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What is a microbiome? 



Microbiomes 

•  A microbiome is the collection of all micro-organisms 
that live in a given environment 

•  Metagenomics is the study of the genomic material 
recovered from a microbiome sample 

•  Allows us to investigate communities in habitats 



How do we sample a habitat? 
•  Originally culture and sequence strategies were employed 

–  Found that many (if not most) microbes were unculturable 

•  Often 2nd generation sequencing is used in one of two 
manners: 
–  Direct sequencing of a (part of a) marker gene 
–  Random sequencing of whole genomes 

•  Often results in capturing ~80% of total metagenome 

–  Can lead to large datasets that are difficult to process 
•  Recent marker gene study resulted in 1 billion reads from over 500 samples 
•  (this is where all that UNIX training can come in handy) 

•  Meta-data is normally also collected. E.g.: 
–  Body Mass Index (BMI) 
–  pH 
–  Salinity 



What’s involved in studying 
microbiomes? 
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NGS technologies 
Assembly algorithms 
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Computer hardware: important when you have >1TB of sequence data!! 
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•  We have a sample and want to know the species abundance 
–  Can then relate this to metadata and environmental changes 

•  Basic procedure 
–  Sequence a marker gene from your sample 
–  Compare sequenced reads to a database of full length marker gene 

sequences 
•  Homology or composition based 
•  Phylogenetic based 

–  Assign reads to a given species or higher taxonomic rank 
•  Taxonomic assignment of a metagenome is not trivial 

–  Need good reference database 
–  Need diverse reads/deep sequencing to cover all microbiome 

•  Approaches 
–  Unsupervised (e.g. Qiime1) 

•  Place into bins but don’t know if these bins relate to ‘species’ 
–  Supervised homology/composition (e.g. RITA2) 

•  Reliant on a good reference database 
–  Supervised phylogenetic insertion (e.g. pplacer3) 

•  Reliant on a good reference database 

•  All these require a good marker gene to be chosen 

Who is there? 
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16S as a marker 

•  Component of the 30S small subunit in prokaryotes 
•  First used by Carl Woese  

–  Was used to define the Archaea as a separate domain and 
introduce the 3 domain system 5 

•  Often used as a phylogenetic marker due to high 
conservation across prokaryotes 

•  Near universal primers can be used for sequencing in 
microbiome studies 

•  Can tell us who is there but not what they do…mostly 



Inference of function from 16 
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16S as a marker 

•  Component of the 30S small subunit in prokaryotes 
•  First used by Carl Woese  

–  Was used to define the Archaea as a separate domain and 
introduce the 3 domain system 5 

•  Often used as a phylogenetic marker due to high 
conservation across prokaryotes 

•  Near universal primers can be used for sequencing in 
microbiome studies 

•  Can tell us who is there but not what they do…mostly 
•  Multiple copies are present in each prokaryotic cell 

–  Makes quantification of relative abundances difficult 
–  Not all copies are identical 



Human microbiome: 
Creation, shaping and variation 



Human microbiome video 
(that probably wont work) 

•  http://www.wimp.com/yourmicrobes/ 

•  Jessica Green, University of Oregon 



Human microbiome 

•  The collection of microbes which live in or on the 
human body 

•  Approximately 10 times as many microbial cells as 
human cells7 

•  Generally studied as multiple environments: 
–  Skin 
–  Vaginal 
–  Oral 
–  Digestive tract 



Data from Costello et al13 
Map created with GenGIS14 



Human microbiome 

•  The collection of microbes which live in or on the 
human body 

•  Approximately 10 times as many microbial cells as 
human cells7 

•  Generally studied as multiple environments: 
–  Skin 
–  Vaginal 
–  Oral 
–  Digestive tract 

•  Undertakes several functions 
–  Modulates immune system 
–  Breaks down glycans 
–  Creates energy sources for host and community 
–  Protects against pathogens 



Human microbiome: Cool Facts 
•  Genetic pool of the gut microbiome in Japanese populations 

contains a gene that can break down porphyran found in seaweed8 

–  LGT from a seaweed-residing bacterium Zobellia galactanivorans 
•  Strains of bacteria present in the gut may affect levels of stress and 

anxiety (shown in mice)9  
–  Strains of Lactobacillus may stimulate production of GABA receptors in 

brain 
•  The composition of the skin microbiome can influence the likelihood 

of being bitten by a mosquito10 
–  Higher levels of Staphylococcus and Variovorax 

