No 
collagenase-producing microbes  were isolated from well  preserved bones, 
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nor from the soils from the same site. Child concluded that the sole presence 
of microbes capable of collagen hydrolysis is not a proof of their role in bone 
diagenesis, and that more studies are necessary.

Most  abundant  Neanderthal  bacteria  probably  were  equipped  in 
collagenases. The argument is indirect, based on corresponding rRNA and 
collagenase gene coverages,  non-conflicting phylogenetic  positions in the 
actinobacterial trees and also the presence of numerous other proteins that  
could have been involved in protein degradation, especially in the presence 
of  proline,  abundant  collagen  amino  acid.  Time  of  activity  of  this 
Streptomyces  species remain elusive, as discussed later.

Endogenous, taphonomic or environmental? 

Microbial samples from human remains potentially represent a mixture of 
organisms inhabiting the live person,  whose abundances  could have been 
changed during taphonomic process and environmental microbes attacking 
the remnants. Endogenous microflora of the site could include for example 
bone infections or gut community. Environmental microbes would be of the 
local  origin,  depending on the burial  site.  Abundances  of  all  bacteria  are 
influences by conditions. Initial inoculum determines who is there at the start 
line, but further conditions, including temperature, amount of oxygen and 
available  nutrients  can  favor  particular  organisms  and  increase  their 
abundances even from initially low amounts. Next layer, confounding the 
results, is the state of preservation of the DNA itself. It is not impossible for 
DNA of heterogenous origins to undergo degradation at different paces and 
in various ways, altering the final picture we look at from sequencing.

The hope of retrieving ancient DNA from Neanderthal fossil is perhaps 
limited to amounts corresponding to the endogenous DNA, namely a few 
percent. The question of the origin and time of activity of the dominating 
bacteria remains open, even though it was identified as  Streptomyces. If at 
least one of the several hundred sediment clones clustered as sister-group 
with  bone  originating  bacteria,  it  would  be  possible  to  show  the  cave 
sediment as origin of the bacteria. Even though Streptomyces is a typical soil 
bacteria  it  was  not  identified,  not  in  higher  abundances  at  least,  in  the 
sediment  sample.  The  dominating  bacteria  seemed  capable  of  collagen 
degradation  and  remains  an  exciting  open  question  if  it  was  an  active 
degrader shortly after the Neanderthal death or could it grow later, on the 
fossil remnants.

Sample from Ötzi also illustrate an intriguing and unsolved problem of 
distinguishing  taphonomy  effects  from  host  microbiota.  In  this  case,  the 
dominating Clostridia are  known putrefaction bacteria.  However,  the  two 
identified  most  abundant  representatives,  were  also  shown  by  culturing 
techniques, to increase in abundance in the gut, as a result of adaptation to 
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high  altitudes  and  are  putatively  an  explanation  for  numerous  health 
problems experienced in high mountains. 

Ancient DNA

DNA degradation  proceeds  by  reduction  in  chain  length  and  chemical 
damage. Hydrolysis is believed to be the rate-determining process and it is 
estimated that DNA does not survive longer than one million years (Collins 
et  al  2002).  This  does  not  mean  that  younger  bones  should  have  more 
retrievable DNA, as exemplified by another study on human bones from two 
graveyards in Abingdon, England, as well as comparison of DNA quality 
from two mammoth fossils. In human bones study, medieval (13th century) 
bones had consistently given better results in human mtDNA amplification 
than bones from people buried during the 17th century Civil War (Hagelberg 
et  al  1991).  Mammoth  DNA has  been  extracted  from  several  different 
sources until now, among others a 32,000 year old bone and a 32,000 leg 
muscle and surprisingly the older of these two fossils yielded DNA of better 
quality, as judged by comparison to the elephant sequences (Cooper 2006). 

Temperature  has  great  influence  on  DNA survival  and  the  concept  of 
thermal  years  was  introduced  to  predict  DNA preservation  (Smith  et  al 
2001). Caves usually have lower temperature and limited fluctuation during 
the  year,  and  also  stable,  slightly  alkaline  pH,  which  are  all  favorable 
conditions.  Clearly other factors, especially connected with 'death history' 
(Jans et al 2004), are also important for DNA survival, as well as for overall  
bone preservation.

Ancient DNA (aDNA) is fragmented, contains modified bases and can be 
crosslinked  to  other  biomolecules  (Hofreiter  2001b,  Pääbo  et  al  2004, 
Willerslev and Cooper 2005). All of these cause problems in working with 
aDNA.  Strand  breaks  are  introduced  in  DNA by  endogenous  nucleases 
released  in  the  postmortem  cell,  as  well  as  exogenous  nucleases  from 
microorganisms  and  chemical  processes.  Typically  aDNA has  100-200bp 
(Pääbo 1989), on rare occasions it can be longer than 1kb (Pääbo et al 2004). 
Many of the chemical modifications can block the enzymes resulting in short 
sequences or no sequence at all, even when long enough template is present. 
These include oxidative lesions and DNA crosslinks. 

Interestingly, aDNA can have different bases from the DNA in a living 
cell (Hofreiter et al 2001a). Common modifications are caused by hydrolytic 
loss of amino groups in the following bases: adenine, cytosine, 5-methyl-
cytosine and guanine. To control for base modifications, higher coverage is 
desirable  but  unfortunately  very  often  the  amount  of  available  DNA is 
limited,  thus  errors  are  unavoidable  and  they  can  only  be  described 
statistically. 454 sequencing makes revealing misincorporation pattern easier 
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for two reasons. Firstly, each sequence read derives from a single stranded 
template, so both strands are treated separately. Secondly, large amount of  
data  produced  at  once  increases  the  chance  of  detecting  rare  types  of 
changes. 454 sequencing and comparison with modern relative was used to 
investigate misincorporation patterns in ancient mammoth (Stiller et al 2006) 
and  Neadnerthal  (Briggs  et  al  2007)  sequences,  concluding  that  C  to  T 
misincorporation, resulting from cytosine deamination, was the dominating 
substitution type.

Modern or ancient bacteria?

