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Abstract. Since the first appearance of the Canine Parvovirus (CPV)
about 40 years ago, scientists from different disciplines have been seek-
ing to answer the following questions: How and when has it emerged?
Which other viral species has it emerged from? This single-stranded DNA
virus is not only suitable for in vivo and in vitro experiments, but is also es-
pecially appropriate for in silico studies. In this thesis, we present the phy-
logenetic analyses of more than 100 CPV and closely related FPLV species,
based on both the coding and effector sequences of the viral coat protein.
We propose to use a simplified arithmetic model to calibrate the molecular
clock for CPV and FPLV. We then show the results from the determination
of the rate of nucleotide substitution based on the phylogeny obtained for
the viral coat gene. The results using our model correlate well with previ-
ous estimates for the molecular rate. We are further able to date the fictive
early ancestors of CPV and hence, to give a refined estimate of the CPV
divergence time from the FPLV variant species. Together with the analysis
of synonymous vs. non-synonymous substitutions, we are able to evalu-
ate whether the evolution of CPV and FPLV are under different selective
forces. We also evaluate the dynamics of epidemic vs. pandemic phases
in the recent evolution of CPV antigenic subtypes. We show a correlation
of different values for the molecular rate to phases of host range shift and
adaptive evolution. Our results are supported by the results of a recent
study from another group. Finally, we show the results from identifying
taxon-specific residues in the viral coat protein. Mapping of those residues
on the virion surface helps in understanding the specific behaviour of cer-
tain species and serves as an indicator for biological implications of re-

placement of specific residues in virus-cell interaction.
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Zusammenfassung. Seit dem ersten Auftreten des Caninen Parvovirus
(CPV) versuchen Wissenschaftler zu klaren wie, wann und woraus es ent-
standen ist. Dieses einzelstrangige DNA-Virus ist ein beliebtes Objekt fiir
in vivo und in vitro Experimente, aber auch besonders geeignet fiir in sil-
ico Studien. Wir présentieren die phylogenetische Analyse von mehr als
100 CPV und nah verwandten FPLV Spezies basierend auf den codieren-
den und Effektorsequenzen des viralen Hiillproteins. Wir schlagen ein
vereinfachtes arithmetisches Modell zur Eichung der molekularen Uhr
fir CPV und FPLV vor und zeigen die Ergebnisse der Ermittlung der
molekularen Rate der Nukleotidsubstitution basierend auf der Phyloge-
nie des viralen Strukturgens. Die Resultate, die wir mit unserem Modell
erhalten haben, korrelieren gut mit vorherigen Schatzungen. Wir ausser-
dem in der Lage, die fiktiven Vorfahren von CPV zu datieren und kénnen
so eine verbesserte Schiatzung des Zeitpunkts der CPV Abspaltung von
den FPLV Spezies geben. Anhand der Analyse von synonymen und nicht-
synonymen Substitutionen untersuchen wir, ob die Evolution von CPV
und FPLV unter verschiedenem selektiven Druck erfolgt und bewerten
die Dynamik von epidemischen und endemischen Phasen in der jiingeren
Evolution CPV-antigenischer Subtypen. Wir zeigen eine Korrelation unter-
schiedlicher molekularer Raten mit der Erweiterung des Wirtsspektrums
und evolutiondrer Anpassung auf. Unsere hier vorgestellten Ergebnisse
werden durch die Ergebnisse einer jiingsten Studie bestatigt. SchlieSlich
zeigen wir die Resultate der Bestimmung von taxon-spezifischen Resten
im viralen Hiillprotein. Die Lokalisierung jener Aminosduren auf Ober-
flache des Virions gibt Hinweise auf ein mogliches spezifisches Verhalten
einzelner Spezies und dient als Indikator fiir mogliche biologische Imp-

likationen des Aminosaureaustauchs bei der Virus-Zell-Interaktion.
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Chapter 1

Introduction

“It is better to know some of the questions

4

than all of the answers”
James Thurber

1.1 Motivation

The emergence of Canine Parvovirus some 40 years ago quickly gained the
interest of scientists working in the fields of virology, veterinary medicine,
and, recently, molecular evolution and bioinformatics. Although solved
incompletely, the evolution of CPV is well documented by means of DNA
sequences available from isolates of different outbreaks all over the globe,
being sampled from its first appearance to date. It is the goal of this the-
sis to contribute to solving some of the still unanswered questions of CPV
evolution at the level of molecular data. First, we will evaluate different
hypotheses for CPV emergence proposed in previous studies and are look-
ing for confirmation of either of these hypotheses. Thus, a major part of
this work deals with reconstructing phylogenetic trees based on large data
sets and using different evolution models, phylogenetic methods and pa-

rameters. We are tracking down the evolution of Canine Parvovirus to its



original ancestor and establish the corresponding “true” phylogenetic tree
that represents its development during the past decades. We are also track-
ing temporally and geographically independent outbreaks by comparing
sequence data from isolates of different origin. The analysis of phyloge-
netic trees might not reveal such geographical or historical clusters solely,
but also batches of host range expansion followed by selective adaptive
evolution. Ideally, we try to answer the question whether the shift from
fast evolution! in epidemic phases to slow evolution in endemic phases
is corresponding to particular nodes in the phylogenetic tree. Identifying
the time—and consequently, the place—in the “true” CPV phylogenetic
tree where a shift from faster to slower molecular evolutionary rates or
vice versa has happened then allows to set up a species-specific molecu-
lar clock. We are then able to distinguish between isolates from endemic
and epidemic phases of CPV based on DNA sequence and we might also
deduce trends in the CPV phylogeny to learn more about the essential
principles underlying viral evolution based on evolutionary rates. Anal-
yses like this have been performed for other viruses like HIV [36] and
Influenza [17,23], adding to a better understanding of the emergence and
adaption processes of new viral pathogens. It is a vital part to understand
the evolution of viruses in order to fight the pathogenic potential in their
hosts. Hence, recent viruses like CPV represent a unique chance to observe
evolution at work.

Second, we emphasise the effect of single molecular substitutions on
the viral capsid structure, and how these changes specify the interaction
with the host. CPV itself has emerged through a host range shift, subse-

quently favouring the adaptation to a new host. Once we understand the

'The terms “fast” and “slow” evolution are used with respect to high and low values
for the molecular rate of nucleotide substitution, respectively.
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structural mechanisms involved in virus-cell interactions, the possibility
of another host range shift will be discussed. Then we can take a closer
look at the mechanisms responsible for infection with Canine Parvovirus
and its emergence [18,21,41]. A summary of the current knowledge and
recent findings about general and specific properties of Canine Parvovirus
is given in the following part, including details about the taxonomy, ge-
nomic organisation, infectious mechanisms and evolution of Canine Par-

voviruses.

