
Copyright (c) 1992-2006 by Gary J. Olsen

Horizontal Gene Transfer:
When Is a Network Still a Tree?

Gary J. Olsen

Understanding Complex Systems 2006

University of Illinois at Urbana–Champaign
Urbana, IL

May 16, 2006



My World View
I have a very simple world view:



My World View, Too

A Fundamental Goal of Biology Is to Discover the History
Most Consistent with the Present-Day Data
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SOFT WATCHES
"PERSISTENCE OF MEMORY (SOFT WATCHES)"

— Salvador Dalí, 1931

Nothing is gayer than the persistence of memory.
Soft watches, biologically speaking, are the giant Dalinian
DNA molecules which constitute the factors of eternity.

— Salvador Dalí, 1961

"Molecules as documents of evolutionary history."
— Zuckerkandl and Pauling, 1965



Caricature of This Talk

Molecular phylogeny and its meaning

Detecting recent (< 108 yr before present) gene transfers

Detecting more ancient gene transfers

Does gene transfer vitiate a tree of life?



Some Heroes in Molecular Phylogeny

Zuckerkandl and Pauling, 1965
Much of the intellectual foundation of the field

Fitch and Margoliash, 1967
Phylogeny of c-type cytochromes match eukaryotic tree

Woese, 1971 ...
Prokaryotic phylogeny from ribosomal RNAs
Recognition that Archaea and Bacteria are fundamentally different
Most of the major groups of Bacteria and Archaea

Schwartz and Dayhoff, 1978
Phylogeny of life from c-type cytochromes
Chloroplast and mitochondrial origins
The tree can be rooted by ancient duplications

Gogarten et al. and Iwabe et al., 1989
Proposed rooting of the tree
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What Is the Meaning of This Tree?

1. Hypothesis about the History of Ribosomal RNA
Genes?

2. Hypothesis about the History of Ribosomal RNA
Genes, among others?

3. Hypothesis about the History of Genomes?



Some Credits

Carl Woese
Claudia Reich
Jonathan Badger
Ross Overbeek
Dieter Söll
Mike Ibba
Craig Venter and many others who were at TIGR

DoE Microbial Genome Initiative
NASA Exobiology



Horizontal Gene Transfer
(as opposed to sex)

Classical "sex" provides new alleles of genes already in the
genome (or new assortments of alleles)

This does not contribute new genes (no new functions)
Diploid sex involves equal contributions from both parents
Haploid sex usually involves a much smaller fraction of the genome

In contrast, I will talk about horizontal gene transfer of non-
homologous sequences

This contributes new genes (possibly new functions) to a genome
This usually involves only a small percentage of the genome; I am not
talking about genome fusion hypotheses or endosymbioses



Some Approaches

Evidence of recent horizontal gene transfers:
Genome regions with unusual base composition or codon usage
Differences in gene content among closely related strains and species

Evidence of more ancient gene transfers:
Phylogenetic trees of genes than differ from (presumed) organismal
trees



Horizontal Gene Transfer:
Perhaps we should have been prepared

Many important biological features were known to be
transferred horizontally, not just vertically

Looking for antibiotic resistance in hospital isolates reveals
antibiotic resistance genes that were invented elsewhere
and transferred to the strain you examined

Many toxin-producing genes are found in "pathogenicity
islands"

These "alien" genes are often associated with a mobile
genetic element such as a plasmid, insertion sequence,
transposon or prophage



Horizontal Gene Transfer:
How Frequent Is It?

I Don't Know ...



... But Note
Evidence of Horizontal Gene Transfer in Escherichia coli
Speciation

C. Médigue, T. Rouxel, P. Vigier, A. Hénaut and A. Danchin.  1991.
J. Mol. Biol.  222: 851–856.

Used correspondence analysis (a form of factor analysis) to
suggest that E. coli has genes with a codon usage unlike
that of most other E. coli genes



Codons and Codon Usage
Genomes use a 4-letter alphabet to record information:  the
nucleotides A, C, G and T
Instructions for making a protein use groups of 3 consecutive
nucleotides for each amino acid in the protein
For most amino acids, there is more than one way to specify
the same amino acid:

Phenylalanine is TTT or TTC
Leucine is TTA, TTG, CTT, CTC, CTA or CTG
etc.

Each organism has preferences for which codons it uses
We can study this by recording the frequency of each codon:

fTTT, fTTC, fTTA, fTTG, fCTT, fCTC, fCTA, fCTG, etc.



Codons and Codon Usage
Médigue et al. examined every available gene sequence
from E. coli

For each gene they recorded the frequency of each codon,
giving the gene a coordinate in 61-dimensional space

They used correspondence analysis to reduce this to a 2-
dimensional plot showing how E. coli genes differ from each
other



Comparison of Escherichia coli Genomes
(Nicole Perna et al.)