The ancient degradation pattern can be used to provide evidence for the age 
of  the  sequences.  The  problem  with  such  comparisons  is  the  use  of 
appropriate template. For large mammals the choices are obvious,  human 
genome for Neanderthal  sequences,  elephant  for mammoth and so on.  In 
case  of  bacteria  however,  arguing  that  reference  used  for  comparison  is 
appropriate  and substitution pattern reflects  actual  modifications  becomes 
very difficult.  Proving affiliation with a particular species is hard enough, 
further  there  could  be  numerous  reference  genomes  to  choose  from. 
Therefore  I  concluded  that  only  a  consensus  based  reads  from  the 
metagenome can constitute reliable reference and the analysis was limited to 
the abundant taxa that yielded good assemblies. In fact it is only based on 
rRNA assemblies. As a control the exact same procedure of calculating the 
pattern  was  used  for  putative  Neanderthal  sequences  and  showed  the 
expected axcess of C to T and G to A substitutions.  Streptomyces however, 
did not show any strong pattern above the level of sequencing errors. Why?

There could be several  explanations.  The increase in abundance of the 
Streptomyces  could  have  been  closer  to  the  death  of  the  Neanderthal  or 
closer  to  the  fossil  excavation.  It  is  not  impossible  that  it  occurred  after 
excavation before the sequencing, although nutrient availability and storage 
conditions seem unfavorable for bacterial growth. If the growth was more 
recent that easily explains lack of DNA damage. If the growth was more 
ancient, it  is  not  impossible  that  DNA degradation  was  slowed  down. 
Bacterial cell and DNA degradation can undergo different processes from the 
ones  observed  in  mammalian  DNA.  Bacteria  can  also  differ  between 
themselves  in  long term survival.  For  example  there  are  indications  that 
DNA  from  non-spore  forming  Actinobacteria  from  genus  Arthrobacter 
increases in abundance with age in ice cores (Willerslev et al 2004).
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Microbiology of freshwaters

Life of Earth is based on water. Water is a major component of all cells,  
including those of the human body. Most of the water on Earth is saline, 
which  humans,  as  well  as  many  animals  and  plants,  can't  make  use  of. 
Marine organisms obviously can but crossing the boundary between salt- and 
freshwater is not trivial and requires numerous adaptiations. Only 2.5% of 
Earth's  water  is  freshwater.  From  that  tiny  percentage,  again  most  is 
inaccessible, frozen, and less than 0.01% is water from lakes and rivers that 
our whole life is dependent upon (US Geological Survey as of 25.08.2013). 
Water is a limited and precious resource, and as many as 780 million people 
lack access to clean water worldwide (WHO/UNICEF estimates from 2012, 
taken from water.org as of 25.08.2013). In conclusion, freshwater is a natural 
resource of utmost importance that we ought to understand well to protect it. 

Bacteria play an important role in biogeochemical processes on Earth and 
that  of  course  includes  lakes.  Yet,  surprisingly little  is  still  known about 
freshwater microbes, mainly due to difficulties in obtaining pure cultures. 
New  technological  advances  in  metagenomics  and  single-cell  genomics 
gives important insights into this crucial system. In this thesis I will describe 
results  on freshwater taxonomy and functions, based on several  new lake 
metagenomes,  and  some  insights  into  one  particular  group  of  lake 
Alphaproteobacteria, in comparison to their relatives from the ocean.

Metagenomics as an exploratory study

Global Ocean Sampling expanded our view of the oceanic bacteria, which 
has by now received quite a lot of attention. This was a first step, listing 
numerous novel taxa and novel functions, and the data has since then been 
used in numerous other studies that revealed more detailed interpretations. 
Freshwater  systems,  on  the other  hand,  are  perhaps  still  in  the  phase of 
collecting  data.  Only  a  handful  of  studies  are  available,  and  very  few 
genomes.  Polynucleobacter belonging to Betaproteobacteria was grown in 
pure culture, sequenced and characterized experimentally (Hahn et al 2012). 
Genome of an actinobacterium from an abundant freshwater clade, referred 
to  as  acI-B1,  was  obtained  through  single-cell  genomics  and  allowed 
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hypothesizing  about  metabolic  capabilities  of  this  organism (Garcia  et  al 
2013).  Apart  from  characterization  of  single  representatives  from  the 
abundant  taxa,  more  broad  metagenomic  view  of  microbial  functions  is 
available for Lake Gatun (Rusch et al 2007), Lac du Bourget (Debroas et al 
2009) and Lake Lanier (Oh et al 2011). 

Figure 9. Lakes sampled in the projects of this thesis.

Lakes in the study

In  this  thesis  I  present  results  based  on  three  new  Swedish  freshwater 
metagenomes from lakes Erken, Ekoln and Vättern, complemented with nine 
more available similar datasets for a broad representation of freshwaters. The 
US lakes represented in the analysis are Damariscotta, Mendota, Sparkling, 
Trout  Bog,  Lannier  and  Yellowstone  lake,  some  of  which  were  sampled 
twice.  Altogether  these  nine  lakes  give  a  diverse  representation  of 
freshwaters, varying in the trophy status from nutrient-poor oligotrophic to 
nutrient-rich  eutrophic  lakes.  Gradient  of  total  phosphorus,  one  of  the 
important and limiting elements in freshwater, span two orders of magnitude 
from  0.8  to  118  (microgram  per  liter).  The  collection  also  includes  a 
dystrophic  lake  Trout  Bog,  rich  in  humic  substances,  that  make  this 
environment quite different from the others. 

Comparative Metagenomics

All samples were overall  processed in a comparable  way,  although some 
differences  that  inevitably  influence  the  results  are  present.  Sampling 
differed in the size fractioning used during water filtering, which influences 
the targeted community by either retaining or removal of larger eukaryotic 
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organisms. All metagenomes were generated by whole-community genome 
shotgun 454 pyrosequencing Titanium chemistry, giving read length of about 
350bp.  All  freshwater  datasets  had  quality  information  and  were  quality 
processed in the same way, pointing to four samples with significantly more 
reads  and  bp  removed  in  the  process.  The  very  same samples  contained 
largest fraction of eukaryotes, and one of them was also very small, so to test 
robustness  of  the  results  they  were  removed from some of  the  analyses. 
Unfortunately  the  same  samples  contributed  crucial  phosphorus 
concentrations and removing them jeopardizes analysis of the phosphorus 
gradient.  These  results  should  therefore  be  treated  with  caution,  as 
hypothesis  for  further  testing.  For  comparison  with  marine  metagenomes 
thirteen  454  pyrosequencing  datasets  were  downloaded  from  CAMERA, 
without quality information available, and with slightly shorter mean read 
length of about 230bp. 