1.2 Origin, Past & Recent Evolution

The Canine Parvovirus is considered a host range variant of Feline Pan-
leukopenia Virus, sometimes referred to as Feline Distemper Virus. It is
transmitted among dogs orally by encounter with contaminated feces. The
virus requires host cell S-phase machinery; thus, it preferentially invades
proliferating cells of the intestinal tissue, and efficiently replicates in these
rapidly dividing cells. From the intestine, it can spread throughout the
body. Infection with CPV leads to severe symptoms i.e. septicaemia, my-
ocarditis, and gastroenteritis—or may even have lethal consequences for
the host. Young individuals, i.e. puppies, and also hosts with a weak or
depressed immune status or suffering from other intestinal infections, are
particularly susceptible to CPV. CPV has spread worldwide quickly after
its emergence in the late 1970s, and since then has been globally endemic
in both wild and domestic dog populations. Vaccines have been devel-
oped swiftly to combat the disease, but it is still prevalent as shown e.g.
by the number of new CPV infections per year in the US. The major rea-

sons for CPV’s persistence are the quick antigenic replacement of struc-



tural epitopes through antigenic drift and increasing infection efficiency
and binding specificity through adaptive selective evolution. CPV still
represents a serious threat to dog populations, and is also able to bind and
infect cat cells in vitro and in vivo [33] and human cells in culture [45]. Thus,
research has addressed the question of CPV emergence and its evolution-
ary tendencies. Initially, three theories for the emergence of CPV as a host
range variant of Feline Panleukopenia Virus (FLPV) have been proposed
and investigated. First, CPV may have arisen in cat or dog populations
as a natural variant of FPLV. However, CPV is considered very unlikely
a direct descendant of FPLV since no intermediate properties i.e. ances-
tral sequences of canine and feline capsid genes have been found in CPV
and FPLV sequences yet. Indeed, phylogenetic analyses using tight boot-
strapping parameters have revealed that the split between CPV and FPLV
is highly significant. Second, the emergence of CPV from FPLV vaccines
has been studied, but so far, no evidence for the emergence of CPV from
a FPLV live virus vaccines has been found in neither serological nor in sil-
ico analyses [73]. The role of vaccines in the emergence of CPV remains
unclear however, especially since FPLV vaccines have shown to fall into
the CPV clade close to the “old” i.e. initial CPV variants. A third model
proposed CPV to have emerged indirectly from an FPLV-CPV intermedi-
ate host, suggesting wild carnivores—e.g. foxes and wolves [74]. Steinel,
Truyen et al. [64,65] have recently addressed this question in their studies,
and with a Parvovirus sequence from an European Red Fox isolate have
found a true intermediate between CPV and FPLV [64,72,75]. One part of
this thesis will emphasise on looking for evidence for this hypothesis.
The original CPV type 2 (CPV-2) has been present worldwide in dog
populations within a year after the host range shift to dogs. CPV-2, how-



Table 1.1 Specificity of FPLV and CPV antigenic (sub-)types for binding
and infecting feline and canine cells.

Felines Canines Amino Acid
Replacements
FPLV +++ - -
CPV 2 - + 6
CPV 2a + +++ 3
CPV 2b + +++ 1
CPV 2c + +++ 1

ever, initially had lost its ability to bind and infect feline cells (see Table
1.1). Comparisons of the novel CPV with its ancestor FPLV using the
VP2 gene sequence have revealed six amino acid differences between the
species. These mutations have extended the host range from cat to dog
populations. CPV type 2 was then soon replaced by its antigenic variants
CPV-2a which acquired mutations affecting three additional residues, and
later CPV-2b, differing from CPV-2a in one amino acid position only (see
also Table 1.1). Three amino acid changes between CPV-2 and CPV-2a
have increased the specificity of CPV for its new host, and also endowed
the virus with the ability to infect feline cells. Within a few years, CPV
has acquired ten specific amino acid differences to FPLV, which allow the
high-specific identification of CPV types and discriminate those against
their host range variant (HRV) FPLV [74]. Both CPV-2a and CPV-2b have
re-gained the ability to bind and infect feline cells, causing the disease in
either cats and dogs, whereas FPLV has remained specific for feline hosts
solely [76]. In contrast to the original CPV-2, which is considered extinct to
date, its antigenic types 2a and 2b can also co-exist in cat and dog popula-
tions without being replaced by each other. Since CPV-2a and 2b differ ata

single position solely, we will have a closer look at the differences between



these antigenic types of CPV. Recently, occurrences of CPV antigenic type
2c have been reported in Asia [33]. We will include this novel antigenic
type into phylogenetic analysis and examine its properties on nucleotide
level. More details about the nucleotide and amino acid changes affecting

the host range properties of CPV are given in Section 1.5.

1.3 Taxonomic Lineage

The genus Parvovirus is a subgroup of the Parvoviridae, a single-stranded
DNA (ssDNA) virus family. Two subfamilies of Parvoviridae are known,
Parvoviridae and Densovirinae, genera belonging to the second group will
not be subject of this study. Parvovirus species have been identified and
named from isolates, corresponding to the infectious potential for and the
occurrence in specific animal hosts belonging to the mammalian orders
Carnivora and Rodentia. Hence parvoviruses have been classified accord-
ing to their host range: e.g. Canine, Porcine or Human Parvovirus. Fig-
ure 1.1 gives the partial taxonomic lineage of parvoviruses as given in the

ICTVdb [1].

1.4 Genomic Organisation & Gene Products

Parvoviruses are assigned to the class of single-stranded DNA (ssDNA)
viruses. Their unsegmented genome is approximately 5kb big and may
equally occur as positive- (sense) or negative-sensed (antisense) DNA. The
positive form however is prevalent in CPV populations. The viral genome
encodes for two major proteins: the non-structural protein (NS), and the

viral coat protein (VP) (see also Figure 1.4). Both genes are translated into



Family Parvoviridae
Subfamily Parvovirinae
Genus Parvovirus
Species Canine Parvovirus
Feline Parvovirus
Feline Panleukopenia Virus
Mink Enteritis Virus
Raccoon Parvovirus
Porcine Parvovirus
Minute Virus Mouse
Mouse Parvovirus
Rat Parvovirus
Genus Erithrovirus
Species Human Parvovirus B19
Chipmunk Parvovirus
Simian Parvovirus
Genus Dependovirus
Species Adeno-Associated Virus 1-8
Goose Parvovirus
Muscovy Duck Parvovirus
Bovine AAV
Canine AAV
Equine AAV
Ovine AAV
Genus AMDV-like
Species Aleutian Mink Disease Virus
Genus BPV-like
Species Bovine Parvovirus
Subfamily Densovirinae
Genus Densovirus

Figure 1.1 Abridged version of the taxonomic lineage of Parvoviridae and
Parvoviridae, showing the positioning of Carnivore Parvovirus members
used in this study (shown in bold face) within the taxonomy (taken from
ICTVdb).



two proteins, enumerated 1 and 2, respectively. The NS1 protein is the ma-
jor product of the NS gene, and exercises ATPase and DNA helicase activ-
ity in vitro and in vivo, hence it is involved in viral replication [83]. Similar
proteins—with respect to the primary structure of the NS1 protein—have
been described and are involved in virus replication in BoPV, SiPV, AMDY,
Densoviruses, and other viruses [55]. The significantly shorter NS2 protein
is an alternative splicing product of the NS mRNA sharing the N-terminal
domain with NS1. Its function has not yet been described in detail, but it
is very likely involved in viral replication, too [83].

