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Set of examples to show that sequence relationships phylogeny inference
are widely used for many kind of applications
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IMPORTANCE  OF  TIME  SCALES AND  THEIR  ESTIMATES
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HUMAN EVOLUTION: STRANGER FROM SIBERIA

Forty thousand years ago, the planet was more crowded than was thought. For
decades scientist believed that there were just two members of the genus Homo
living at that time. First, Neanderthals, which occupied large tracts of Europe and
north Asia, although their days were numbered and within 15,000 years they
became extinct. Second, early modern humans, members of our own species,
who spread across Eurasia from the African homelands that they had left some
10,000 to 20,000 years earlier. This picture changed in 2003 when a third human
species, the tiny 'Hobbit', Homo floresiensis, was discovered in Indonesia, the
most recent of these fossils being only 13,000 years old.

In April 2010 (Nature 464, 894-897 ) DNA-sequencing results from a piece of
finger bone,  discovered in Denisova Cave
in the Altai Mountains of southern Siberia,
were published: rethinking of the recent
human occupation of Eurasia by describing
an unknown hominin — an extinct species
of human ancestor — present in Asia
around 40,000 years ago. The finger bone
came from a layer dated to between 48,000
and 30,000 years ago.



Examples / Course: Genetic analysis and molecular evolution / Fall 2011 / SVarvio 4

HUMAN EVOLUTION: STRANGER FROM SIBERIA

The phylogeny under a GTR+  model using 54 present-day and one Pleistocene modern
human mtDNA (grey), 6 Neanderthals (blue) and the Denisova hominin (red).
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HUMAN EVOLUTION: STRANGER FROM SIBERIA

Krause et al (Nature 464, 894-897) used the molecular clock to compare the
mitochondrial DNA sequences of modern humans, Neanderthals and the Denisova human.
The molecular clock uses the rate at which mutations accumulate in a DNA sequence as a
way of dating the branch points in an evolutionary tree. Their analysis shows that the
lineage leading to the Denisova hominin branched from that leading to modern humans and
Neanderthals just over 1 million years ago. Modern humans and Neanderthals shared a
common lineage for the next 550,000 years before their two lineages diverged about
466,000 years ago.
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DOG  BREED  ORIGINS

Genome-wide SNP and haplotype analyses
reveal a rich history underlying dog
domestication
vonHoldt BM et al Nature 464: 898-902 (2009)

An extensive genome-wide survey of more than
48,000 single nucleotide polymorphisms in dogs
and their wild progenitor, the grey wolf. Dog
breeds share a higher proportion of multi-locus
haplotypes unique to grey wolves from the Middle
East, indicating that they are a dominant source of
genetic diversity for dogs rather than wolves from
east Asia, as suggested by mitochondrial DNA
sequence data. A surprising correspondence
between genetic and phenotypic/functional breed
groupings was found. Middle Eastern wolves were
a critical source of genome diversity, although
interbreeding with local wolf populations clearly
occurred elsewhere in the early history of specific
lineages. More recently, the evolution of modern
dog breeds seems to have been an iterative
process that drew on a limited genetic toolkit to
create remarkable phenotypic diversity.
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CHICKEN  DOMESTICATION: PHENOTYPE  EVOLUTION

Whole-genome resequencing
reveals loci under selection during
chicken domestication
Rubin C et al Nature 464, 587-591
(2010)

Domestic animals are excellent
models for genetic studies of
phenotypic evolution. They have
evolved genetic adaptations to a new
environment, the farm, and have
been subjected to strong human-
driven selection leading to remarkable
phenotypic changes in morphology,
physiology and behaviour. Identifying
the genetic changes underlying these
developments provides new insight
into general mechanisms by which
genetic variation shapes phenotypic
diversity.
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CHICKEN  DOMESTICATION: PHENOTYPE  EVOLUTION

One important  finding  of a
“selective sweep”  in domestic
chicken genome:  the locus for
thyroid stimulating hormone
receptor (TSHR), which has a
pivotal role in metabolic regulation
and photoperiod control of
reproduction in vertebrates.