Taxonomic diversity

Freshwater bacteria are known from numerous rRNA PCR based studies. 
Several  phyla  are  represented  in  lakes,  including  Actinobacteria, 
Bacteroidetes,  Cyanobacteria,  Alpha-,  Beta-  and  Gammaproteobacteria, 
Verrucomicrobia and a few more minor phyla. Lakes can differ substantially 
between each other in the microbial communities they harbor, but there are 
freshwater-adapted  groups  with  world-wide  distribution.  Using  the 
metagenomes, taxonomy was inferred from identified rRNA reads, as well as 
from  the  total  proteome,  and  corroborated  previously  published  results. 
Phylum level diversity differed substantially between lakes and oceans, with 
Actinobacteria  and  Betaproteobacteria  dominating  in  the  lakes  and 
Alphaproteobacteria  in  the  oceans.  Between  lakes  it  was  overall  similar. 
More detailed classification of rRNA sequences allowed further comparisons 
and  showed  presence  of  widespread  freshwater  lineages  such  as  acI-B1 
Actinobacteria  or  LD12  Alphaproteobacteria.  This  more  detailed  view 
revealed a very different picture in the humic lake Trout Bog, were acI-B2 
dominated and many of the typical lineages were absent (paper III).

Functional diversity comparison

Annotation of functions was based on protein BLAST to STRING database 
and allowed assignment to clusters of orthologous groups (COGs). Statistical 
analysis of differences between freshwater and marine samples followed the 
scheme  outlined  in  bioinformatic  methods  part  on  comparative 
metagenomics.
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Lakes versus oceans

Visualization  of  beta-diversity  by  multidimenstional  scaling  showed 
separation  of  the  habitats,  confirmed  with  Permanova.  Further  test  of 
significant differences of freshwater and marine COG functions within each 
subsystem,  confirmed  the  separation  between  habitats,  which  was  most 
pronounced for ion transport, metabolism and transcription. Comparison of 
proportional  differences  between habitats  with Wilcoxon test  showed that 
transcription,  as  well  as  recombination,  repair  and replication  were  over-
represented in lakes. Another interesting difference was higher fraction of 
COGs  from  signal  transduction  subsystem,  indicating  more  proteins 
involved in cell communication in lakes.

Individual COGs significantly over-represented in lakes included several 
transcriptional regulators,  transposases, helicases and recombination repair 
proteins.  An example from the signal transduction subsystem was protein 
induced  by  phosphorus  starvation.  Carbohydrate  metabolism  indicated 
several  functions  specific  for  freshwaters,  including  enzymes  responsible 
for: glucose-galactose transitions; breakdown of arabinose and mannose, as 
well  as  chitin,  cellulose and hemicellulose,  for example glycosidases  and 
glycotrasferases;  xylose  and polisaccharise  transport.  Functions  related  to 
phosporus  storage,  over-represented  in  lakes,  included  phosphate  uptake 
regulator and polyphosphate kinase. Also sulfate acquisition proteins were 
over-represented in lakes.

Some  of  the  functions  significantly  over-represented  in  oceans  were 
involved in pathways that allow utilization of simple carbon compounds in 
the lack of for example glucose, and synthesis of carbohydrates from lipids. 
In oceans amino acid transport and metabolism was proportionally higher 
and several COGs annotated as ATP-dependent amino acid transporters were 
significantly over-represented, suggesting emphasis on free amino acids.

These overall differences in strategies for organic substrates metabolism 
are probably a reflection of the difference in organic matter input. In lakes  
plants from the shallow water or shore are a source of for example cellulose,  
whereas in oceans plankton is mostly a source of proteins.

Importance of potassium, and not sodium, as well as other differences in 
metal  ions  transport,  corroborated  previously  observed  distinction  of 
osmoregulation characteristics between lakes and oceans.   

Between lakes

Visualization of beta-diversity by multidimenstional scaling showed two 
outliers,  Sparkling  and  Trout  Bog.  They  could  differ  due  to  sequencing 
artifacts (poor quality results), higher eukaryotic content, or because it is the 
most oligotropic and the only humic lake sampled. Correlation between total 
phosphorus  and  functional  composition  was  weak,  but  more  sensitive 
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methods allowed identifying several functions that seemed to vary along the 
phosphorus gradient.

Freshwater bacterium LD12

As continuation of the metagenomic comparisons between lakes and oceans, 
paper II focuses on one particular taxon, SAR11. Corner stone of this study 
was  obtaining  genomes  from the  uncultured  freshwater  representative  of 
SAR11.

lake Ekoln Erken Vättern Mendota Damariscotta Sparkling Trout 
Bog

metag
enome

summer sampling summer and spring sampling spring

SAG - D10,C07,
J10,L15

C06,P20, 
M09,B11

N17,L09 -

Table 2. Overview of the metagenomes and single-cell genomes in the lake 
projects.

SAR11 Alphaprotebacteria

Alphaproteobacteria from the SAR11 clade are among the most  abundant 
bacterioplankton in oceans. They represent about one third of cells present in 
surface waters and in some regions up to half of all the cells (Morris et al 
2002). Apart from several marine subclades (Grote et al 2013), SAR11 also 
has  a  freshwater-adapted  lineage  called  LD12  (Bahr,  Hobbie  and  Sogin 
1996). The sister-group phylogenetic position offers unique opportunity for 
studying  ecological  influences  on  evolutionary  processes  among  closely 
related  genomes.  Like  in  the  cartoons  of  the  series  'find  the  difference 
between'. Comparative genomics of marine SAR11 and the freshwater LD12 
is based on a similar idea. Transitions between saline- and freshwater seem 
rare in SAR11, so the lineages share long evolutionary history and had little 
horizontal  gene  transfer  after  the  split  (Logares  et  al  2010).  The  split  
putatively occurred when LD12 started adapting to a new environment: the 
freshwaters, and genomic information in principle allows discerning genetic 
background from environmental influences in the separate evolution of the 
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lineages. Marine SAR11 has several cultured representatives and available 
genomes. So the question left is how to obtain the LD12 genomes?