•  Faecal transplants from healthy patients into those who suffer from 
Crohn’s disease can cause disease to go into remission11 

–  Also works for curing C. difficile infections 
–  Now have a synthetic version called ‘RePOOPulate’ 

•  Changes in penile microbiome in circumcised men may affect the 
likelihood of being infected by HIV12 

–  Reduced numbers of anaerobic bacteria reduces the number of immune 
cells in the area 



Beginnings of a human microbiome 

•  A foetus in the womb is (likely) sterile15  
•  Initial colonisation of a baby occurs the moment it is 

born 
–  Microbes adhere to child from birth canal 
–  Environmental exposure seeds further microbes 

•  Establishment of this community in early years is influenced by 
many factors 

–  Breast-fed/formula-fed 
–  Antibiotic usage 
–  Home environment such as plants and animals 

•  These initial inhabitants are not the ones that progress in later 
life16 

–  May exist as ‘primers’ for environment 
–  Diversity increases and relative abundances of phyla shifts dramatically 



Thus, the microbiota has been suggested as a target for thera-
peutic intervention for several chronic diseases (13, 20–22).
Adult microbiotas are thought to be relatively stable over time (14,
23, 24); this stability imparts resilience to disturbance, ensuring
continued gut function. In a disease context, however, such sta-
bility and resilience could be detrimental if the gut community is
pathogenic. Understanding the succession of bacterial consortia in
the human gut during childhood may help in the development of
strategies to guide the formation of health-promoting microbiotas
that could then be maintained throughout the life of the host.
Our study of the gut microbiome of one infant followed over

a 2.5-y period allowed an in-depth look into the dynamics of a de-
veloping intestinal ecosystem in relation to known disturbances.
We observed a gradual increase in diversity over time, related to
a gradual change in community diversity. Superimposed on these
patterns of gradual change are the effects of life events, such as
drastic diet changes or antibiotic treatments, which result in large
shifts in the relative abundances of taxonomic groups. The quali-
tative measures of diversity, such as PD and UniFrac, responded
to time, but the quantitative measures, such as the specific abun-
dances of OTUs assembled into consortia of interacting species,
responded to life events. Additional studies considering multiple
subjects will assess whether infant microbiomes respond consis-
tently to the same life events.
Our metagenomic analyses provided additional insight into the

dynamics of the developing microbiome. For instance, the infant
suffered a fever at day 92, during the exclusively breast-milk–fed
period, which is followed by a shift in the abundances of a specific
suite of OTUs. Fungal and viral genes were enriched at that time,
suggesting a transient imbalance in the microbiota that might have
been directly related to the fever. Another noteworthy observation
was that genes facilitating the breakdown of plant-derived poly-
saccharides were present during this period, despite an exclusive
breast-milk diet. This second observation is consistent with other
metagenomic analyses of infant gut microbiomes, which reported
microbial enzymes that degrade nondigestible polysaccharides of
plant origin (2, 5). Together these studies suggest that the infant
microbiome is metabolically ready for receiving simple plant-de-
rived foods, such as rice cereal. This may explain why the in-
troduction of rice cereal did not result in detectable changes in the
16S rRNA gene profiles in this intant’s gut microbiome.
The introduction of peas and formula, followed by other table

foods, may have been the cause of a codominance of the Bacter-
oidetes and Firmicutes and enrichment in functional genes char-
acteristic of the adult gut microbiome. In addition to carbohydrate-

using genes used for the breakdown of plant polysaccharides,
functional genes present in the weaned infant microbiome in-
cluded those involved in the breakdown of xenobiotic compounds
and in vitamin biosynthesis. The abundances of bacterial phyla
were relatively constant after weaning, indicating that the infant
gut microbiome has reached a stable state. Together these results
suggest that the 2.5-y-old human gut microbiome has many of the
functional attributes of the adult microbiome.
The fine-scale temporal sampling allowed us to test whether

the gut microbial community was subject to ecological assembly
rules over time. The C-score and checkerboard analyses, which
test for species cooccurrence and exclusion, strongly support
a nonrandom pattern of community assembly. The human gut
microbiota is known to be composed of syntrophic partners (25),
as well as competing members (26, 27). Such ecological inter-
actions likely underlie the nonrandom associations of species
constituting the microbiota.
The introduction of table foods was followed by a large shift in

