
Warning: software often displays unrooted trees like this:
/------------------------------ Chara
|
|                               /-------------------------- Chlorella
|                    /---------16
|                    |          \---------------------------- Volvox
+-------------------17
28                   \-------------------------------------------------------------------- Anabaena
|
|            /----------------- Conocephalum
|            |
|            |     /---------------------------- Bazzania
\-----------27     |
             |     |        /------------------------------ Anthoceros
             |     |        |
             \----26        |                      /------------------- Osmunda
                   |        |          /----------18
                   |        |          |           \--------------------------------------- Asplenium
                   |        |          |
                   \-------25          |                 /------- Ginkgo
                            |    /----23         /------19
                            |    |     |         |       \-------------- Picea
                            |    |     |         |
                            |    |     \--------22                /------------ Iris
                            |    |               |           /---20
                            \---24               |           |    \--------------------------- Zea
                                 |               \----------21
                                 |                           \------------------- Nicotiana
                                 |
                                 \----------------------- Lycopodium



We use trees to represent genealogical relationships in several contexts.

Domain Sampling tree The cause of
splitting

Pop. Gen. > 1 indiv/sp.
Few species

Gene tree > 1 descendants of
a single gene copy

Phylogenetics Few indiv/sp.
Many species

Phylogeny speciation

Mol. Gen. > 1 locus/sp. >
1 species

Gene tree.
Gene family
tree

speciation or
duplication



Phylogenies are an inevitable result of molecular genetics



Two types of genealogies



Genealogies within a population
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Biparental inheritance would make the picture messier, but the genealogy

of the gene copies would still form a tree (if there is no recombination).



terminology: genealogical trees within population or
species trees

It is tempting to refer to the tips of these gene trees as alleles or haplotypes.

• allele – an alternative form a gene.
• haplotype – a linked set of alleles

But both of these terms require a differences in sequence.

The gene trees that we draw depict genealogical relationships – regardless
of whether or not nucleotide differences distinguish the “gene copies” at
the tips of the tree.
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A “gene tree” within a species tree

Gorilla                                      Chimp                                              Human 
2       4          1         3                                                                  2        1                                                                                3    1    5    2      4  

“deep coalescence”
coalescence events



terminology: genealogical trees within population or
species trees

• coalescence – merging of the genealogy of multiple gene copies into their
common ancestor. “Merging” only makes sense when viewed backwards
in time.

• “deep coalescence” or “incomplete lineage sorting” refer to the failure of
gene copies to coalesce within the duration of the species – the lineages
coalesce in an ancestral species
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A “gene family tree”

plication events, we compared the level of interparalog diver-
gence between the !- and "-globin genes of marsupials with the
level of interparalog divergence between the 5! and 3! "-like
globin genes of the platypus. For the platypus and each of the
three marsupial species for which genomic sequence was avail-
able, we estimated interparalog divergence at third codon posi-
tions by using MEGA v3.1 (34). If monotremes and marsupials
inherited the same pair of "-like globin genes from a common
ancestor, then levels of interparalog divergence should be similar
in each taxon. In contrast to this expectation, we found that levels
of interparalog divergence in marsupials (range " 39.86% #
3.95% to 43.24% # 3.99%), were substantially higher than the
level of divergence between the 5! and 3! genes of the platypus
(21.62% # 3.36%; SI Fig. 6). Given that we detected no evidence
of interparalog gene conversion in either monotremes or mar-
supials (see above), the lower level of interparalog divergence in
the platypus suggests that the 5! and 3! genes are the products

of a more recent duplication event that was specific to the
monotreme lineage. Similar results were obtained when esti-
mates of interparalog divergence were based on first and second
codon positions (data not shown).

Genomic Comparison of the !-Globin Gene Clusters in Monotremes
and Marsupials. The availability of genomic data allowed us to
make comparisons involving sequence from flanking chromo-
somal regions in addition to coding sequence. In principle,
comparison of the complete "-globin gene cluster of
monotremes and marsupials should allow us to delineate bound-
aries of the duplication blocks in both groups. Dot-plot com-
parisons revealed different boundaries of the duplication blocks
in monotremes and marsupials, suggesting that the tandem
duplication that gave rise to the 5! and 3! genes of monotremes
was distinct from the tandem duplication that gave rise to the !-
and "-globin genes of marsupials. In marsupials, the inferred

Fig. 1. Bayesian phylogram describing relationships among the "-like globin genes of vertebrates. The "-globin sequences from spiny dogfish (S. acanthias)
and arctic skate (A. hyperborea) were used as outgroups. Values on the nodes correspond to Bayesian posterior probabilities.
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subclass Prototheria. We use the ‘‘P’’ superscript to acknowledge
that these genes are not 1:1 orthologs of the !- and "-globin genes
of therian mammals.