LD12  was  first  identified  in  an  artic  lake  (Bahr  et  al  1996)  and  is 
represented in the databases by several rRNA sequences (Zwart et al 1998, 
Zwart et al  2002).  Knowing a bacterium from the rRNA sequence is like 
having a picture of a person. Yes you can classify that person in numerous 
ways, but it is not quite the same as getting to know a him/her. The picture 
however, gives you the opportunity to recognize who is it that you want to 
talk to. 16S rRNA PCR gives the opportunity to recognize LD12 cells, from 
a plate of sorted single-cells, to identify candidates for genome sequencing. 
Ten such cells were chosen in total from sorted environmental samples from 
lakes  Damariscotta,  Mendota  and  Sparkling.  Fluorescent  activated  cell 
sorting,  whole  genome  amplification,  Illumina  sequencing,  assembly  and 
annotations were performed following standards at the Bigelow Laboratory 
for  Ocean  Sciences,  Department  of  Energy  Joint  Genome  Institute  and 
Integrated Microbial Genomes.

LD12 phylogeny and sequence divergence

Phylogenetic tree  of  concatenated protein orthologs corroborates  previous 
results that LD12 is a distinct subclade within SAR11. I should point out 
here that  phylogenetic position of SAR11 within Alphaproteobacteria is a 
separate  question  that  I  will  not  go  into  here  (see  Viklund,  Ettema  and 
Andersson 2012). Rather, the focus in paper II is the microdiversification 
within SAR11 and especially within LD12. Ten sequenced SAGs fell into 
three  well-supported  distinct  clusters  that  can  be  seen  both  in  the 
phylogenetic  tree,  as  well  as  in  the  estimates  of  sequence  evolutionary 
distance by dS.

Metagenomic phylogenies

Patchwork  genome,  described  below,  was  used  as  reference  to  recruit 
LD12 reads from lake metagenomes. Phylogenetic analysis of representative 
genes allowed investigating the representation of the LD12 population by 
SAGs.  Several  patterns  were  observed.  First  of  all,  recruitment  strategy 
proved effective, in the sense that no unrelated reads have been recruited. 
Majority  of  the  reads  fall  below  the  delineation  marked  by  the  earliest 
branching  SAG.  In  cases  where  reads  place  before  the  outermost  SAG 
sequence, the branch length still  indicates their close association with the 
LD12 clade. This ensures that conclusions based on metagenomic reads are 
not confounded by unrelated taxa.

Numerous abundant clades not represented by SAGs are present. There is 
little geographical clustering with microclusters A and B represented in both 
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Swedish and American lakes. One interesting exception is the microcluster 
C, represented by cells P20 and M09, which clusters nearly exclusively with 
reads  from lake  Damariscotta.  These  two SAGs represent  very  abundant 
LD12 group, perhaps resulting from a recent selective sweep that limited 
diversity in that lake. Reasons for such a sweep remain purely speculative, 
but it is interesting to notice high variability of the genomic region putatively 
associated with phage pressure.

Patchwork genome

Commonly  used  approach  to  incompleteness  of  the  SAG data  is  to  pull 
together  sequences  from  several  highly  similar  cells,  hoping  for  higher 
completeness and little assembly complications. I took a different approach, 
of  comparing  the  incomplete  single-cell  assemblies  between  each  other. 
Overlaps between the individual cell scaffolds allowed for ordering scaffolds 
for each cell. It also allowed for putting together a common representative 
for all ten cells from parts of different cells, much like the needlework of 
patchwork.  Interestingly, part  were assemblies start  to break and run into  
conflicts  corresponded  to  the  highly  variable  region  of  Pelagibacter 
genomes. 

Figure 10. Patchwork genome create from single-cell genomes as indicated 
by colors in the order from left to right D10 (violet), L15 (light green), C07 
(light pink), J10 (dark green), M09 (brown), P20 (dark red), L09 (pink), B11 
(orange).

Hypervariable region with glycotransferases

In one of the cells, namely D10, structure similar to that of Pelagibacter 
with  rRNA  flanking  numerous  membrane  biogenesis  genes  was 
reconstructed in one scaffold. In other cells this region is highly fragmented 
and present in separate small scaffolds. Numerous genes show homology to 
Pelagibacter hypervariable  region.  Also,  several  of  the  overrepresented 
protein  gains,  belonging  to  the  category of  cell  wall  and  cell  membrane 
proteins, are located here. The region harbors numerous genes for cell wall 
proteins, including genes coding for the variable O-antigen, repeating unit 
building  the  outer  membrane  lipopolisaccharide  structure.  The 
glycotransferases gains, identified by gene flux analysis, seem to come from 
non-alphaproteobacterial species. Moreover, BLAST inspection of numerous 
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other glycotransferases from the region, also indicate their horizontal transfer 
origin.  It  remains  an  interesting  question  how  LD12  genome  maintains 
synteny and low sequence diversity over majority of the genome, and such 
extremely high variability of this region, both in terms of gene order and 
sequence divergence.

Recombination analysis

The most striking difference between the freshwater and marine genomes 
lies in the estimates of the importance of recombination in their evolution. 
LD12 and marine SAR11 place at the opposite extremes of known bacterial 
variation for mutation to recombination rates r/m (Vos and Didelot 2009). 
Previously observed very high recombination rate for marine SAR11 (Vergin 
et al  2007) gave an estimate of r/m of 61,  based on multilocus sequence 
typing of nine genes from closely related genomes of subclade I. SAG based 
estimate for LD12 is 0.14. Sequence diversity is comparable in both cases, 
and actually lower among the SAR11 sequences used for the r/m estimate. 
So difference in diversity is not the explanation. Neither is the loss of repair  
and  recombination proteins  inferred  in  ancestral  lineage in  the gene  flux 
analysis  and  suggested  earlier  to  cause  increased  recombination  rates  in 
Pelagibacter.  Reasons for this dramatic difference remain speculative and 
might be due to factors related to the environmental adaptation or population 
dynamics.
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Conclusions and perspectives

Metagenomics and single cell genomics are culture independent approaches 
that  allow  studying  genetic  information  of  microbes  from  various 
environments. We have applied these techniques to two kinds of samples: 
human  remains  of  various  ages,  and  freshwaters,  with  the  purpose  of 
learning something more about the bacteria present in those samples.