phyla abundances within the infant’s microbiome, in addition to
increased bacterial loads and SCFA levels. Although specific
members of the Firmicute phylum, such as Roseburia spp., are
known to produce butyrate and respond to carbohydrate levels in
the diet (28), this analysis did not detect positive relationships
between Firmicute OTUs and SCFA levels, perhaps because
a wide variety of gut bacteria can produce these metabolites.
However, our 16S rRNA gene analysis showed a dramatic and
sustained increase in the abundance of Bacteroidetes immedi-
ately after the introduction of peas and other table foods to the
diet. The Bacteroidetes are specialized in the breakdown of
complex plant polysaccharides (29); the introduction of plant-
derived carbohydrates into the diet could have boosted pop-
ulations of Bacteroidetes, which is consistent with mouse micro-
biome studies (30). The metabolic activities of these Bacteroidetes
may have either directly or indirectly increased production of
SCFAs. Consistent with these observations, low levels of Bacter-
oidetes in the gut are correlated with obesity, which itself may
result from a diet low in plant-derived polysaccharides (23, 31).
Thus, together these results further support the notion that a diet
high in plant material promotes a microbial community structure
and metabolite production that is beneficial to the human host.
This study revealed the power of sampling a microbiome over

time to gain insight into the events that can alter its phylogenetic
and functional composition. Our results complement those of
Palmer et al. (4), who documented large compositional shifts in
the abundances of major bacterial taxa over time in 14 babies,
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important consequences for human health and physiology.
These interactions can have beneficial nutritional, immuno-
logical, and developmental effects, or pathogenic effects for
the host [2,5,7,18,45].

This study began with the development of a DNA micro-
array with nearly comprehensive coverage of the bacterial
taxa represented in the available database of SSU rRNA gene

sequences. Our microarray design and experimental methods
were based on lessons learned in the validation of a less
comprehensive SSU rDNA microarray [46]. These previous
experiments enabled us to optimize our methods for
computational prediction of SSU rDNA hybridization behav-
iors, and to develop an experimental protocol that maxi-
mized hybridization specificity. The excellent concordance in

Figure 7. Temporal Profiles of the Most Abundant Level 3 Taxonomic Groups

Level 3 taxonomic groups were selected for display if their mean (normalized) relative abundance across all baby samples was greater than 1%. The x-
axis indicates days since birth and is shown on a log scale, and the y-axis shows estimated (normalized) relative abundance. For some babies, no values
are plotted for the first few days because the total amount of bacteria in the stool samples collected on those days was insufficient for microarray-based
analysis.
doi:10.1371/journal.pbio.0050177.g007
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Microbiota of the Infant Intestine

Adapted from refs 16 and 17  



Temporal fluctuations 
•  The human microbiome appears to change daily 

–  Fluctuations in environmental interactions 
–  Changes in diet can reshape microbiome in a single day18 
–  New microbes entering body 

•  Different body sites are distinguishable but no core species 
consistently present within a site19 



Temporal fluctuations 
•  Communities shown to fluctuate in other habitats too 
•  Microbiomes of microbrewery has different community profiles at 

different points in the brewing20 

•  These communities occur naturally with little overlap between 
timepoints 



Functional core 
•  Despite lack of species continuity, functional cores appear to be 

present21 
•  Varying species undertake similar metabolic pathways 
•  Allows for transient population without large fluctuations in 

community function 
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Discriminating by cores 
•  Many studies segregate samples based on species abundances 

–  Fluctuations in species make this unlikely to work over time 

•  Difficult to find functions that discriminate between samples 



Discriminating by cores 
•  Many studies segregate samples based on species abundances 

–  Fluctuations in species make this unlikely to work over time 

•  Difficult to find functions that discriminate between samples 
•  However, subsystems may discriminate, not individual functions21 
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Discriminating by cores 
•  Many studies segregate samples based on species abundances 

–  Fluctuations in species make this unlikely to work over time 

•  Difficult to find functions that discriminate between samples 
•  However, subsystems may discriminate, not individual functions 
•  The pathways that form these discriminating ‘metabotypes’ may 

not be completed within same organism (metabolic handovers) 
or may be transferred within a habitat (lateral gene transfer) to 
allow for environmental adaptation 