The viral capsid gene (VP) is equally translated into gene products VP1
and VP2 due to alternative splicing of the VP mRNA. The VP3 variant,
however, is not a transcriptional or translational product itself but a post-
transcriptionally proteolytic product of VP2. In this study, nucleotide and
protein sequences of both VP genes are used to reconstruct phylogenetic
trees, emphasising on the VP2 gene sequence. The VP2 gene spans a 1755
nucleotide region in the 3’ part of the genome, starting at position 2.783
with respect to the 5.323nt complete genome sequence of CPV “Norden”
(PUBMED accession number ML9296, [55]). The gene product is a 585
amino acid protein of 67kDa size, and together with VP1 builds up the
viral capsid. The ratio of VP1 to VP2 monomers in the biological unit is
1:10. A detailed description of the biological properties and functions of
VP2 in vivo and in vitro is given in the paragraph below. Figure 1.4 shows
a schematics of the CPV genome (Canine Parvovirus strain “Norden”). It
shows the location of the NS gene near the 5" end, tightly followed by the

VP gene near the 3’ end, with respect to the positive strand.
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Table 1.2 Some general properties of Canine Parvovirus viral proteins 1
and 2. The values in parentheses indicate sequence lengths before splicing
of the intron.

Viral Protein

P t

roperty 1 >
DNA sequence length [nt] é;gg) 1755
Splicing of primary transcript +
Amino acid sequence length [aa] (;ég) 585
Molecular weight [kDa] 833 67.3
Ratio of monomers in virion 1 10
Function: Host range/targeting + +
Function: DNA packaging ? +

1.5 Morphology & Biological Properties

Sixty capsomer units together build the non-enveloped virion’s icosahe-
dral nucleocapsid with a diameter of about 255-260A (Figure B.1). The
full capsid is equally of VP1 and VP2 units wit a ratio of 1:10. The ma-
jority of VP2 monomers is modified, sometimes designated as VP3 units.
VP1 and VP2 are the primary translation products of the VP gene and un-
dergo alternative splicing, resulting in two proteins differing 26 residues
in size and their N-terminal composition (Table 1.2). Assemblies of VP1
and VP2 can build the empty, i.e. non-DNA-containing viral coat. In ad-
dition, the role of VP1 in nuclear transport and its role in cell infection
has been shown [45,80]. Mature particles, however, consist of three dif-
ferent i.e. modified monomers. In contrast to the major proteins VP1 and
VP2, VP3 is not a translational product itself but a post-translational pro-
teolytic product of VP2. All monomers share the same composition of the
C-terminal domain and differ in their N-terminal conformation solely.

The major structural difference between completely assembled empty
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Table 1.3 Nucleotide and amino acid substitutions between FPLV, CPV-2
and its subtypes controlling the canine host range.

Protein Level DNA Level Codon Specificity
Position Substitution Position Substitution Position
80 K—R 239 A—G 2 CPV-2 ¢
87 M—-L 259 A—C/T 1 2/2a
93 K—N 279 C/T—A/G 3 FPLV/CPV
103 V- A 308 T—C 2 CPV-2
A—YV C—T

300 VoG 889 TG 1 2/2a
305 D—-Y 913 G—-T 1 2/2a
323 D—N 967 G— A 1 FPLV/CPV
426 N —-D 1276 A—G 1 2a/2b
564 N —S 1691 A—-G 2 CPV-2 {
568 A—G 1703 C—-G 2 CPV-2
265 T—P 793 A—C 1 Italy
297 S— A 889 T—G 1 2a/b (EUR)

and full capsid particles has been correlated to VP2 [12]. Packed DNA
binds to the inner surface of the capsid in the amino-terminal region of
VP2 which is is exposed inwards in the empty capsids. Mature particles,
however, expose the N-termini of VP2 monomers on the outer surface due
to conformation changes, indicating VP2 plays a major role in DNA pack-
aging [46]. The capsid surface plays a crucial role in host invasion and
determines the host range [29,47,50]. Recently, the infection of host cells
in culture and in vivo has been correlated to specific structural properties
of the VP2 protein [62]. Indeed, very few residues of VP2 are responsi-
ble for targeting and effective interaction with host cells by binding to the
transferrin receptor [19,27,44].

The ability to specifically bind the canine or feline transferrin recep-
tor has been postulated a major driving force in the evolution of antigenic

CPV types [28]. The mutation of very few structural determinant residues

11



interacting with the host cell transferrin receptor has led to the host range
shift of CPV from feline to canine hosts, followed by adaption to its new
host i.e. efficient binding of the canine receptor. The change of two amino
acid residues only has been responsible to introduce the CPV-specific anti-
genic epitope [71]. Two epitopes are directly involved in either host range
determination by interaction with the transferrin receptor and antigenic-
ity through interaction with specific antibodies. In studies using antigenic
variants and structural determinants of CPV VP2 the history of CPV and
its subtypes was reconstructed by means of immunological and in silico
assays. The role of specific residues in the capsid structure is currently
studied using mutants [19,27]. The interaction between the parvovirus
VP2 and the transferrin receptor determines the specificity for feline and
canine hosts. While Feline Parvoviruses have the ability to specifically
bind to the feline transferrin receptor and infect feline cells in culture and
in vivo, they bind to the canine TfR at low levels solely and cannot infect
canine cells. The Canine Parvovirus, however, binds and infects both fe-
line and canine cells due to the ability to specifically bind the canine TfR
(gain of function) without loss of function to bind the feline TR [76]. The
canine host range correlates to three crucial amino acid substitutions of a
total of 10 mutations resulting in different residues. These mutations af-
fect three TfR-interacting epitopes. Residue 93 of the native VP2 chain has
been changed from N to K, located in epitope 1, residue 323 replaces N
with K in the nearby epitope 2, and a third epitope is affected by the sub-
stitution of N by K at position 300. While the epitopes formed by residues
93 and 323 interact directly with the canine TfR, residue 300 in the third
epitope is involved in another, less well-defined yet crucial virus-cell in-

teraction. Other residues may also play a role in virus-cell targeting; their

12



function is currently being studied using mutants. An overview of amino
acid substitutions affecting the host range shift from feline to canine hosts

is given in Table 1.3.
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Chapter 2

A Classical Approach

“It is best to do all things systematically.”
Hesiod

2.1 Phylogenetic Analysis

Sequence Selection and Retrieval. A total of 120 different canine and
feline parvovirus VP2 gene sequences has been analysed in this large-
scale phylogenetic analysis, considering sequence samples from all con-
tinents!. A significant proportion of 25 sequences, i.e. 21% of the total
number of sequences, has been analysed in previous phylogenetic studies
partly solely [26,48,74], and has been deposited neither to GENBANK nor
EMBL sequence databases. Twenty-five sequences from German and US
CPV, FPLV and MEYV isolates were retrieved from the original sequencing
files. These isolates have been collected between 1993 and 2000. Ninety-
five sequences were identified and evaluated in a BLAST search using the
complete genomic sequence of CPV strain “Norden” (GENBANK accession

number ML9296) as a reference and subsequently retrieved from GEN-

'The detailed listing of sequences used in this study is given in Table C.1 in the ap-
pendix section.
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BANK 2. To find support for the hypothesis of CPV emergence from mod-
ified live FPLV vaccines, we considered sequences from FPLV and CPV
vaccines as well as live host isolates. The oldest CPV isolates date back to
1978, and the most recent ones have been isolated in 2003, i.e. the diver-
gence time of CPV from FPLV is at least 36 years. Yet CPV has presumably
emerged significantly earlier than 1978. By that time, it may have already
spent a considerable time in a reservoir host animal before its first actu-
ally documented occurrence in domestic dogs in the late 1970s. Isolates
have been collected in Canada, the USA, Australia, South Africa, Ger-
many, France, Finland, Italy, Poland, the UK, the Soviet Union, China, In-
dia, Japan, Taiwan, and Thailand. Previous studies investigating the emer-
gence and evolution of CPV in Brazil, Italy, and South Africa [7,8,51,79]
included several virus sequences not deposited to GENBANK or another
nucleotide database and hence, could not be included into this study.
The authors have shown that—with respect to CPV sequences publicly
available—there is, however, no evidence for distinct lineages of CPV in
Brazil and Italy, respectively [8, 51, 64,79]. We have chosen a porcine and
a rodent parvovirus sequence as appropriate outgroup representatives for
phylogenetic analyses as suggested in previous studies [5, 13,74, 82] and
by BLAST hits.