Fossil metagenomics is still in a rather exploratory phase. The nature of 
the samples often makes generation of replicates impossible and therefore 
biologically  meaningful  comparisons  are  hard  to  make.  Two  samples 
analyzed here,  one from a natural  frozen mummy and one from a fossil, 
exemplify two ends of the taphonomic process. Ötzi, the Tyrolean Iceman, 
has excellent preservation of soft tissue. The distal gut sample from Ötzi is 
putatively  a  mix  between  the high-altitude  altered  gut  community  of  the 
Iceman and microbes associated with the taphonomic process (paper IV). 
More detailed phylogenetic placements of both the bacteria and fungi from 
other  comparative  studies  would  however  be  necessary  to  answer  the 
question of the origin of Ötzi's microbiota. In particular, metagenomic data 
of gut communities from individuals adapted to high altitude would allow a 
meaningful comparison. 

The  Neanderthal  fossil  comes  from  the  other  end  of  the  taphonomic 
process, where no tissue is left and endogenous DNA is scarce. This sample 
was dominated by  Streptomyces,  the DNA of which interestingly did not 
show the typical degradation pattern seen in other ancient DNAs (paper I). 
Further studies of long term cell survival and differences in DNA damage 
between  different  groups  of  bacteria  would  be  valuable  for  clearer 
interpretations.  The  Neanderthal  data  itself  presents  a  good  dataset  for 
assembly  and  further  investigations  of  the  genome  from the  dominating 
bacteria.  In  particular,  comparisons  with  Streptomyces  vityaminophilus,  a 
very  closely  related  strain,  would  be  meaningful.  Furthermore,  abundant 
Illumina data would perhaps allow for assembly of more ribosomal RNAs to 
verify the substitution pattern from a larger number of taxa.

Studying more regular environments, like lakes, makes data accumulation 
and meaningful comparisons easier. The comparative metagenomic approach 
to detect taxonomic and functional differences between lakes and oceans, as 
well as differences that could be attributable to trophy gradient in lakes  was 
the  purpose  of  paper  III.  Previously  known  results  corroborated  in  this 
analysis  included  dominance  of  Actinobacteria  and  Betaproteobacteria  in 
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lakes  and  Alphaproteobacteria  in  the  oceans,  as  well  as  differences  in 
osmoregulation  between  the  habitats.  Novel  findings  included  a  higher 
investment in free amino acid metabolism in the oceans, and differences in 
carbohydrate metabolism between freshwater and marine systems. Substrate 
preference was hypothesized to depend on input of plant-derived material in 
lakes and protein-rich planktonic-derived organic matter in oceans. It would 
be  an  interesting  follow-up  to  find  out  whether  these  differences  are  
attributable to specific abundant taxa or are more widespread, and whether 
they confer crucial habitat adaptations or metabolic solutions present in the 
abundant genomes. Analysis of genomes from the most abundant freshwater 
lineages  and  deeper  coverage  in  the  metagenomes  should  allow  these 
questions  to  be  answered.  It  would  also  be  interesting  to  make  more 
comparisons within different kinds of lakes, ensuring good sampling.

An especially interesting setup for comparing the environmental influence 
in a similar genetic background is using sister groups adapted to oceans and 
lakes. Freshwater LD12 bacteria showed clear microclusters supported by 
phylogenies and sequence evolutionary distance measure dS. Abundance of 
those  microclusters  differed  between  lakes,  with  one  example  of  a 
microcluster that was characteristic for and very abundant in a specific lake, 
and two other microclusters widespread and present  in several  lakes.  The 
intriguing difference in recombination rate between freshwater LD12 and 
marine SAR11 by two orders of magnitude (paper II), is worth a follow-up. 
Generating the same kind of data for both groups, namely SAGs from the 
SAR11  clade  that  are  as  closely  related  to  each  other  as  are  the  LD12 
genomes  analysed  here,  would  be  useful.  Also,  further  inspection  of 
similarly  related  genomes  from  other  taxa,  like  Actinobacteria  or 
Cyanobacteria,  would  be  interesting.  Discerning  the  evolutionary  forces 
shaping patterns of abundance of various taxonomic groups is still a broad 
and open question. In particular, understanding the nature of the observed 
selective  sweeps  that  purge the diversity  and the impact  of  predator  and 
phage pressure would be of interest.

Methodological efforts are an important and perhaps underestimated part 
in  the  development  of  fields  that  are  based  on  bioinformatic  studies.  
Biologically meaningful results  are  the main goal  of  each study, whereas 
benchmarking and tool development efforts perhaps do not receive the same 
kind of attention. I included paper V as an example of benchmarking tools 
for fragment  recruitment of a  metagenome to a reference,  using artificial  
metagenomes. Focusing solely on methods can become a bit abstract, but the 
specific purpose of this study was to decide on a tool that could be used for  
pipeline in paper II, to check how the SAGs represent population diversity 
and  to  infer  microcluster  abundances.  In  order  to  obtain  quality  results 
without  extreme  workloads,  a  platform  for  sharing  methodological 
knowledge  seems  crucial.  Especially  for  meaningful  comparisons,  and 
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building upon the work of others, it seems important to develop transparent 
and well-organized standards. 
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Streszczenie po polsku