The TSHR sweep may be
related to a classical feature of
domestic animals, namely the
absence of the strict regulation of
seasonal reproduction found in
natural populations.
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H1N1  INFLUENZA

Origins and evolutionary genomics
of the 2009 swine-origin H1N1
influenza A epidemic
Smith GJ et al (2009) Nature 459, 1122-1125

Phylogeny analysis to  estimate the timescale
of the origins and the early development of the
epidemic.  It was shown that the pandemic
virus  was derived from several viruses
circulating in swine, and that the initial
transmission to humans occurred several
months before recognition of the outbreak. A
phylogenetic estimate of the gaps in genetic
surveillance indicates a long period of
unsampled ancestry before the outbreak,
suggesting that the reassortment of swine
lineages may have occurred years before
emergence in humans, and that the multiple
genetic ancestry of S-OIV is not indicative of
an artificial origin.

HA, NP, NA, PB2, PB2, PA, M, NS are
different genes of the virus.
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H1N1  INFLUENZA



TRACING  THE  ORIGINS  OF ANTIBIOTIC  RESISTANCE

Antibiotic resistance is ancient
D´Costa VM et al. Nature 22. Sept. 2011, 477: 457-461.

Abstract: The discovery of antibiotics more than 70 years ago initiated a
period of drug innovation and implementation in human and animal health and
agriculture. These discoveries were tempered in all cases by the emergence of
resistant microbes. This history has been interpreted to mean that antibiotic
resistance in pathogenic bacteria is a modern phenomenon; this view is
reinforced by the fact that collections of microbes that predate the antibiotic
era are highly susceptible to antibiotics. Here we report targeted metagenomic
analyses of rigorously authenticated ancient DNA from 30,000-year-old
Beringian permafrost sediments and the identification of a highly diverse
collection of genes encoding resistance to -lactam, tetracycline and
glycopeptide antibiotics. Structure and function studies on the complete
vancomycin resistance element VanA confirmed its similarity to modern
variants. These results show conclusively that antibiotic resistance is a natural
phenomenon that predates the modern selective pressure of clinical antibiotic
use.

Examples / Course: Genetic analysis and molecular evolution / Fall 2011 / SVarvio 11



Examples / Course: Genetic analysis and molecular evolution / Fall 2011 / SVarvio 12

TRACING  THE  ORIGINS  OF  ANTIBIOTIC  RESISTANCE

Stratigraphic profile and location of
Bear Creek site. Elevation is
given in metres above base of
exposure. Permafrost samples from
below Dawson tephra were dated to
about 30 kyr BP. Preservation of the ice
below and above the sample indicates
that the sediments have not thawed
since deposition. Silhouettes represent
mammals and birds identified from
ancient DNA sequences that are typical
of the regional Late Pleistocene
environment.   aDNA, ancient DNA.

To explore the vertebrate
and plant diversity, the researchers
amplified fragments of the
mitochondrial 12S rRNA and
chloroplast trnL and rbcL genes.
Amplicons were sequenced with the
454 GS-FLX platform and identified
by BLAST analysis of GenBank
sequences

VM D’Costa et al. Nature 000, 1-5 (2011) doi:10.1038/nature10388
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TRACING  THE  ORIGINS  OF  ANTIBIOTIC  RESISTANCE

They  focused   on Actinobacteria, known
for their ability to synthesize diverse
secondary metabolites and for harbouring
antibiotic resistance genes. They developed
a series of assays to detect genes encoding
resistance to several major classes of
antibiotic and representing diverse
strategies of drug evasion:  the ribosomal
protection protein TetM, which confers
resistance to tetracycline antibiotics by
weakening the interaction between the drug
and the ribosome; the d-Ala-d-Ala dipeptide
hydrolase VanX, which is a component of
the vancomycin resistance operon; the
aminoglycoside-antibiotic-modifying
acetyltransferase AAC(3); a penicillin-
inactivating -lactamase Bla (a member of
the TEM group of -lactamases); and the
ribosome methyltransferase Erm, which
blocks the binding of macrolide,
lincosamide and type B streptogramin
antibiotics.