O157:H7 is a pathogenic strain of E. coli (the Jack-in-the-
Box strain)
Comparison of E. coli O157:H7 to E. coli K12 revealed:

O157:H7 has genomic regions totaling 1.0 Mbp that are not present in
the K12 genome
K12 has genomic regions totaling 0.6 Mbp that are not present in the
O157:H7 genome
This covers ~30% of the genome
The time scale of this divergence is about 10 Myr (for each lineage)
~15 genome equivalents of gains and losses per 1000 Myr, or
> 50 genome equivalents in the history of life



How Does Transfer Compare to
Vertical Inheritance?

E. coli K12 and E. coli O157:H7 have evolved independently
for ~10 Myr since their most recent common ancestor, so the
total divergence sampled is ~20 Myr of evolution

There are 200 known sites of DNA gain and/or DNA loss

This means ~100,000 years per fixed insertion or deletion of
a region (each of which is ≤ 1% of the genome)

The cumulative effect is dramatic (30% of the genome), yet
the events are infrequent compared to cell generations

Thus, gene transfers are rare exceptions to a general rule of
vertical inheritance



Phylogenetic Trees:
More Ancient Lateral Transfers

Base composition and codon usage do not reveal ancient
events (>100 Myr)

Nor do they provide direct information on the source of an
alien gene

Molecular phylogenies can provide both of these
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whole genome, is there a tree of life?

If there is a tree of life, then it should be recurring, at least
in fragments



Does a Tree of Life Make Sense?
If genes are moving around and there is no tree for the
whole genome, is there a tree of life?

If there is a tree of life, then it should be recurring, at least
in fragments

If there is a tree of life, conclusions regarding it should
survive the addition of new data



Does a Tree of Life Make Sense?
If genes are moving around and there is no tree for the
whole genome, is there a tree of life?

If there is a tree of life, then it should be recurring, at least
in fragments

If there is a tree of life, conclusions regarding it should
survive the addition of new data

In 1980, Woese et al. published a revolutionary synthesis of
microbial relationships.  Now that we have

>300 complete genome sequences,
more than 100 times as many taxa sampled by rRNA, and
much better phylogenetic analysis methods,

What is the status of their 1980 conclusions?



Status of Some Groups Defined
20–30 Years Ago by Carl Woese et al.

Archaea
Euryarchaeota No change
Crenarchaeota No change

Bacteria
Aquifex No change
Thermotoga No change
Chloroflexus Sister to Deinococcus+Thermus (?)
Deinococcus Sister group to Thermus
Thermus Sister group to Deinococcus
Spirochetes No change
Cyanobacteria No change
Gram-positive Some would say they should be split

High-G+C No change
Low-G+C No change

Fusobacteria Sister group to Gram-positives (??)
Planctomyces No change
Chlamydia No change
Chlorobium Sister group to Bacteroides et al.
Bacteroides/Flavobacterium/Cytophaga Sister group to Chlorobium
Proteobacteria

Alpha-Proteobacteria No change
Beta-Proteobacteria Subgroup of Gamma-Proteobacteria
Gamma-Proteobacteria Includes Beta-Proteobacteria
Delta-Proteobacteria Sister group to epsilons
Epsilon-Proteobacteria Sister group to deltas





What Has Happened to My World View?
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A Global Reservoir of Genes?

The G+C content and codon usage tells us that these are
not genes moving within species, rather they come from
elsewhere

The function of the alien genes is often unknown

Many alien genes do not even have homologs in other
sequenced genomes

There is a huge reservoir of genes still being discovered

Where is this reservoir?  Is it cellular?  Is it viral?  Is it naked
DNA?
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Some Very Different Issues
(but often confused in the literature)

My trees are different than your tree, therefore your tree is
wrong
My trees are different than your tree; no one can get the right
tree for these molecules, therefore we cannot know the
tree
My trees are different than your tree; not all genes share the
same history, therefore there is no tree of life
My trees are different than your tree; not all genes share the
same history, but there are recurring themes in the trees
(including the rRNA tree), and these recurring themes
reflect the tree of life



Parting Thoughts (and Parting Shots)

Horizontal gene transfers do no involve equal contributions;
organismal and genomic lineages remain well-defined
(though not necessarily easy to infer)

Possible exceptions to a well-defined parent:
Endosymbioses
Megaplasmids
Genome fusion hypotheses



Parting Thoughts (and Parting Shots)

Transfer is not a panacea for new functions:  Every function
has to be invented sometime

However, gene transfer allows innovations to be shared with
other organisms quickly relative to the time to (re)invent
them



Is It Possible to Infer a Tree of Life,
Even If All Genes Are Transferred?

There is no assumption in my perspective that even a single
gene has escaped horizontal gene transfer

We see recurring themes in many gene trees; they reflect
the tree of life



Is There an Untransferable Core of Genes?
Among closely related organisms, anything can be
exchanged by homologous recombination

Among even slightly more distantly related organisms,
homologous recombination becomes relatively rare

There may be few if any genes that are not transferred by
nonhomologous recombination, but for some genes the
frequency of successful incorporation is low

The influence of phylogenetic relatedness on
nonhomologous gene transfer is not known