Żyjemy w świecie mikrobów, które można znaleźć wszędzie:  w ziemi, w 
wodzie, w powietrzu, nawet w naszych własnych żołądkach, na skórze czy w 
buzi... Zrozumienie tego wszechobecnego komponentu mikrobiologicznego 
ma znaczenie zarówno dla naszego zdrowia, jak i dla środowiska. Niestety 
bakterie  środowiskowe  bardzo  trudno  hodować  w  laboratorium,  co  jest 
podstawą  tradycyjnych  badań  mikrobiologicznych.  Jedynie  około  1% 
bakterii, które występują w środowisku, poddaje się tej technice badań. Jeśli 
chcemy  się  czegoś  dowiedzieć  o  pozostałych  99%,  niezbędne  jest  inne 
podejście. Nowo rozwijane techniki badań opierają się głównie na informacji 
genetycznej bakterii, czyli DNA. Każda komórka przetrzymuje swoje DNA 
w genomie, a jego odczytywanie nazywa się sekwencjonowaniem. W trakcie 
doktoratu  zastosowałam  dwie  z  nowych  technik  mikrobiologii, 
metagenomikę  i  genomikę  pojedynczych  komórek,  do  badania  próbek  z 
jezior i prehistorycznych ludzkich szczątków.

Metagenomika  to  jednoczesne  badanie  DNA  wszystkich 
mikroorganizmów z próbki środowiskowej. Użyłam jej, żeby dowiedzieć się 
czegoś o bakteriach z kości Neandertalczyka i z jelita zamarzniętych zwłok 
Ötziego.  Jak  konkretnie  można  uzyskać  metagenom  z  próbki?  W  tym 
przypadku należy wziąć mały kawałek kości, zmielić i wydobyć całe DNA, 
jakie  znajduje  się  w próbce.  Potem DNA trzeba  zsekwencjonować,  czyli 
odczytać.  Całe  DNA z  próbki  oznacza  mieszaninę  fragmentów  z  wielu 
różnych organizmów, którą trzeba uporządkować w trakcie analizy danych.

Badania  prehistorycznych  szczątków  miały  na  celu  mikrobiologiczną 
eksplorację nowego środowiska, o którym niewiele wiemy. Podstawowym 
pytaniem było, jakiego typu bakterie można tam znaleźć. Dodatkowo, czy 
uda się postawić jakieś hipotezy dotyczące ich pochodzenia, roli i wieku. W 
kości Neandertalczyka, którą badałam, dominowały bakterie  Streptomyces, 
które prawdopodobnie były zdolne do rozkładu kości. Być może nie są to 
kopalne  bakterie,  chociaż  na  pytanie  o  wiek  trudno  dać  jednoznaczną 
odpowiedź. DNA Streptomyces nie wykazało zmian typowych dla kopalnego 
DNA.

Jelita  Ötziego,  tyrolskiego  człowieka  z  lodu,  zdominowały  bakterie 
Clostridia i  grzyby  należące  do  Basidiomycota.  Grzyby  prawdopodobnie 
pochodzą z lodu, w którym ciało uwięzione było przez tysiące lat. Trudniej 
odpowiedzieć  na  pytanie,  dlaczego  w  próbce  znajduje  się  tak  dużo 
klostridiów. Mogły one brać udział w początkowych etapach rozkładu ciała 
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po śmierci Ötziego. Jest również możliwe, że ich ilość wzrosła gwałtownie 
w przewodzie pokarmowym tuż przed śmiercią, w trakcie wysokogórskiej 
wspinaczki jaką wykonał Ötzi. Do odpowiedzi na to pytanie potrzeba więcej 
danych porównawczych.

Drugim  środowiskiem,  jakie  badałam  pod  kątem  żyjących  w  nim 
mikroorganizmów,  były  jeziora  ze  Szwecji  i  ze  Stanów  Zjednoczonych. 
Woda  słodka  jest  kluczowym  zasobem  naturalnym,  od  którego  jesteśmy 
zależni,  stąd  znajomość  mikrobiologii  jezior  nie  jest  wyłącznie 
zaspokajaniem ciekawości.  Jest  istotna dla jakości  wody,  jak również dla 
ogólnego  zrozumienia  zachodzących  procesów  biologicznych  i 
geochemicznych. Tutaj również posłużyłam się metagenomami. W tym celu 
zsekwencjonowano  mikroorganizmy  z  próbek  wody  z  kilku  jezior. 
Porównanie metagenomów z jezior i mórz pozwoliło na postawienie hipotez 
na temat funkcji istotnych dla mikrobów żyjących w słodkiej wodzie. Białka 
odpowiedzialne za transport do komórki i osmoregulację, czyli utrzymanie 
odpowiedniego  ciśnienia  związane  z  zasoleniem,  okazały  się  szczególnie 
istotne.  Wydaje  się  również,  że  bakterie  z  jezior  i  oceanów  mają  inną 
strategię  wykorzystywania  węglowodanów,  co  należałoby  potwierdzić  w 
dalszych badaniach.

Kontynuując badania nad mikroorganizmami jeziornymi,    skupiłam się 
na konkretnej grupie bakterii, zwanej SAR11. Jest ich bardzo dużo w wodzie 
morskiej,  zwłaszcza  na  powierzchni  ciepłych  mórz,  i  mają  blisko 
spokrewnioną  grupę  siostrzaną  w jeziorach,  nazywaną  LD12.  Tak  blisko 
spokrewnione  organizmy są  do  siebie  bardzo podobne.  To czyni  badanie 
różnic  pomiędzy  nimi  tym  ciekawszym,  iż  są  one  prawdopodobnie 
  związane z przystosowaniem do różnych środowisk. Ale jak badać LD12, 
którego nie da się hodować w laboratorium? Częścią tego doktoratu było 
zsekwencjonowanie  dziecięciu  pojedynczych  komórek,  które  zostały 
rozsortowane z próbek wody. Chociaż to tylko dziesięć komórek, tworzą one 
wyraźnie  oddzielone  podgrupy,  mikroklastry  filogenetyczne.  Używając 
jednocześnie  pojedynczych  genomów  i  metagenomów,  można 
zaobserwować  różnice  w  tym,  jak  częste  są  konkretne  mikroklastry  w 
różnych jeziorach. Na przykład jeden z mikroklastrów występował prawie 
wyłącznie  w  jednym  z  amerykańskich  jezior,  gdzie  dominował  wśród 
bakterii  typu  LD12.  Inny  mikroklaster  był  wszechobecny  i  występował 
zarówno w Szwecji, jak i w Stanach Zjednoczonych.