In summary, we have demonstrated that the "-like globin
genes of monotremes and therian mammals originated indepen-
dently via lineage-specific duplication events. Additional func-
tional experiments are required to test whether the !P- and
"P-globin genes of monotremes are developmentally regulated in
the same fashion as the embryonic and adult "-like globin genes
of therian mammals. If this proves to be the case, then it will also
be important to assess whether the reinvention of a develop-
mentally regulated system of hemoglobin synthesis entailed
parallel or convergent evolution of protein function and stage-
specific transcriptional regulation.

Materials and Methods
DNA Sequence Data. We obtained genomic DNA sequences for structural
genes in the "-globin gene family from the High Throughput Genomic Se-
quences database (HTGS). All of the genomic sequences analyzed in this study
were in phase 2, meaning that the order and orientation of the constituent
sequence contigs had been firmly established. We characterized the genomic
structure of the "-globin gene cluster in 36 mammalian species, 1 bird species,
and 1 amphibian species. We also included sequences from shorter records
based on genomic DNA or cDNA to attain a broad and balanced taxonomic
coverage of "-like globin gene sequences. This approach allowed us to include
sequences from fish (Danio rerio), amphibians (Xenopus laevis and Rana

castebeina), reptiles (Geochelone chilensis, G. carbonaria, and Alligator mis-
sissipiensis), birds (Cairina and Taeniopygia), and some additional mammalian
taxa (SI Table 2). The "-globin sequences from spiny dogfish (Squalus acan-
thias) and arctic skate (Amblyraja hyperborea) were used as outgroups. Our
final dataset consisted of a 468-bp alignment of coding sequence from 168
"-like globin genes.

We identified globin genes in unannotated genomic sequences by using
the program Genscan (37) and by comparing known exon sequences to
genomic contigs by using the program BLAST 2, version 2.2 (38), available from
the National Center for Biotechnology Information web site (www.ncbi.nlm.
nih.gov/blast/bl2seq). Sequence alignment was carried out by using the pro-
gram MUSCLE (39) as implemented in the Berkeley Phylogenomics group web
server (http://phylogenomics.berkeley.edu), with manual adjustments per-
formed to keep coding sequences in frame.

Phylogenetic Analyses. We estimated phylogenetic relationships among the
different "-like globin DNA sequences in our dataset by using a Bayesian
approach as implemented in Mr.Bayes v3.1.2 (40). The program was used to
simultaneously estimate the tree topology and parameter values for an
independent GTR!"!I model of nucleotide substitution for each codon
position. Two simultaneous independent runs were performed for 30 # 106

iterations of a Markov Chain Monte Carlo algorithm, with eight simultaneous
chains, sampling every 1,000 generations. Support for the nodes and param-
eter estimates were derived from a majority rule consensus of the last 10,000
trees sampled after convergence. The average standard deviation of split
frequencies remained $0.01 after the burn-in threshold. Topology tests were
performed by using the approximately unbiased test (41), as implemented in
the program TreeFinder, version June 2007 (42).

Fig. 4. An evolutionary hypothesis regarding the evolution of the "-globin gene family. According to this model, the #-globin gene originated via duplication
of an ancient "-globin gene that occurred before the divergence of birds and mammals but after the amniote/amphibian split. The #-globin gene has been
retained in contemporary monotremes and marsupials, but it has been lost independently in birds and placental mammals. In the common ancestor of marsupials
and placental mammals, a pair of !- and "-globin genes originated via duplication of a proto "-globin gene after the therian/monotreme split. In the placental
mammal lineage, subsequent duplications of the !- and "-globin genes gave rise to the prenatally expressed $-globin and the adult-expressed %-globin,
respectively. In the monotreme lineage, a pair of "-like globin genes (!P- and "P-globin) originated via duplication of a proto "-globin gene sometime before
the divergence of the platypus and echidnas (the two monotreme lineages). The "P-globin gene is expressed during adulthood, and, on the basis of positional
homology with other "-like globin genes, expression of the !P-globin gene is most likely restricted to embryonic erythroid cells.
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terminology: trees of gene families

• duplication – the creation of a new copy of a gene within the same
genome.

• homologous – descended from a common ancestor.

• paralogous – homologous, but resulting from a gene duplication in the
common ancestor.

• orthologous – homologous, and resulting from a speciation event at the
common ancestor.



Multiple contexts for tree estimation (again):

The cause of
splitting

Important caveats

“Gene tree” DNA replication recombination is usually ignored
Species tree
Phylogeny

speciation recombination, hybridization, and
deep coalescence cause conflict in
the data we use to estimate
phylogenies

Gene family tree speciation or
duplication

recombination (eg. domain
swapping) is not tree-like