Habitual sharing: 
diverse communities and LGT 



Levels of diversity 

•  Microbiomes can vary greatly in the level of diversity 
•  Simple communities such as the Aphid microbiome 

–  Highly integrated relationship between host and a few 
endosymbionts22 

•  Moderately diverse communities such as KB1 
–  A dechlorinating community consisting of 13 species with 

moderate to high levels of integration23   

•  Highly diverse communities such as the human 
microbiome 
–  Many different species in one habitat24 
–  Unknown levels of integration 



Community integration and evolution 

•  Microbes interact with each other constantly within 
microbiome 

•  Symbiotic relationships arise within such communities 
•  Symbiosis can turn into dependencies 

–  Prochlorococcus reliant on marine community for hydrogen 
peroxide removal25 

–  Dehalococcoides reliant on KB1 community for cobalamin 
and methionine production23 

–  Black queen hypothesis25 

•  Host/microbe symbiosis often occurs in tightly 
integrated communities 



ing in insect hemolymph) to glucose (30) is significantly up-re-
gulated in the bacteriocyte relative to the body (LOC100162689,
Dataset S1). Ample glucose in bacteriocytes can fuel glycolysis in
both Buchnera and the bacteriocyte, resulting in abundant ATP
and favoring the GS/GltS cycle. The quantitative contribution of
this cycle to amino nitrogen supply is not resolved, however.
Among other insects, the GS/GltS cycle has been character-

ized in vivo in mosquitoes (31, 32) and silkworms (33–35). In the
silkworm, GltS activity is associated with nitrogen recycling
through the GS/GltS cycle; GltS activation in the posterior silk
glands allows enhanced utilization of nitrogen (in the form of
glutamate converted from glutamine) for the synthesis of silk
protein (33–35). In the mosquito, GS/GltS activity is linked to
ammonia detoxification; following a blood meal, GS and GltS
are highly expressed in the fat body (32), the main tissue involved
in ammonia detoxification (36).
Also important in facilitating the interaction with Buchnera are

genes related to transport and immunity. Our expression data
suggest that transport of amino acid-related metabolites and
substrates across both host-derived membranes in the bacter-
iocyte (the bacteriocyte cell membrane and the membrane en-
casing individual Buchnera) (Fig. 4) is required. A total of 82
active transporters were up-regulated in the bacteriocyte, and
these include amino acid, sugar, organic acid, and ABCC and
ABCG type transporters (Dataset S2). Four of six amino acid
transporters up-regulated were cationic amino acid transporters
(Dataset S2). This type of transporter is responsible for trans-
porting positively charged amino acids, such as Buchnera-
synthesized histidine, lysine, and arginine, from one side of the
membrane to the other. Two other types of amino acid trans-
membrane transporters were also upregulated in the bacteriocyte

(Dataset S2) and may play an important role in exporting amino
acids outside of the bacteriocyte to the hemolymph as well as
transporting amino acids across the Buchnera-enclosed host mem-
brane. Six immune-related genes were up-regulated in the bacter-
iocyte (Dataset S2). These include one GST and two lysozyme-
related enzymes (Dataset S2), which are known to detoxify
stress-causing agents and to degrade bacterial cell walls, re-
spectively (37). Potentially, lysozyme and detoxification enzymes
help to defend against invading microbes. Two immune genes
belonging to the JAK/STAT pathway and one gene belonging
to the JNK pathway were also up-regulated (Dataset S2). The
roles of these pathways are presently unknown.
In conclusion, global gene expression of the bacteriocyte

reveals that the pea aphid and Buchnera cooperate to synthesize
a full spectrum of required amino acids. Although evidence based
on more limited sequencing of bacteriocytes shows some elevated
expression of amino acid-related genes in pea aphid bacteriocytes
(14), this study provides support for a genome-wide coordination
of host gene expression with bacterial metabolic pathways in
a host–endosymbiont symbiosis. Buchnera produces essential
amino acids that are deficient in the aphid’s diet with the help of
complementary aphid-encoded enzymes. Nonessential amino
acids that are not synthesized by Buchnera are synthesized by the
aphid’s bacteriocyte. Maintenance of a balanced profile of amino
acids by the aphid is most likely achieved by the generation of
glutamate for the anabolism of other amino acids through the
GOGAT cycle. Ammonia recycling via the GOGAT cycle in the
bacteriocyte may be a key mechanism in sustaining this nitrogen-
limited symbiotic relationship.
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Community integration and evolution 