Najbardziej uderzającą różnicą było to, w jaki sposób powstaje zmienność 
w  genomach  bakterii  LD12  z  jezior  i  SAR11  z  oceanów.  Dwa  procesy 
wprowadzają  nowe  warianty  wśród  sekwencji  DNA:  mutacje  i 
rekombinacje. Mutacje to błędy w czasie kopiowania genomu, gdy komórka 
 dzieli  się  na dwie.  Rekombinacja  oznacza  wymianę małych fragmentów 
genomu na  nowe,  pochodzące  z  innego genomu.  Częstość  występowania 
tych dwóch procesów różni się pomiędzy bakteriami, nie do końca wiemy 
dlaczego. Względna ilość rekombinacji w porównaniu do mutacji zmienia 
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się  o  dwa  rzędy  wielkości  w zależności  od  grupy  bakterii.  Co  ciekawe, 
jeziorni  i  morscy  kuzyni  wśród  SAR11  sytuują  się  na  przeciwległych 
krańcach skali. Jest kilka możliwości, dlaczego bakterie wybrały tak różne 
strategie ewolucyjne.  Oczywiste  jest  to,  że w poznawaniu świata  bakterii 
dużo jeszcze przed nami.

W moim wypadku badania nad bakteriami oznaczały głównie pracę przed 
komputerem.  Wspomniane  metody  są  nowe  i  upewnienie  się,  że  analiza 
danych  jest  wiarygodna,  wymagało  znacznego  wysiłku.  Dużo  czasu 
spędziłam,  testując  metody  na  danych,  co  do  których  wiedziałam,  jaki 
powinien być rezultat. To może brzmi technicznie i mało ekscytująco, ale 
jest bardzo ważne dla interpretacji docelowych danych. Jako przykład tego 
typu pracy zamieściłam manuskrypt opisujący testy metod identyfikowania 
fragmentów  z  metagenomu  przy  pomocy  konkretnego  genomu,  którym 
jesteśmy  zainteresowani.  Wspomniałam  wcześniej,  że  mając  pojedyncze 
genomy LD12 i metagenomy można sprawdzić, jak często dany mikroklaster 
występuje  w  różnych  jeziorach.  W  praktyce  oznacza  to  wyłowienie 
sekwencji LD12 z mieszaniny wszystkich bakterii występujących w danym 
jeziorze, np. Erken. Jeśli przypadkowo załapią się inne bakterie lub zgubi 
zbyt  dużo  LD12,  wnioski  będą  błędne.  Taki  problem,  i  podobnego  typu 
pytania, wymagają przetestowania metod bioinformatycznych, zanim użyje 
się ich na prawdziwych danych.

Nowe technologie umożliwiają nam dostęp do biologicznego mikroświata 
na  skalę,  która  wcześniej  nie  była  możliwa.  Odkryliśmy  samo  istnienie 
mikrobów zaledwie kilkaset lat temu i dzięki temu lepiej rozumiemy różne 
procesy, jak choroby lub produkcję żywności. Teraz zaczynamy dostrzegać, 
jak  ważną  częścią  świata,  włączając  nasze  własne  ciało,  stanowią 
mikroorganizmy. Lepsze ich poznanie było dla mnie ekscytującą podróżą i 
nie mogę się doczekać jej kontynuacji!
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Svensk sammanfattning

Det är en mikrobiell värld vi lever i. Mikroorganismer finns överallt: i jord, 
sjöar, luften, även i vår mage, vår hud och mun... Att förstå den mikrobiella 
världen  har  betydelse  både  för  människors  hälsa  och  miljö.  Men 
miljömikrober är väldigt svåra att odla i laboratorier. Att odla bakterier är det 
traditionella sättet att studera dem, men det är möjligt bara för 1% av den 
mikrobiella mångfald som finns i naturen. Nya tekniker som är oberoende av 
odling är nödvändiga för att vi ska få kunskap om de resterande 99%. De 
nyutvecklade  teknikerna  är  i  huvudsak  baserade  på  genetisk  information, 
DNA. Varje cell har sitt eget DNA i en arvmassa, och dess avläsning kallas 
sekvensering.  I  denna  avhandling  tillämpar  jag  två  odlingsoberoende 
tekniker,  metagenomik  och  single  cell  genomik,  för  prover  från  gamla 
mänskliga kvarlevor och sjöar.

Metagenomik innebär att man studier arvsmassan från alla organismer i 
ett  miljöprov.  I  studien  användes  den  för  att  undersöka  bakterier  från  en 
Neandertalares ben och från tarmarna i  en frusen mumie. En liten bit  av 
benet  maldes  ner  för  att  isolera  DNA.  Det  extraherade  DNA-t  är  en 
blandning  av  många  olika  organismer  som  sedan  måste  sorteras  under 
analysen. 

Studier  på  mikrobiell  nivå  av  förhistoriska  mänskliga  kvarlevor  är  ett 
relativt nytt område. De viktigaste frågorna var vilka typer av bakterier som 
finns där och om vi kan ställa hypoteser om deras ursprung, roll och ålder. 
Jag fann att Streptomyces dominerade det fossil från Neandertalaren som jag 
studerade.  Streptomyces  var  förmodligen  involverade  i  den  naturliga 
nedbrytningen av benet. Kanske var bakterierna inte lika gamla som benet, 
men det är svårt att säga. Streptomyces DNAt var inte förändrat på ett sätt  
som man brukar se hos gammalt DNA. 

Tarmen från  den  frusna  mumien,  Ötzi,  dominerades  av  Clostridia  och 
svampar som tillhör gruppen Basidiomycota. Svamparna kom troligen från 
isen kring mumien. Det är svårare att få svar på varför det var så mycket 
Clostridier  i  tarmarna.  De  kanske  deltra  i  förruttnelseprocessen,  dvs, 
kroppens nedbrytning efter döden. Det är också möjligt att de ökade i antal 
när Ötzi gick högt upp i bergen och syrehalten i luften han andades ändrades. 
Mer data krävs för att besvara denna fråga.