Sequence retrieval from original files or GENBANK, and subsequent
alignment suggested to consider a shortened VP2 gene sequence due to
the high number of only partial gene sequences available. Hence, the first
162 nucleotides have been removed from the full-length 1755nt VP2 gene
at the 5" end of the sequence, corresponding to the first 54 amino acids at

the N-terminus of the protein (see Figure 2.1). The shortened sequence,

2To ensure the reproducibility and for clarity reasons, any sequences deposited to se-
quence databases after March 2004 have not been considered for this thesis.
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VP1 full sequence 2256nt
NS 142 J VP2 full sequence 1755nt

279 967

259 913
239308 739 889 1276

non-coding 3'UTR + TRs

A

VP2 partial sequence 1593nt

Figure 2.1 Target region of the VP2 gene sequence considered for phyloge-
netic analyses. For the genomic and translated sequences of the VP gene
see appendix D.

consisting of 1593 nucleotides leading to a N-terminally truncated protein
of 530aa length?, includes all antigenically informative positions (Figure
2.1,[26,64]). We thereby reduce the number of phylogenetic uninformative
positions and, more importantly, gaps drastically. So we expect to improve
the quality of our results using the 5-truncated sequences compared to

those obtained using the full-length VP2 sequence.

Phylogeny Reconstruction. Nucleotide phylogenetic trees* were recon-
structed using the UNIX-based PAUP* package (Version 4.0 Beta 1, [68])
and MEGA (Version 3.0 Test 7 [37,38]) for Microsoft Windows. The ap-
propriate nucleotide substitutions models and the corresponding optima
parameters for usage with PAUP* were selected using MODELTEST (Ver-
sion 3.06, [52]). We wanted to test whether the usage of evolution models,

the setting of optional parameter values or the method for phylogeny re-

3The 531th codon is the non-sense stop-codon.

“Throughout this thesis, the term “phylogenetic trees” refers to the phylogeny of CPV
reconstructed using the partial sequences of the surface antigen, i.e. the Viral Coat Pro-
tein 2 (VP2).
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construction affects the results obtained. Hence the phylogeny was recon-
structed with and without parameters for nucleotide ~-distribution cor-
rection, invariant sites, and unequal base frequencies. Neighbour-joining
(NJ), maximum parsimony (MP) and maximum likelihood (ML, or LH)
methods were used for deference of phylogenetic trees, and a total of
seven trees per method were compared (see Table 2.1). The most suitable
evolution model for deference of nucleotide trees using PAUP* has been
determined. The HKY+I+G model for nucleotide substitution [22] consid-
ers variable base frequencies and two different rates of nucleotide substi-
tutions. It allows to specify parameters for the proportion invariant sites
and for ~-correction of nucleotide distribution. We compared the results
of HKY model trees to trees obtained using the GTR model considering
six different rates [39,56] for nucleotide substitutions, and “natural” trees
obtained with plain distance, parsimony and likelihood methods using no
optional parameter settings [+G. The quite sophisticated HKY model, the
generic GTR model and the “reduced” model using default settings pro-
duced stable tree topologies with respect to NJ, MP, and LH methods. We
observed similar topologies among the tripartite NJ and LH sets®, with
minor differences among the three NJ and LH trees, respectively (figures
not shown). Since those trees” topologies did not vary significantly among
NJ, MP and LH trees, the NJ tree based on the HKY+I+G model has fur-
ther been considered as the reference tree. This approach allows to in-
crease the significance of the results obtained enormously, analysing a total
of 19 phylogenies. It also compensates for random choice of parameters

and decreases the probability of possible biases due to intrinsic proper-

>With NJ and LH methods, PAUP* allowed to specify the usage of I+G parameters.
We produced three “equal” trees using (1) I+G, (2) I solely, and (3) neither I nor G. The
MP algorithm does not allow specification of neither I nor G, so we produced a single
MP tree solely.
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Table 2.1 The ¢**’ approach: Summary of different parameter settings for
CPV DNA trees in PAUP".

Reconstruction Method
Model N MP LU
HKY+I+G HKY+I+G
HKY Hxy+I MPw/o  HKY+I
HKY w/o HKY w/o
GTR+I+G GTR+I+G
GTR GTR+I MP w/o GTR+I
GTRw/o0 GTRw/o
+I+G +I+G
None HxY+I MPw/o +1
w/o w/o

ties of methods for phylogeny reconstruction. Although neither method
produces the “true” phylogenetic tree, the combined analysis of different
topologies for the CPV and FPLV phylogeny adds high significance to both
the method and the application on the specific data.

MEGA did not require specific input parameters to select an evolu-
tionary model. The Kimura-2-parameter (K2P, [34]) and Tamura-Nei (TrN
[69]) models were selected for the deference of NJ MP, and LH nucleotide
tree: the models are not identical, yet equivalent to the HKY and GTR
models described above, and, in contrast to those used with PAUP*, were
implemented in MEGA, and vice versa. The model parameters were esti-
mated by MEGA. The same parameter for y-correction has been specified
in PAUP* and MEGA. In total, we produced five more phylogenetic VP2
DNA trees. A (sub-)tree or branching pattern was considered stable if it
occurs at least two, yet preferably in all three types (NJ, MP, and LH) of
trees. We found such support for the topology obtained using different
tree reconstruction methods. Within all trees, a clade of 13 or 14 taxa, re-

spectively, assigned as CPV-2 branches first from the root, followed by the
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2a and 2b subtypes, according to their geographical origin. We also ob-
served a weak temporal clustering of taxa with respect to their isolation
date. There were only few taxa where the unique isolation date was in-
consistent with the temporal pattern. Such temporal clustering was usu-
ally loosely correlated to distinct “outbreaks”, i.e. rather “collections” of
taxa, which are assigned to different points in time but have been sam-
pled together. The temporal order within outbreak clusters was weak,
yet no major discrepancies were detected. Sequencing artefacts cannot be
entirely ruled out, but are considered insignificant: neither the geograph-
ical nor temporal clustering patterns are stringent enough to support se-
quencing, editing or alignment artefacts of newly sequenced isolates. The
antigenic patterning within nucleotide trees was strong, separating origi-
nal CPV-2 types from 2a and 2b subtypes. The geographical clustering of
taxa, however, was found to be even stronger, separating 35 CPV-2a and
2b species from Japan and Asia from 17 2a and 2b species collected in the
USA. Within the Asian cluster, newly designated CPV type LCPV from
leopard cats [32] formed a distinct subclade, as well as a three-member
subclade shows up in the US cluster, possibly from wild canines. Euro-
pean taxa are equally present in the Asian and US subclades. The detailed
figures of NJ, MP, and LH nucleotide trees are given in the appendix (Fig-
ures A.1-A.3), and a schematic summary of taxon clustering is given in
Figure 2.3b.