•  Microbes interact with each other constantly within 
microbiome 

•  Symbiotic relationship arise within such communities 
•  Symbiosis can turn into dependencies 

–  Prochlorococcus reliant on marine community for HOOH 
removal25 

–  Dehalococcoides reliant on KB1 community for cobalamin 
and methionine production23 

–  Black queen hypothesis25 

•  Host/microbe symbiosis can also occur in tightly 
integrated communities 

•  Where does one organism end and the other begin? 



Lateral Gene Transfer 
•  Also called horizontal gene 

transfer 
•  First observed between 

pneumococci in mice26 
•  3 main ways: 

–  Transformation 
•  Uptake of naked DNA 
•  Often limited to specific 

environmental cues 
•  Estimated ~1% of known species 

–  Conjugation 
•  Involves the transfer of plasmids 
•  Many plasmids are highly 

promiscuous 
–  Transduction 

•  Involves an intermediate phage 
•  Rampant evidence in nearly all 

prokaryotic genomes 

©!!""#!Nature Publishing Group!

!

1  Entry into the transfer process
• Release of naked DNA

• Packaging into phage particle
• Presence of pac sites
• Interaction with mating-pair formation apparatus
• Integration of plasmid into chromosome

3  Uptake + successful entry
• Restriction
• Antirestriction systems
• Selection against restriction sites

Donor

Recipient

2  Selection of recipient
• Uptake sequences in DNA
• Binding of naked DNA

• Surface exclusion

• Phage receptor specificity
• Pilus specificity

4  Establishment
• Replication 
• Integration
• Homologous recombination
• Illegitimate recombination

COMPETENCE
The ability of bacteria to take up 
extracellular DNA.

For natural transformation to occur, bacterial cells 
must first develop a regulated physio logical state 
of COMPETENCE, which has been found to involve 
approximately 20 to 50 proteins. With the exception 
of Neisseria gonorrhoeae, most naturally transform-
able bacteria develop time-limited competence in 
response to specific environmental conditions such 
as altered growth conditions, nutrient access, cell 
density (by quorum sensing) or starvation. The 
proportion of bacteria that develop competence in a 
bacterial population might range from near zero to 
almost 100%. As the growth environments and factors 
that regulate competence development vary between 
bacterial species and strains6, there is no universal 
approach to determine if a given bacterial isolate can 
develop competence as a part of its life cycle. To the 
extent investigated, the proportion of bacteria found 
to be naturally transformable is approximately 1% of 
the validly described bacterial species7. The ability to 
take up naked DNA by natural transformation has 
been detected in archaea and divergent subdivisions 
(phyla) of bacteria, including representatives of the 
Gram-positive bacteria, cyanobacteria, Thermus spp., 

Deinococcus spp., green sulphur bacteria and many 
other Gram-negative bacteria8,9. Many human patho-
genic bacteria, including representatives of the genera 
Campylobacter, Haemophilus, Helicobacter, Neisseria, 
Pseudomonas, Staphylococcus and Streptococcus, are 
naturally transformable9. The conserved ability to 
acquire DNA molecules by natural transformation 
among a broad range of bacteria indicates that the 
genetic trait is functionally important in the environ-
ment, enabling access to DNA as a source of nutri-
ents or genetic information. Prerequisites for natural 
transformation include the release and persistence of 
extracellular DNA, the presence of competent bacte-
rial cells and the ability of translocated chromosomal 
DNA to be stabilized by integration into the bacterial 
genome or the ability of translocated plasmid DNA to 
integrate or recircularize into self-replicating plasmids 
(FIG. 2). 