Den  andra  miljön  jag  studerade  var  sjöar,  både  i  Sverige  och  USA. 
Sötvatten är en viktig naturresurs som vi är beroende av, och därför är det  
bra att förstå hur sjöar fungerar. Bakterier är viktiga för vattensäkerhet, men 
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också för biologiska och geokemiska processer i sjöar. I studien användes 
metagenomdata igen. Vattenprover togs från flera sjöar och alla mikrober i 
proverna sekvenserades. Jämförelse av metagenomdata från fsjöar och hav 
gjorde  det  möjligt  att  lägga  fram  en  hypotes  om  viktiga  funktioner  för 
mikrobers  tillvaro i  sötvatten.  Proteiner ansvariga för osmoregulation och 
transport var särskilt viktiga. Det verkar som bakterier från sjöar och hav har 
olika strategier för att hantera kolhydrater.

Fortsättningsvis fokuserade jag på en grupp bakterier som kallas SAR11. 
De är mycket rikliga i haven och förekommer även i sjöar, och kallas då 
LD12. Denna nära relation innebär att de har ett gemensamt ursprung och är  
mycket lika. Det i sin tur gör det desto intressantare att jämföra skillnader, 
eftersom  de  förmodligen  har  att  göra  med  de  olika  miljöer  de  lever  i.  
Problemet är hur LD12 ska studeras om de inte kan odlas i labbet. Som en 
del av denna avhandling sorterades och sekvenserades tio individuella LD12 
celler från sjöprover. Trots att det var bara tio celler, faller de in i tydliga 
grupper som kallas för subkluster. Genom att studera både arvsmassan från 
dessa  enskilda  celler  och  metagenomdata  samtidigt  blev  det  möjligt  att 
uppsakatta hur vanligt förekommande de olika subklusterna var i olika sjöar. 
Det varierade mycket. Ett subkluster fanns enbart, och då i stor mängd, i en 
av de amerikanska sjöarna. Andra subkluster var mer vanligt förekommande 
och hittades i sjöar i både Sverige och USA.

Den  mest  slående  skillnaden  låg  i  hur  dessa  bakterier  genererade 
sekvensdiversitet. Två processer som introducerar nya varianter är mutation 
och  rekombination.  Mutationer  är  misstag  som  sker  när  kopior  av 
arvsmassan tillverkas under celldelning. Rekombination innebär byte av en 
liten del av arvsmassan för att få en ny version från en annan källa. Vikten av 
dessa processer varierar mellan olika bakterier, av skäl som vi ännu inte helt 
förstår.  Den  relativa  frekvensen  av  rekombinationshändelser  jämfört  med 
mutationshändelser  skiljer  sig  med  två  storleksordningar  mellan  olika 
grupper av bakterier. Det är intressant att de SAR11 bakterier som anpassat 
sig  till  marina och  sötvattensmiljöer,  respektive,  är  varandras  motsatser  i 
detta avseende. Det kan finnas flera orsaker till att de valt olika evolutionära 
strategier.  Tydligt  är  att  mycket  återstår  att  utforska  om den  mikrobiella 
världen.

I mitt fall innebar studierna av bakterier en hel del datorarbete. Metoderna 
är nya och det krävde mycket arbete för att säkerställa att jag analyserade  
data  tillförlitligt.  Jag  tillbringade  mycket  tid  på  att  utveckla 
riktmärkningsmetoder,  vilket  innebar  att  jag  jämförde  hur  de  metoderna 
fungerar i test dataset där jag visste vad resultatet skulle bli. Det kanske låter 
tekniskt  och inte  så  spännande,  men det  är  mycket  viktigt  för ytterligare 
tolkningar av data.  Som ett  exempel på denna typ av arbete,  presenteras 
testmetoder för passa ihop alla små sekvensbitar i ett metagenomdataset till 
arvsmassor som bestämts för redan kända bakterier. De metoder vi jämförde 
skulle sedan användas för att bestämma förekomsten av olika LD12 kluster i 
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de sjöar som vi studerade. Tanken var att jag skulle fiska upp sekvenser som 
tillhörde LD12 från en blandning av alla typer av bakterier som fanns i en 
viss sjö, exempelvis Erken. Om jag av misstag skulle råka fiska upp andra 
bakterier eller inte lyckas få fram LD12, kunde slutsatserna bli felaktiga. För 
att  undvika detta måste de bioinformatiska metoderna testas innan de kan 
användas på verkliga data från okända mikrober.

Nya tekniker ger oss oöverträffad tillgång till den mikrobiella världen. För 
ett  par hundra år sedan upptäckte forskarna att  mikroorganismer existerar 
och det gav oss djupare kunskap av många viktiga fenomen , som sjukdomar 
och livsmedelsproduktion. Nu börjar vi förstå att mikrober är en stor del av 
världen, inklusive våra egna kroppar. Det var en spännande resa att lära sig 
mer om dem och jag ser fram emot att fortsätta denna resa!
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part  of any organization.  Daniel,  Petter,  Jonas  – thanks for showing me 
Sweden  from  the  inside.  Krysia  and  Łukasz,  Petar,  Monica,  Kuba, 
Martyna -  it  is  great  to have you around guys! Ramesh.  Djalal,  Lena, 
Micke - thanks for great corridor times, it is good to bump into each other 
every now and then to see we are all doing well. Thanks to all evo-devo-
people, especially  Per with family, Daniel, Kasia, Vincent, it is good to 
expand molecular  perspective  every  now and then,  especially  over  some 
food and beer.

I want to thank those who supported me in the hardest times for making 
me feel better, even if you were just doing your job, especially Sara Brunt, 
Karolina Androsiuk and Karoline Isaksson, as well as Signe Henriksson. 
Also, to the ones I supported through Women for Women International, and 
gave me back the perspective on life that I needed.  Francine, Kahambu 
Esther - news from you guys are endless source of joy!

Trying to remember all the people who were so important over my - is 
that possible? - almost seven years in Sweden now, a day before giving my 
thesis to printing, not forgetting someone is a zero-probability event as some 
would call it. If you find yourself representing that group, please forgive me 
and let's have a fika soon!
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