Since in phylogenetic and sequence analyses (see also Section 2.3) the
sequence diversity of the viral species has been shown to be very low, we
created a graphical representation of the “relatedness” to visualise the se-
quence similarity. The reticular structure of the relationship between Car-

nivore Parvovirus species is shown in Figure 2.2. We used the SPLITSTREE
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package (Version 4 Beta 10, [31]) to create a phylogenetic network of the
sequence data, using the recently implemented NEIGHBORNET method
[10,15]. As shown in Figure 2.2, the FPLV (upper cluster) and CPV (lower
cluster) subclades form distinct sub-graphs, separated by a long internal
edge (upper green arrow). This internal edge is well supported by means
of a significant split between the subclades. Within the subgraphs, the
species show a high degree of interconnectedness, resulting from high se-

quence relatedness®

. Close to the upper FPLV subgraph, we found the
FPLV strain “BlueFox” (blue arrow), confirming it is an FPLV-CPV inter-
mediate strain. The CPV isolate “RedFox” (red arrow), however, does not
appear at such distinguished position along the internal edge representing
the FPLV-CPV split. The FPLV subset also did not show a significant split
between FPLV and MEV species, which would indicate that FPLV and
MEV are distinct antigenic subtypes. However, seven out of eight MEV
species were found in a larger cluster of eleven FPLV and MEV species.
This is possibly an indication that MEV species might share some proper-
ties that have not been detected by the analysis of FPLV-MEV phylogenetic
subtrees. Within the CPV subset in the lower part of the figure, the older
CPV-2 members form another distinct subgraph. Those 14 CPV-2 species,
that have also been observed as the first branching subtree in phyloge-
netic trees, are separated from the rest of the CPV data set by a significant

split (lower green arrow). Some indication for typical long-branch effects”

was detected in both FPLV and CPV subgraphs, although neither NJ, MP,

®This is—informally, of course—also called an ominous “phylogenetic tuft” [53]

’Species that have accumulated a high number of substitutions are consecutively
assigned a high value for the respective branch length. Such long branches tend to
be clustered by some reconstruction methods except for NJ (“long-branch-effect” or
“long-branch-attraction”). They might be misleading, though, and therefore, should be
avoided.
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nor ML methods produced a notable long-branch-attraction effect in the

phylogenetic trees.

Protein Phylogenetic Trees. We evaluated the significance of results ob-
tained for the VP2 coding sequence using the corresponding translated
sequences for reconstruction of a phylogenetic tree. The phylogeny was
obtained using MEGA and PAUP* considering either the DAYHOFF substi-
tution model and the uncorrected p-distance, i.e. number of amino acid
differences, as distance measure. The topology of the protein trees could
be projected onto the topology of the corresponding nucleotide trees with-
out causing inconsistencies. However, the strength of the antigenic pat-
terning was observed to be very low as seen by a subtree of 2a, 2b and 2c
subtypes not separated from each other by an internal edge. Interestingly
though, the higher-ranking geographical patterning could be observed.
The temporal patterning of distinct outbreaks was shown about as strong
as in the nucleotide trees. The original MP tree is shown in Figure A.4, and
a schematics is given in figure 2.3a.

Considered an intermediate species, the FPLV strain “BlueFox” has
shown a special behaviour in both nucleotide and protein trees. It has
been found to separate CPV from FPLV strains in all trees created. In con-
trast, the CPV strain “RedFox”, which has also been shown to possess
both CPV- and FPLV-specific properties, did not appear at such a distin-
guished position within the phylogenetic trees. This sequence, however,
is the shortest considered in our study. The low significance found for a
special role of the wild carnivore virus in CPV evolution is possibly related

to the incomplete sequence data.
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Consistency of Results. Basically, using different methods and differ-
ent parameters did not produce contradictory results. Differences in tree
topologies are usually not well supported as indicated by very low boot-
strap values. The majority of low and zero bootstrap values also corre-
sponds to isolates with identical nucleotide sequence as identified in pair-
wise calculation of the number of transitional and transversional substi-
tutions®. We therefore do not have to pay further attention to this kind
of topology differences in NJ, MP and LH trees. An overview of taxa with
identical sequence of the partial VP2 gene region is given in Table 2.2. Taxa
identified as identical strains are listed first, showing both taxon names
equally in use, and marked by an equals sign (“="). Taxa showing se-
quence identity in the VP2 gene region from nucleotide position 163—1755
(with respect to the 1755nt full-length VP2 gene) are marked by an asterisk
(7).

A significant number of internal edges and terminal branches is sup-
ported by their occurrence in two or all three types of trees. Since the meth-
ods differ considerably, the resulting tree topologies indicate that the data
set is plausible and there are only few taxa showing different behaviour in
different trees. The core tree topology, however, is stable among all three
types of trees. Bootstrap values for subtrees and terminal branches are
comparable with a standard deviation of 6.09 and a standard error of 4.524
over all internal branches with at least one corresponding internal branch
or furcation pattern in another topology. The general sequence variation is
low within the data set, hence bootstrap values have low significance (see

also Figure 2.2).

8A transitional mutation refers to the replacement of a purine (A or G) with another
purine base, or a pyrimidine (C or T) with another pyrimidine base, leading to four pos-
sible types of transitions. A transversional mutation refers to the replacement of a purine
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Table 2.2 Sequence identity of CPV and FPLV strains in the 162-1755nt
region of the VP2 gene. The equals sign “=" indicates complete sequence
identity of taxa with more than one taxon name equally in use, whereas
the asterisk “*” refers to different taxa with partial sequence identity in the

VP2 target region.

FPLYV strains CPV strains

Taxon 1 Taxon 2 Taxon 1 Taxon 2
MEV1 (MEV) =MEVa CPVb CcpPvd*
MEV2 (MEV) =MEVDb CPVb/CPVd RDS80*
MEVS8 (MEV) =MEVd CPV46 CPV133*
MEV1 (MEV) =MEVe LCPV120 LCPV129*
EH20 (FPLV vaccine) =Carlson LCPV139 LCPV140*
1 (FPLV) =941 LCPVT1 T4*
1 (FPLV) Som1* U53*
4 (FPLV) FPvVd* U6 584*
Rodniki (MEV) Beregovoy* 618*