Unrooted Bayesian phylogenies of translated -lactamase
(bla) (a) and tetracycline resistance (tetM) (b). Blue denotes
predicted resistance enzymes, and green those associated
with other functions; permafrost-derived sequences are
labelled with the originating core name. Sequences in which
resistance activity has been biochemically verified are noted
with a single asterisk.

VM D’Costa et al. Nature 000, 1-5 (2011) doi:10.1038/nature10388
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TRACING  THE  ORIGINS  OF  ANTIBIOTIC  RESISTANCE

VM D’Costa et al. Nature 000, 1-5 (2011) doi:10.1038/nature10388

Vancomycin resistance took the clinical
community by surprise when it emerged in
pathogenic enterococci in the late 1980s.
(a) Resistance results from the acquisition
of a three-gene operon vanH–vanA–vanX
(vanHAX).
(b) Unrooted Bayesian phylogeny of
translated vanA sequences; blue denotes
strains with vanHAX clusters confirmed to
confer resistance.
(c) VanAA2 structure.
(d), Comparison of modern and ancient
VanA monomer structures.

Many of the ancient vanHAX sequences
cluster with characterized glycopeptide-
resistant strains of Actinobacteria
containing vanHAX cassettes Another
group falls between the actinobacterial
sequences and the Firmicutes-derived
cluster, which includes environmental
Paenibacillus isolates and the pathogenic
Enterococci, and may reflect an
intermediate group.
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CHOLERA  PANDEMIC  TRANSMISSION

Evidence for several waves of global transmission in the seventh cholera pandemic
Mutreja A et al Nature 22 Sept. 2011, 477: 462-465.

Abstract: Vibrio cholerae is a globally important pathogen that is endemic in many areas.
Historically, there have been seven cholera pandemics; recent outbreaks in Zimbabwe
and Haiti are included in the seventh and ongoing pandemic. Only isolates in
serogroup O1 (consisting of two biotypes known as ‘classical’ and ‘El Tor’) and the
derivative O139 can cause epidemic Cholera.  It is believed that the first six cholera
pandemics were caused by the classical biotype, but El Tor has subsequently spread
globally and replaced the classical biotype in the current pandemic.
Detailed molecular epidemiological mapping of cholera has been compromised by a
reliance on sub-genomic regions such as mobile elements to infer relationships,
making El Tor isolates associated with the seventh pandemic seem superficially diverse.
To understand the underlying phylogeny of the lineage responsible for the current
pandemic, we identified high-resolution markers (single nucleotide polymorphisms; SNPs)
in 154 whole-genome sequences of globally and temporally representative V. cholerae
isolates. Using this phylogeny, we show here that the seventh pandemic has spread from
the Bay of Bengal in at least three independent but overlapping waves with a common
ancestor in the 1950s, and identify several transcontinental transmission events.
Additionally, we show how the acquisition of the SXT family of antibiotic resistance
elements has shaped pandemic spread, and show that this family was first acquired at
least ten years before its discovery in V. cholerae.
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CHOLERA  PANDEMIC  TRANSMISSION

A maximum-likelihood
phylogenetic tree of the 7th

pandemic lineage of V. cholerae
based on SNP differences across
the whole core genome, excluding
probable recombination events.

The pre-seventh-pandemic isolate
M66 was used as an outgroup to
root the tree. Branches are
coloured on the basis of the region
of isolation of the strains. The
branches representing the three
major waves are indicated on the
far right. The nodes representing
the MRCAs (most recent common
ancestor)  of the seventh
pandemic, and subsequent waves
2 and 3, are indicated with arrows
and labelled with inferred dates.
The presence and type of CTX and
SXT elements in each strain are
shown to the right of the tree.
Cases of sporadic intercontinental
transmission are marked A–D.

A Mutreja et al. Nature 000, 1-4 (2011) doi:10.1038/nature10392
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CHOLERA  PANDEMIC  TRANSMISSION

Phylogenetic tree gives explanations for the transmission events.