Release of extracellular DNA in the environment. 
Natural transformation relies on bacterial exposure to 
extracellular DNA molecules in the environment. DNA 
continually enters the environment upon release from 
decomposing cells, disrupted cells or viral particles, 
or through excretion from living cells. The release of 
intact DNA from decomposing cells depends on the 
activity and location of nucleases and reactive chemi-
cals. Active excretion of DNA has been reported for 
many genera of bacteria, including Acinetobacter, 
Alcaligenes, Azotobacter, Bacillus, Flavobacterium, 
Micrococcus, Pseudomonas and Streptococcus8–10. For 
instance, extracellular DNA has been found at con-
centrations of up to 1–3 µg per ml in liquid cultures 
of an Acinetobacter sp. and Bacillus subtilis11 and up to 
780 µg per ml in cultures of the environmental isolate 
Pseudomonas aeruginosa KYU-1 REF. 12. Recently, 
extracellular DNA has been identified as an important 
component in biofilm formation13. Nevertheless, the 
extent of, and role of, active release of DNA by bacteria 
in natural, nutrient-limited habitats remains to be fully 
understood.

Passive release of DNA from dead bacteria occurs 
after self-induced lysis, a process that results in broken 
cell walls and membranes and the subsequent exposure 
to, and release of, cytoplasmic contents, including DNA, 
in the environment14. Pathogenic microorganisms can 
also undergo lysis caused either by the host immune 
system or the antibiotic treatment of infections. From 
studies of 14C-labelled Escherichia coli, it has been 
estimated that between 95% and 100% of the bacte-
rial DNA is released after contact with the immune 
system15. Most of this DNA is probably degraded 
by DNases present in human serum and plasma. In 
one study, the mean DNase activity of 50 patients 
destroyed 90% of the added DNA of Haemophilus 
influenzae within a few minutes16. A different study, 
however, reported longer persistence times for both 
chromosomal and plasmid DNA in serum17 — large 
plasmids and chromosomal DNA were substantially 
degraded after a 4-hour exposure of a serum-sensitive 
E. coli strain, but smaller plasmids (pBR322 and 

Figure 1 | The process of horizontal gene transfer. 
A schematic outlining the stages through which DNA must 
go on its journey from donor to recipient bacteria. The 
process begins with DNA in a potential donor cell becoming 
available and ends when this DNA becomes a functional part 
of a recipient cell’s genome.
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Studying LGT 
•  Detection of LGT is a very difficult problem 
•  Most common method: 

–  Take gene of interest 
–  BLAST against a database 
–  Build tree of hits and construct phylogeny 
–  Find closest relative to gene of interest 
–  Is it the taxonomically closest partner? 

•  If not, likely LGT 
–  Confirm with composition approaches such as codon usage, 

flanking genetic content, genomic island analysis etc 
•  How do we determine the likely donor? 

–  Cannot root the tree as potential LGT means there is no 
reliable outgroup 

–  Need to deal with unrooted trees and clanistics28 



Clanistics 

•  2 taxa are more closely related to each other than to 
others if they have a common ancestor that excludes 
all others 
–  Requires a root 

•  Clades are groups of taxa that are more closely 
related to each other than all others 
–  Requires a root  

•  Unrooted trees can tell us likely clades and sister 
groups but not definitive 

•  Suggested that unrooted clade equivalents be called 
‘clans’ and equivalent sister groups be called 
‘adjacent groups’ 27 



Determining an adjacent group 
•  Assume E, F, G form a clan 
•  They form a clade under 7 possible rootings (red arrows) 
•  There are 3 adjacent groups that would be sister groups in a 

rooted tree 
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Determining an adjacent group 
•  Assume E, F, G form a clan 
•  They form a clade under 7 possible rootings (red arrows) 
•  There are 3 adjacent groups that would be sister groups in a 

rooted tree 
•  For a single gene it is simpler as there are only 2 adjacent 

groups (For E it would be (F,G) or (A,B,C,D)) 
•  Can use dating information, compositional analysis or maximum 

distance methods to attempt to resolve 
•  No sure-fire method 
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Frequency and Distance of LGT 

•  Estimated that at least 18% of bacterial genome 
contents are derived from LGT events29 

•  LGT was found to be rampant in the human 
microbiome 
–  Occurred more often between closely related species30 
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Frequency and Distance of LGT 

•  Estimated that at least 18% of bacterial genome 
contents are derived from LGT events29 

•  LGT was found to be rampant in the human 
microbiome 

–  Occurred more often between closely related species30 
–  Can greatly modify the genomes of related strains31 
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Frequency and Distance of LGT 