479 * W24 616*
527 (FPLV) 53 605 56

577 *
275 (FPLV) 705

VP1 Sequence and Phylogenetic Trees. Retrieval of VP1 nucleotide
sequences from GENBANK and subsequent alignment with CLUSTALW
revealed a minor—yet interesting—detail. The mature VP1 and VP2
mRNAs of the VP gene are considered alternative splicing variants of
the VP primary transcript of 2256nt length [48]. Splicing off consecutive
501 nucleotides at the 5" end produces the VP2 mRNA, whereas the VP1
mRNA lacks a significantly shorter intron at the 5" end. Approximately
half the VP1 sequences deposited to GENBANK indicate different splice
consensus sites for VP1 than annotated in the other moiety. There is a
2214nt and 738 amino acid VP1 variant, with splice consensus sites at

nucleotide positions 78 and 121 (join 1..78,121..2256). Yet, there

with a pyrimidine base or vice versa, leading to eight possible types of transversions.
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is another 2184nt and 728 amino acid variant, with splice sites predicted
at positions 31 and 104 (j oi n 1. .31, 104. . 2256). Both nucleotide se-
quences can be translated into protein sequences in silico, resulting in pro-
teins differing only in ten residues in length and 30 different sequence
positions (residues 11-40) in an alignment of both variants. Interestingly,
translations for both splicing variants exist for all VP1 sequences deposited
to GENBANK, regardless the specific splice consensus site indicated in the
respective GENBANK file. It is also possible to translate VP primary tran-
scripts of CPV respective outgroups used (rat and pig) into both the 728aa
and 738aa variant. It is unknown whether the annotation of splice consen-
sus sites contains any errors or in fact both VP1 variants exist in vivo and
in vitro. Re-sequencing of the VP1 protein isolated from infected tissue
and biochemical and genetic experiments in the lab may shed more light
on this problem and identify the VP1 variant occurring in vivo. Further-
more, the analysis of splice sites and RNA secondary structures present
in the intron region might reveal which mRNA variant is folding into the
correct structure for recognition of the splice apparatus. In our study, we
considered the shorter 728aa variant of VP1 to ensure correct results from
phylogenetic analyses. The use of sequences of equal length and the cor-
rectness of resulting trees based on the VP1 sequence in previous studies
should also be confirmed. We found that the phylogenetic trees based
on the VP1 sequence are consistent with those based on VP2 sequences.
The VP1 nucleotide and protein trees were superimposed to the VP2 trees

showing no discrepancies in the topology (data not shown).
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2.2 A New Approach

A specific feature of Canine Parvovirus evolution is the appearance of dis-
tinct lineages in the phylogeny, according to CPV antigenic subtypes. One
of our main interests was to resolve the CPV phylogeny to the amino acid
and nucleotide level, i.e. to identify cluster-specific substitutions along in-
ternal branches. The knowledge about the occurrence of single substitu-
tions at specific branching points in the topology provides valuable insight
into the evolutionary process. It enables us to learn more about the mech-
anism of host range shift at a molecular level. Although the need for such
analysis tools is obvious, so far no phylogenetic software package has in-
cluded this feature in neither phylogenetic nor sequence analysis tools. So
we implemented a UNIX command line tool that, among other, is able to

perform the following queries:

1. Given a specific subset of taxa, either specified by taxon names or
the subset size, which are the nucleotide (or amino acid) positions in

which the subset differs from the rest of the data set?

Which character state replacement has occurred, separating the sub-
set from the rest of the data, i.e. which nucleotide (or amino acid)
character is specific for the subset and which character is the corre-

sponding one in the data set?

2. Given a specific position in the sequence, what are the different char-
acter states for this position, and what are the split(s), or subsets,

created with respect to this position?

3. Given a specific group of clustered taxa, what is the significance for

the occurrence of the subset, i.e. are there further positions producing
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the same split of the data set?

2.2.1 Implementation

The principal idea was to create a derivative tool of the UNIX di f f com-
mand that compares files and yields the lines in which the files differ. The
input file read by vdi ff is in aligned FASTA format, ensuring equal se-
quence length required for position-specific queries. The phylogeny re-
sulting from the data is not required as input; the user provides the subset
for a specific query manually, instead. Appendix Section F gives a com-
prehensive summary of the modus operandi and the features of vdi f f .
vdi ff is a very simple tool, but it is able to answer important ques-
tions quickly. It can be applied to any kind of semantic problem, includ-
ing molecular sequence analysis. It is especially suited for application on
phylogenies with distinct lineages of closely related species, e.g. viral anti-
genic subtypes. The subsequent application of vdi f f to the data set, cor-
responding a walk from the root to the terminal leaves, continuously re-
duces the subset size. Thereby, the phylogenetic patterning is resolved to

single (nucleotide or amino acid) differences.

2.2.2 Application to the Data Set

The phylogenetic analyses have revealed some well-known character dif-
ferences, but also some unknown positions. Apart from the well-known
differences between FPLV and CPV species, we concentrated on the CPV
subset. Our goal was to analyse specific edges in the graph, shown in
Figure 2.3a. The first edge, representing the terminal branch for the FPLV-

CPV intermediate “BlueFox” was assigned a transversional replacement
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of Aby T. The resulting codon change CCA to CCT both encode for proline.
Since the nucleotide replacement is silent, the “BlueFox” edge was not ob-
served in neither the phylogenetic tree (see Figure 2.3b) nor detected with
vdi ff. We next analysed the corresponding replacement(s) separating
FPLV from CPV. Interestingly, we detected two replacements with equal
significance corresponding to the first branching pattern in the condensed
topology. This branching pattern separates CPV-2 species from the rest
of the data set. It is no surprise we detected nucleotide position 259 as a
character-state splitting position. CPV-2 members show an A at this po-
sition, whereas CPV-2a members show a T. This replacement lead to the
non-silent replacement of methionine by leucine at position 87 in the VP2
protein, as it has been sufficiently proven. The “twin” replacement at po-
sition 302 shows that CPV-2 have a T, whereas CPV-2a members have a C.
The corresponding change in codons from ATT to ACT at codon position
two is non-silent, replacing isoleucine 101 by threonine. Both nucleotide
replacements are non-synonymous, as the split was also present in the pro-
tein tree and identified by vdi f f . The distinguished positioning of CPV-2
taxon “RD87” is due to two exclusive nucleotide replacements at third-
codon positions 354 (Ginstead of A) and 1623 (A instead of C). Since a sin-
gle edge for “RD87” does not occur in the protein tree, and neither a spe-
cific character position has been identified by vdi f f , the replacements are
considered silent. Codons 118, either GGT or GGA, both encode for glycine;
codons 541, either GCG or GCA, both encode for alanine. We further de-
tected a character state difference at nucleotide position 537 (indicated by
a red arrow in the figure). It further separates the CPV-2a subset from the
CPV-2 subset by a silent replacement of T by C. The codon change at po-

sition two does not affect the encoding for serine 179. The distinguished
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positioning of CPV taxon “CP49” in both the nucleotide and protein tree,
as well as the positioning of “U51” (C 208 replacement by T), is described
in detail in Chapter 4. Another replacement at nucleotide position 889, ge-
ographically separating 2a and 2b taxa, was identified. One subset shows
a T, the other one a G The resulting codons, TCT and GCT, are responsi-
ble for a non-silent replacement at amino acid position 297 because of the
first codon position is affected. The resulting amino acid replacement of
alanine by serine is also observed by the split pattern in the phylogenetic
tree and supported by translated sequence analyses with vdi f f. We also
performed a high-resolution character-state analysis for the Asian and US
subclades, as described earlier. Three taxa each formed distinct subclades
in those geographically separated 2a- and 2b-clusters. Within the Asian
cluster, three LCPV members, i.e. CPV species isolated from leopard cat
hosts, show an aspartate at CPV 2-/2a-specific position 300, as encoded
by an A 899, altering codon position two (GAT). CPV-2 members show an
alanine at position 300 encoded by GCT, and CPV-2a species a glycine, en-
coded by GGT. In the US cluster, another three CPV species, possibly from
wild canids, are separated from another 15 species. The replacement of
residue 265 has recently been shown to become prevalent in CPV pop-
ulations, although its role is currently unknown. The branching pattern
was correlated to a difference in amino acid position 265. The small US-
European subset is divided into a three-member CPV-2a set showing a
proline 265 (CCA), and a fifteen-member 2a- and 2b-set showing a threo-
nine 265 (ACA). The role of the LCPV cluster and the wild canid cluster is
also discussed in Chapter 4. The single taxon positioning “Afr4” was cor-
related to an exclusive replacement of alanine 262 (GT'C) by valine (GCT).