A Mutreja et al. Nature 000, 1-4 (2011) doi:10.1038/nature10392



PHYLOGENY  INFERENCE  IN COURT

Molecular evidence of HIV-1 transmission in a criminal case
Metzker et al., PNAS October 29, 2002, 99: 14292-14297.
doi: 10.1073/pnas.222522599

A medical doctor was convicted of attempted second-degree murder by
injecting his former girlfriend with blood or blood-products obtained from an HIV
type 1 (HIV-1)-infected patient under his care.

Phylogenetic analyses of HIV-1 sequences were admitted and used as
evidence in this case, representing the first use of phylogenetic analyses in a
criminal court case in the United States.

Phylogenetic analyses of HIV-1 reverse transcriptase and env DNA
sequences isolated from the victim, the patient, and a local population sample
of HIV-1-positive individuals showed the victim's HIV-1 sequences to be most
closely related to and nested within a lineage comprised of the patient's HIV-1
sequences.
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Phylogenetic analyses of the gp120 and RT sequences (two genes of the virus) to examine relationships
among the patient, victim, and LA (geographical reference area) control viral DNA sequences. The
analyses that formed the basis of the results we presented in court were conducted by using the optimality
criteria of parsimony and minimum evolution (neighbor joining algorithm).

These approaches were used because they were accepted by the court in a pre-trial hearing as
meeting the criteria for admissibility of evidence. Analyses based on direct likelihood evaluations of the
sequence data were not computationally feasible at the time of the pretrial hearing or court case.

Recent developments of Markov-chain Monte Carlo (MCMC) approaches have, however, made a
Bayesian analysis under a likelihood model feasible. Therefore, additional post-trial analyses were
conducted with MCMC Bayesian analysis by using the Metropolis-coupled MCMC algorithm implemented
in the program mrBayes.

Bayesian analysis was based on a General-Time-Reversible model of sequence evolution, with -
distributed rate heterogeneity among sites and a calculated proportion of invariable sites (GTR+ +I).

For each gene, 5,000,000 MCMC generations, and sampled solutions once every 100 generations. After
2,500,000 generations, it was determined that the searches had reached equilibrium by plotting the values
for the likelihood scores and the various parameters of the model. We therefore used the samples from the
final 2,500,000 generations to compute 95% confidence intervals for the model parameters shown in Tables
(next page), and to assess the posterior probabilities of the relationships between the victim and patient
sequences.

Note that the two genes are very different (see the parameter estimates). This serves here as an
example of the importance of models (cf. above, the simple Jukes-Cantor model would not be adequate).Examples / Course: Genetic analysis and
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Means and 95% confidence intervals for parameters of the GTR +  + I model for
gp120 sequences (one gene from the virus)

Parameter Mean 95%  confidence  interval
-------------------------------------------------------------------------------------------------------------
C–T substitution rate 5.03 3.60–7.03
C–G substitution rate 0.97 0.57–1.54
A–T substitution rate 0.75 0.52–1.07
A–G substitution rate 3.87 91–5.10
A–C substitution rate 2.34 1.60–3.34
Frequency of A 0.40 0.37–0.43
Frequency of C 0.15 0.13–0.17
Frequency of G 0.23 0.21–0.25
Frequency of T 0.22 0.20–0.25

 (shape of  distribution) 0.53 0.43–0.68
Proportion of invariable sites 0.08 0.01–0.18

Means and 95% confidence intervals for parameters of the GTR +  + I model for the RT sequences
(another gene from the virus)

Parameter Mean                 95% Confidence interval
__________________________________________________________________________
C–T substitution rate 110.36 23.04–195.53
C–G substitution rate 17.59 2.82–42.02
A–T substitution rate 7.62 1.34–17.32
A–G substitution rate 83.01 16.29–171.17
A–C substitution rate 16.60 3.41–35.62
Frequency of A 0.40 0.36–0.43
Frequency of C 0.17 0.14–0.19
Frequency of G 0.20 0.17–0.23
Frequency of T 0.23 0.20–0.26

 (shape of  distribution) 0.94 0.38–1.94
Proportion of invariable sites 0.50 0.29–0.63
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For the parsimony and minimum evolution analyses, nonparametric bootstrapping  was used to test the a priori
hypothesis of a relationship between the victim and patient sequences. The generally accepted standard for
rejecting a null hypothesis (in this case, the null hypothesis is that the sequences obtained from the victim are not
most closely related to sequences obtained from the patient) is P < 0.05.

