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Abstract

Living mammals are divided into three groups, Monotremata, Marsupialia and Placentalia.
Complete mitochondrial (mt) genome sequencing has provided a large dataset for inferring
phylogenetic relationships between these groups and within Placentalia. Marsupials however, are
underrepresented, with only mt genomes from an opossum (Didelphis virginiana) and a wallaroo
(Macropus robustus) having been published prior to this study. Herein I report complete mt
genome sequences for two further marsupials, a northern brown bandicoot (Isoodon macrourus)
and a common brushtail possum (Trichosurus vulpecula). Phylogenetic analysis of the protein-
coding and RNA-coding mtDNA sequences provides the first statistically robust support for
placing bandicoots within the cohort Australidelphia (Australasian marsupials plus

Microbiotheria).

Examination of vertebrate mtDNA sequences revealed two major problems for phylogeny
reconstruction, (a) nucleotide (particularly cytosine versus thymine) compositional bias among taxa
and (b) differences in substitution processes between data partitions (concatenation bias). Both
biases enhanced the signal for Marsupionta, a grouping of marsupials and monotremes. When the
DNA sequence was RY-coded (lumping C and T, and lumping A and G) and the maximum-
likelihood analysis partitioned over subsets of similarly evolving sites the traditional morphology-

based Theria hypothesis (marsupials plus placentals) was recovered.

The relationships of monotremes, marsupials and placentals to Mesozoic (65-250 mybp) fossil taxa
that are known from near-complete skeletons were tested with dental, mandibular, vertebral,
basicranial and upper and lower appendicular characters. The null hypothesis for the phylogeny of
Mesozoic mammals that retained essentially ancestral mammalian niches (morganucodontids,
(eutriconodonts, (spalacotheriids, (eupantotheres, (eutherians, metatherians))))) is strongly
supported and congruent with respect to the above anatomical region partitions. The inclusion of
the fossorial (echidnas) and semi-aquatic (platypuses) monotremes induces extreme and
topologically complex incongruence between the anatomical region partitions. A novel
incompatibility analysis for examining signal and conflict among characters indicates that
homoplasy affecting monotreme placement evolved non-independently among characters,
essentially at the level of the anatomical regions. After consideration of monotreme shoulder girdle
and forelimb traits, in view of trends among the background phylogeny, it is apparent that
correlated reversal of upper appendicular characters has occurred along the monotreme stem
lineage. This is consistent with phylogenetic inference from both mtDNA and the other anatomical

regions, which together suggest a close relationship between monotremes and therians.
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As with the molecular data, the major problem affecting phylogeny reconstruction from
morphological data is non-stationarity in evolutionary processes, such as functional convergence.
Monotreme affinities appear to be affected by a less recognizable non-stationarity problem, in that
niche-related modification results in attraction towards outgroup taxa. Comparison of
morphological and molecular trees suggests that outgroup-attraction of “morphological long-
branches” may be a common problem. Incorporating information on morphological evolutionary
processes will be crucial for inferring the relationships of fossil taxa to extant mammals.
Nevertheless, it is encouraging that analysis of RY-coded mtDNA data resulted in a placental tree,
that unlike previous mtDNA trees, is entirely consistent with interordinal relationships inferred
from long nuclear sequences. Furthermore, divergence dates inferred from the mtDNA analysis
suggest that as well as monotremes, at least two marsupial and six placental lineages diverged prior
to the Cretaceous-Tertiary boundary. However, it seems likely that the phyletic and ecological
diversification of modern mammals was not tightly coupled, with the later diversification being

largely restricted to the Tertiary period.
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Abbreviations and symbols

A

aa
AIC
C
CM1
CMD,
CMIg
CMI
df

G
GTR

H,
H-strand

kb
LB

L-strand
LCA

mtDNA
mybp

NJ
OTU
PHT

RASA
RCV
RNA
IRNA

ti
tRNA

adenine

amino acid

Akaike information criterion

cytosine

character-map incompatibility
observed character-map incompatibility
expected character-map incompatibility
relative character-map incompatibility
degrees of freedom

guanine

general time-reversible (model of nucleotide
substitution)

null hypothesis

heavy-strand (mtDNA)

kilo base(s)

lower appendicular and basicranial meta-
region

light-strand (mtDNA)

last common ancestor

log-likelihood

muscle

muscles

minimum-evolution
maximum-likelihood
maximum-parsimony

mitochondrial

mitochondrial DNA

millions of years before present
mandibular, vertebral and dental meta-region
neighbour-joining

operational taxonomic unit

partition homogeneity test

protein

purine (adenine and guanine)

relative apparent synapomorphy analysis
relative compositional variability
ribonucleic acid

ribosomal RNA

thymine

transitions

transfer RNA

transversions

upper appendicular characters
pyrimidine (cytosine and thymine)

R 18 R,X

centrifugal force (relative to gravity)
chi-square

infinity

gamma-model

gamma shape parameter



Terminology

abduction Movement of a body part away from the midline of the body (e.g. the elbow moving
laterally, further from the sagittal plane of the body).

adduction Movement of a body part toward the midline of the body (e.g. the elbow moving
medially, closer to the sagittal plane of the body).

advanced / primitive In the context of this work, the words primitive and advanced describe
relative placements or character state conditions with respect to the mammalian backbone lineage,
rather than suggesting that some character states or taxa are intrinsically more advanced than
others. antebrachium The lower forelimb, from elbow to hand.

apparent phylogenetic signal Character covariance above “noise” in a data matrix that may or
may not result from common ancestry (i.e. may be convergence etc.). I often refer to this simply as
signal.