All non-silent replacements identified in the translated sequence data

30



set were confirmed in the nucleotide sequence data set, whereas silent nu-
cleotide replacements were not detected by vdi f f in the protein sequence
data set. Application of combined phylogenetic and semantic analyses on
the FPLV subset did not reveal significant character replacements for in-
ternal branching patterns. This indicates FPLV evolves more randomly
than CPV, which shows a highly ordered evolution pattern of consecutive
character replacements. Distinguished single taxon positions in the phylo-
genetic tree were correlated with exclusive character replacements at spe-
cific positions. A more detailed discussion of single non-synonymous nu-
cleotide and the resulting amino acid replacements, respectively, is given

in Chapter 4.

2.3 Sequence Analysis

Transition-to-Transversion Ratio. We were looking at the pairwise rates
of transitions and transversions’ to investigate general properties of the
whole data set. The number of transitions is expected to decrease with
increasing genetic distance between two species. With closely related
species, however, transitional substitutions occur more frequently than
transversional substitutions [81]. The overall rate R = s/v was calcu-
lated as 2.5476. The value for R would be exactly 2, assuming completely
random substitutions. The plot in Figure 2.4 shows that the data do not
behave—as expected—a”-like, but R is rather constant with p-distances
(green curve). In total, more than 5000 pairwise calculations were per-
formed for 120 parvovirus species, however, producing 74 unique data

points for the complete data set solely. The data set was then split into

°Ti:Tv, or R = s/v, with s the number of transitions observed, and v the number of
transversions observed.
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CPV and FPLV subsets, and the analysis was performed for the smaller
subsets separately to investigate whether the data show different proper-
ties.

The geometric mean for the Ti:Tv ratio corresponding to a specific p-
distance is also shown in the figure (green curve). The overall geomet-
ric mean for CPV alone was determined to be 4.24, whereas for FPLYV,
the value for R is 2.21. With CPV species, the rate R is 1.9 times higher
than with FPLV species, and the number of transitions is higher for CPV
species. These results are consistent with the fact that Canine Parvoviruses
are more closely related to each other than drifting Feline Parvoviruses. In-
terestingly enough, considering separate data subsets, the geometric mean
values for CPV show the expected a”-like behaviour, whereas for FPLV,
the values cannot be approximated with a square, cubic, or another higher

power polynomial function.

Analysis of Synonymous vs. Non-Synonymous Substitutions. We per-
formed a dS/dN analysis to test whether CPV and FPLV are under signifi-
cant selective pressure. Since FPLV has been suggested to evolve with ran-
dom genetic drift, we tested the null hypothesis 1° H; : dS # dN and the
alternative hypothesis I/, : dS = dN. In contrast, we tested the CPV pop-
ulation for positive selection assuming d/N > dS as alternative hypothesis.
The results from separate dS/dN analyses are summarised in table 2.3.
dS and dN values indicate the rate of synonymous and non-synonymous
substitutions in the VP2 gene, respectively. The corrected values of pos-

sible substitution rates per synonymous and non-synonymous sites N

19Neutral evolution is considered to show equal average rates of synonymous and non-
synonymous changes, whereas non-silent changes dominate in positive selection and
silent changes dominate in purifying evolution.

32



¢

Transition-Transversion Ratio vs. p-Distance Transition-Transversion Ratio vs. p-Distance

CcPV FPLV Transition-Transversion Ratio vs. p-Distance
T T T T T T T T J
N . Ratio  +
Ratio  + Ratio  + ’
Geometric mean = Geometric mean = 20 Geometric mean = |
20 B
20 B
15 | b
15 B
15 - 9
(=} (=} o
3 3 i g
4 @ + o
2 2 * £ w0l g
F 10k 1 & 1w0F o 1 & .
+ +
+ N * .
+ + +
+ + ot 5
L + 4 5F + + B B * 1
+ +
s + + = a " + N + + N
+ + + N [ ] + L] " L) N + +
+ + s N +o. Lt s L E PR i + . + Lt .
+ '¥i!++ vt = + ++++++++! L3 + LI} 'i+ +
o+ + P T O S +1FE R 'Ei; N
NSt LTI ITNITINY ologet, * FTF ‘ ‘ NERSSSERES EEE SRS
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
p-Distance [nt] p-Distance [nt] p-Distance [nt]
(a) CPV (b) FPLV (c) All

Figure 2.4 Plot of the transition-to-transversion ratio vs. the uncorrected nucleotide distance Left CPV only Mid-
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Table 2.3 Results from analysis of synonymous vs. non-synonymous nu-
cleotide substitutions in the VP2 gene of CPV and FPLV species.

Population Factor
CPV FPLV Total CPV:FPLV
as 0.010022 0.016497 0.022131 0.61
Sd/S  0.009931 0.016279 0.021711
dN 0.003503 0.002974 0.006666 118
Nd/N 0.003488 0.002966 0.006625
dS/dN 5.83 8.48 4.99 0.69

(pS = S4/N, pN = Ny4/N) is also given in the table.

We determined the overall ratio! of dS/dN for CPV to be 5.83 and for
FPLV to be 8.48, i.e. the rate of synonymous vs. non-synonymous substitu-
tion is about 1.5 times higher within CPV than within FPLV species. When
analysed separately, the rate of synonymous substitutions of CPV is about
half the rate of synonymous changes in FPLVs. In contrast, the number of
non-synonymous changes is about 1.2 times higher in CPVs than in FPLVs.
The calculations of the rates for dS, dN, and the ratio dS/dN were per-
formed for FPLV and CPV species separately, as were the tests hypotheses
for neutral and positive evolution. The hypothesis for dN > dS was con-
firmed with p = 1.00, and the hypothesis for dS < dN and dN = dS were
rejected with probabilities p of 0.01 and 0.02, respectively, for CPV. The
hypotheses dN > dS and dS < dN were rejected for FPLV (p = 0.02 and
p = 0.00), and the hypothesis dN = dS was confirmed with a probabil-
ity p of 1.00. Figure 2.5 shows a plot of the cumulative number of silent
and non-silent changes per site of the VP2 protein. Indels are not shown

in the figure, but have been observed to occur at the beginning and at

Tn contrast to the codon-per-codon based method to determine the number of non-
synonymous and synonymous changes, the number of S and N per coding site was de-
termined starting from the first to the last position of the partial protein sequence as the
average over the data set.
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the end of the sequence solely, i.e. in regions of partial sequence availabil-
ity. With FPLV (shown in figure 2.5b), the number of non-synonymous
substitutions is higher that the number of non-synonymous substitutions
throughout the protein sequence. There is only a narrow sequence win-
dow where both rates are nearly equal. Yet with CPV (shown on the left
side in the figure), there are three major, distinct windows of considerably
larger size. In the first part, the number of non-silent substitutions is larger
(until around residue 90). The number of non-silent changes then remains
relatively constant for about 200 residues. Around residue 280, however,
there is a sudden increase in the number of amino acid replacements, indi-
cating some kind of “hot spot(s)” for non-silent changes. From this region
on, the number of non-silent replacements prevails the number of silent
changes throughout the sequence until the end of the chain. Although
smaller in size, another “jump” in the number of non-silent changes was

observed for CPV around residue 330'2.