In forensic studies, however, there is no widely accepted standard for the meaning of beyond a reasonable
doubt. Under a wide range of conditions, bootstrap proportions (BP) have been shown to represent a conservative
estimate of phylogenetic confidence, and 1-BP was used as a conservative estimate of p (the probability of type I
error) in a test of the a priori hypothesis .  Because of the importance of estimating the strength of the results, as
many bootstrap replications as were computationally feasible for each analysis were constructed.

For parsimony analyses, 100,000 bootstrap replicates, whereas for the more computationally intense maximum-
likelihood distance analyses (in which large numbers of pairwise distances had to be recalculated for each
replicate), 1,000 (gp120) to 10,000 (RT) replicates.

In the parsimony analyses, all 100,000 bootstrap replicates of the gp120 gene data supported the victim and
patient sequences as the most closely related within the analysis (P < 0.00001), and 95,826 bootstrap replicates of
the RT gene data supported the victim sequences as embedded within a group of patient sequences (P <
0.04174).

In the maximum-likelihood distance analyses, all 1,000 bootstrap replicates of the gp120 gene data (P < 0.001)
supported the closer relationship between the patient and victim viral sequences compared with any of the LA
controls, and all 10,000 bootstrap replicates of the RT gene data (P < 0.0001)  supported the victim sequences as
embedded within a group of patient sequences. All 25,000 sampled trees from the MCMC analyses also supported
these relationships (P < 0.00004). The relationships of the patient and victim RT sequences were virtually identical
based on both the originally sampled sequences (sequenced at BCM) and those subsequently sequenced at an
other laboratory.  (NOTE: Maximum likelihood and Bayesian phylogenies have not been introduced during this
Introduction to bioinformatics course.)

The close relationship between the victim and patient samples was thus supported by both of the genes
that we examined, using all major methods of phylogenetic analysis (parsimony, minimum evolution, and
likelihood), and a broad range of evolutionary models.Examples / Course: Genetic analysis and
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Metzker M. L. et.al. PNAS 2002;99:14292-14297
©

Phylogenetic analysis of the
gp120 region using a minimum
evolution criterion assuming
HKY+gamma model of
evolution.

P.ENV and V.ENV are DNA sequences for
provirus PCR products from the patient
and victim, respectively. Sequence names
beginning with LA denote viral sequences
from control HIV-1 infected individuals
from the Lafayette, LA, metropolitan area.
The same pattern of relationships
(monophyly of all patient and victim
sequences) was obtained with all
phylogenetic methods (parsimony,
minimum evolution, and Bayesian) and all
models of evolution examined. In addition
to the 100% bootstrap support of this
relationship for the minimum evolution
analyses, the parsimony bootstrap support
and the Bayesian posterior support were
also 100%.
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Metzker M. L. et.al. PNAS 2002;99:14292-14297

Phylogenetic analysis of the RT
region; details of the analysis are the
same as for previous page.

(a) Tree based on sequences from
BCM .

(b) Subtree of patient and victim
sequences, including those
added by MIC. In both a and b,
the smaller set of boxed
sequences represents the
sequences from the victim, and
the larger set of boxed
sequences represents the
patient plus victim sequences.
The victim sequences were
found to be embedded within
the patient sequences in all
analyses and for all models of
evolution examined. In addition
to the 100% bootstrap support
of this relationship for the
minimum evolution analyses,
the parsimony bootstrap support
was 96% and the Bayesian
posterior support was 100%.
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