•  Estimated that at least 18% of bacterial genome 
contents are derived from LGT events29 

•  LGT was found to be rampant in the human 
microbiome 

–  Occurred more often between closely related species30 
–  Can greatly modify the genomes of related strains31 

•  Can occur between distantly related species 
–  Several examples of inter-domain transfers 
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Frequency and Distance of LGT 

•  Estimated that at least 18% of bacterial genome 
contents are derived from LGT events29 

•  LGT was found to be rampant in the human 
microbiome 

–  Occurred more often between closely related species30 
–  Can greatly modify the genomes of related strains31 

•  Can occur between distantly related species 
–  Several examples of inter-domain transfers 

•  If genes can be identical between evolutionarily 
distant ‘species’, how do we define the boundaries? 



LGT  
+  

Community evolution 
= 

New species concepts? 



Do we need species? 
•  Perhaps not 

•  Useful for clinicians for treatment 

•  Useful for counting organisms in an environment or 
relating abundances to changes 

•  Useful for discussing projects etc. 

•  “I look at the term species as one arbitrarily given for 
the sake of convenience to a set of individuals 
resembling each other” (Darwin, 1859)  



Species as clusters 

•  Species concepts are generally based on the notion 
that organisms comprise distinct clusters in nature 

•  This means that there is not a continuum of 
genotypes and/or phenotypes 

•  However, clusters can form under random birth/death 
models32 

–  A species should presumably be a cluster that is formed by 
some process, not just random drift 

•  Any gaps between clusters should not be due to 
sampling bias or error 
–  Not slices from a loaf 
–  Probably the biggest problem for proving clustering 



How can we define a species? 
•  The Biological Species Concept is the most often 

used definition of a species 
–  States that a species is a group where members can 

produce fertile offspring through mating33  
–  Works for (most) animals and plants 
–  Excludes all asexual organisms 

•  Cohans ecotype model34 

–  States that an asexual clonal species can form by a 
mutations that allow it to outcompete others and thus 
selective sweeps occur 

–  LGT is allowed in model to initiate a selective sweep but not 
to shape long-term cohesiveness 

•  Recombination has been shown to contribute more to diversification 
than point mutations in some bacteria  



Defining species from genetic data 
•  In prokaryotes, species were originally defined by >70% in a 

standardized DNA–DNA hybridisation experiment35 

–  Makes some bacterial species as diverse as vertebrate orders  
•  Now, often a species is defined as having within 97% identical 

16S sequences between the two organisms36 
–  This bases the whole organisms classification on one gene’s 

evolutionary history 
–  Can have 16S copies that are up to 20% different37 within the same 

organism, likely due to LGT38 
•  Can also use shared orthologous genes using: 

–  an average nucleotide identity cut-off (usually 95%) 39 
–  concatenated trees 

•  Often incongruent with individual gene trees  





Defining species from genetic data 
•  In prokaryotes species were originally defined by >70% in a 

standardized DNA–DNA hybridisation experiment35 

–  Makes some bacterial species as diverse as vertebrate orders  
•  Now, often a species in a prokaryote is defined as having within 

97% identical 16S sequences between the two organisms36 
–  This bases the whole organisms classification on one gene’s 

evolutionary history 
–  Can have 16S copies that are up to 20% different37 within the same 

organism, likely due to LGT38 
•  Can also use shared orthologous genes using: 

–  an average nucleotide identity cut-off (usually 95%) 39 
–  concatenated trees 

•  Often incongruent with individual gene trees   

–  both disregard the variable part of genome 
•  Can have E. coli  strains that differ by ~50% of genome but same ‘species’40  
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Microbiomes and Species 
•  We cannot ask the simple question ‘Who is there?’ without 

defining species (the who) 
•  Metagenome data has allowed us to somewhat overcome the 

sampling bias 
–  Can now see the minor populations 
–  Can observe if there is more of a continuum 

•  Studying prokaryotes as a community has raised many extra 
questions 
–  Do they evolve as a community? 

•  Community evolution often thought of just as sum of individual evolutionary paths 
–  What role do host-associated microbiomes play in their evolution/

speciation? 
•  Can begin to ask what a unit of diversity is 

–  Are the clusters we see distinguishable from random birth/death 
models? 

–  Are microbial ecotypes and communities species or what is the base 
unit of diversity? 
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