basicranium The base of the skull

buccal In dental morphology, the aspect of teeth that faces the cheek or the outside of the mouth.
condyle A rounded projection at the end of a bone, usually as part of a bone to bone joint.
cursorial Behaviour of (and adaptation for) running.

crown group A taxonomic grouping that includes the last common ancestor (LCA) of a given
set of (often extant) taxa and all living and extinct descendents of that LCA.

crus The lower hindlimb, from knee to foot.

distal In anatomy, away from the centre of the body or away from the end that is attached to the
body (e.g. the knee is distal to the hip).

dorsal The back, or upper side (in vertebrates, the surface closest to the notochord).

foramen A hole, usually for the passage of blood vessels and nerves through bone or cartilage.
fossorial Digging adaptation and/ or behavior.

gamma distribution In molecular phylogenetics, a continuous or discrete distribution of
evolutionary rates across data (DNA or amino acid) sites.

glenoid (usually) ossified cup-shaped socket for another bone.

indel Insertion or deletion event, leaves a gap in a molecular sequence alignment.

lateral Pertains to the side of the body, or as a relative term, the part furthest from the sagittal
plane (e.g. the cheeks are lateral to the tongue).

lingual In dental morphology, the aspect of teeth that faces the tongue or the inside of the
mouth.

manus Carpus (=wrist) and forefoot (=hand)

medial Pertains to the middle of the body, or as a relative term, the part closest to the sagittal
plane (e.g. the tongue is medial to the cheeks).

NT-coding Standard coding for DNA (A, C, G, T).

paradentary bones Plate-like bones attached to the dentary, these are splenial and coronoid that
occur in many Mesozoic mammals

parasagittal 1. posture, with feet placed directly under their proximal attachments and the elbow
or knee in approximately the same plane as these, 2. locomotion, with limbs swinging through an
arc that is approximately parallel to the sagittal plane (the vertical plane through the midline of the
body). I consider posture and locomotion that has the manus and pes almost vertically aligned with
their proximal attachments, but with the knees and/or elbows somewhat lateral to these (due to
humeral/femoral abduction) to be near-parasagittal.

pes hind foot (including the ankle)

phylogenetic signal Character covariance above “noise” in a data matrix that results or is
inferred to result from common ancestry. I refer to character covariance above “noise” in a data
matrix that may, or may not, result from common ancestry (i.e. may be convergence etc.) as
apparent phylogenetic signal, or simply as signal.
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phylogenetic trend (or evolutionary trend) The tendency for a character or complex of
characters to undergodirectional evolution, along a lineage, or within a group of taxa. This relates
to gradual (as opposed to punctuated) evolution under selection pressures that remain similar along
a lineage, or among members of a clade. As such, in the context of this work, evolutionary trends
are not orthogenesis, which implies the maintenance of directional evolution, independently of
selection.

plesiomorphy An ancestral character state.

postdentary bones Three associated bones that are lodged in the postdentary trough on the
medial surface of the dentary of mammal-like reptiles and early mammals such as Morganucodon,
and form the primitive jaw-joint (articular-quadrate). Of these bones, the articular and prearticular
were (phylogenetically) transformed into the malleus in modern mammals, while the angular
become the tympanic bone, which supports the tympanic membrane of the ear.

promimal In anatomy, towards the centre of the body or the end that is attached to the body (e.g.
the hip is proximal to the knee).

purine bias Nucleotide compositional bias in which the relative frequency of the two purines
(adenine versus guanine) differs between taxa. Indicated by variability (or the standard deviation)
across taxa in a dataset for the frequency difference between A and G (A-G).

pyrimidine bias Nucleotide compositional bias in which the relative frequency of the two
pyrimidines (thymine versus cytosine) differs between taxa. Indicated by variability (or the
standard deviation) across taxa in a dataset for the frequency difference between T and C (T-C).
RY-coding Coding nucleotides as either purines (A and G = R) or pyrimidines (T and C = Y).
sagittal plane A vertical plane through the midline of the body, in most bilaterally symmetrical
animals (including all tetrapods).

scansorial Behaviour including (and adaptation for) both climbing and terrestrial locomotion.
signal Character covariance above “noise” in a data matrix that may or may not result from
common ancestry (i.e. may result from correlated homoplasy etc.). I also refer to this as apparent
phylogenetic signal.

Stem taxa Organisms excluded from a specified crown group, but more closely related to that
crown group than to another crown group. For example, Archaeopteryx is considered to be a stem
bird.

stemminess A relative measure of phylogenetic structure, defined here as the percentage of
uncorrected minimum-evolution tree distance attributed to internal (as opposed to external)
branches.

synapomorphy A derived character state that is (or is inferred to be) shared between taxa as a
result of common ancestry.

Synapsida Taxonomic group that includes mammals and taxa more closely related to mammals
than are sauropsid reptiles (such as birds, turtles and lizards). The name Synapsida refers to the
presence of a single opening in the skull (behind the eye socket).

synonymous substitution A nucleoside substitution that does not result in an amino acid
replacement. In contrast, a non-synonymous substitution does result in an amino acid replacement.
transition In molecular biology, a nucleotide substitution from one purine to another purine
(A©G) or from one pyrimidine to another pyrimidine (T<-C).

transversion In molecular biology, a nucleotide substitution from a purine to a pyrimidine (e.g.
A—T) or from a pyrimidine to a purine (e.g. T—>A).

trochlea A pulley-like articular surface.

ventral The undersurface (in vertebrates, the surface furthest from the notochord).
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Candidate’s note

This thesis is a collection of published papers and extensions of manuscripss it pmpnrmon 1o 3
submission, to international journals. Each chapter has an introduction and can be madcnia
The intention for the following introductory notes is to provide additional backgmuad Iﬁ'

and a rationale for the current examination of relationships among mammals.