2.4 Phylogenetic Considerations

CPV and FPLV Do Not Share a Common Evolution Pattern. We con-
structed phylogenetic trees for CPV based on the partial sequence of the
surface antigen, considering all antigenically informative positions affect-
ing the host range. In total, more that 20 different phylogenetic trees
based on the nucleotide sequence have been constructed, using different
software packages and methods for phylogenetic deference. We used the
Neighbor-Joining [57] method as representative for distance methods, the

maximum parsimony method and the maximum likelihood method. The

2Those target sites are possibly corresponding to host-range determining residues 93,
297 and 323, but have not yet been confirmed.

35



CPV dS/dN Analysis (Cumulative) FPLV dS/dN Analysis (Cumulative)

45 T T
Synonymous Substitutions  + Synonymous Substitutions ~ +
Non-Synonymous Substitutions Non-Synonymous Substitutions _jsssssss{
a4 i
5t +
35 1
- -
— 3 Rl | — 4 R
o " -3
25
z ,;-"'"'_’“/ i .
2 "‘M 7 Z Jrr—_
z J— z
T : il he e
e M.‘“‘*
1 . At
o #‘,‘,./
o Ll . . . . . o . . . . .
0 100 200 300 400 500 0 100 200 300 400 500
VP2 Residue [Position] Residue [Position]

Figure 2.5 Diagram showing the cumulative number of synonymous (red)
and non-synonymous (green) amino acid changes in the 531aa region of
the VP2 protein. Indels are not shown in the figure.

idea of using all methods available for phylogenetic reconstruction was to
detect stable branching patterns in different topologies. The calculations
for phylogenetic reconstruction were repeated five times with no major
discrepancies in the resulting tree topologies with respect to the previous
round. The trees have proven stable with minor subtree differences. The
NJ tree was selected as representative optimal tree obtained. The follow-
ing discussion refers to the NJ tree in particular (see Figure A.1 in the ap-
pendix), but for the most part may also be applied to MP and LH trees
(Figures A.2 and A.3). The figures of the NJ, MP and LH trees are given in
Appendix A.

FPLV together with MEV species, and CPV species form distinct clades
in the phylogenetic tree. The split of feline and canine sequences is highly
significant. The sequence of a CPV isolate from a Blue Fox (BFPV) has
been found to show intermediate properties of FPLV and CPV [74] in nu-
cleotide, but not in protein trees. In the study by Truyen et al., BEFPV has
been found in between FPLV and CPV in a phylogenetic tree. Our re-
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sults confirm those obtained by Truyen et al. BFPV has been found to be
stably positioned in between FPLV and CPV with bootstrapping values
> 90. It is stably found closer to FPLV than to CPV species with boot-
strap values of ~ 50. This finding further supports the hypothesis that
CPV has arisen from an intermediate virus adapted to a wild carnivore
host, which is closely related to Feline Parvovirus species (see also Figure
2.3). At present, there are several theories for the transmission of the virus
from a feline via a wild carnivore to a canine host. One hypothesis con-
siders North European animal husbandries where wild and domesticated
felids and canids are in close contact [U Truyen, personal communication,
2004]. The fact that the BFPV isolate showing FPLV and CPV intermediate

properties origins from Finland adds further weight to this theory.

A Tripartite Clustering Hierarchy for CPV. We classified viral
species into three groups according to their geographical origin: sequences
from Europe and Asia, Sequences from Japan and Thailand, and Se-
quences from North America and Australia. In Figures A.1-A.3, the ter-
minal branches and subtrees are coloured according to these geographical
groups. We observed that the majority of sequences formed geographical
clusters rather than clusters with similar isolation dates. This is, again, a
consequence of difficulties with exact dating of the isolates. Geographical
clusters are not strictly limited, indicating that the topology is not cor-
rupted by sequencing artefacts. Sequences from Japan'® have shown to

be less susceptible to clustering with European and insusceptible to clus-

13PFor convenience, the term “Europe” is also used including both the European and
Central Asian species, “Japan” refers to the group of Far East viruses, and the terms
“US” and “North America” are equally used for sequences with origin from the USA
and Australia.
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tering with North American sequences, though'*. Another obvious clus-
tering pattern for CPV was according to subtypes. A simplified view of
the phylogeny obtained is given in figure 2.3b. It is interesting that CPV
species from Asia and species from Europe and North America cluster to-
gether rather than CPV subtypes 2a and 2b. CPV-2b subtypes are assumed
to have emerged from CPV-2a, which has replaced the original CPV type
2. This pattern can be found in all trees for European and North Ameri-
can CPV species, but the restricted pattern of “Eastern” vs. “Western” se-
quences was not observed for FPLV. It is possible that sequencing artefacts
have an effect on the tree topology, but they are very unlikely to be the rea-
son for the drastic isolation of Far East sequences. There is also no internal
edge in the topology of the FPLV clade separating Japanese from other
sequences, although FPLV species are roughly clustered in geographical
subtrees. This is another indication that geographical clustering is not a
consequence of local isolation and sequencing. Consequently we do not
have to consider sequencing and alignment artefacts to be the cause for
the geographical separation of CPV subtypes. We also resolved this clus-
tering pattern to amino acid and nucleotide level. The exact function of
the residues responsible for the split has to be identified in classical ge-

netic studies.

A Novel Antigenic Subtype. CPV-2c which has been reported a new
antigenic subtype in Japan [33] could not be confirmed in our study.
LCPV140, designated a CPV 2c/2a type was found with other LCPV
species annotated as type 2a and LCPV203, designated a 2c/2b virus

4Hypothetically, the geographical split might correspond to the host phylogeny, in-
dicating different immunological properties of the host. However, no such co-evolution
analyses of CPV and its host has been performed with respect to the geographical origin.
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grouped with other 2b LCPV species rather than together forming an 2c
cluster. Yet after a re-assignment of nucleotide substitutions specific for
CPV-2¢, we found evidence for the occurrence of a true CPV02c type in
Europe. Three CPV species, previously assigned 2c, have been shown to
possess CPV-2c specific properties, yet neither of earlier designated types

2c/a and 2¢/b show this property.

Is There a True MEV? In contrast to CPV, we observed no strict clus-
tering pattern for FPLV and MEV species. First, there are no subtypes
defined for FPLV, and second, the evolution of FPLV is not considered
directed, resulting in an—at first sight—unsystematic subtree. The MEV
species are divided into two low significant clusters in the subtree, one
containing the Central Asian MEV species, and another with MEV clus-
tered together with two vaccines, “Dohyvac” and “Panocell”, and an early
FPLV isolate, FPLV-d. The MEV species, showing FPLV properties, cluster
by emergence date and geographical origin. The Central Asian species
“Rodniki”, “Beregovoy” and “Cherepanovo” are new isolates from the
late 1990s, whereas the North American MEV species are from the mid
1950s to late 1970s, when the first isolates have been sequenced. In
general, FPLV sequences have shown to cluster geographically and only
very roughly with respect to their isolation dates. We also spotted sub-
topologies for old and recent FPLV species, divided into European-North
American and Asian subtrees, yet the significance as indicated by boot-

strap values and sequence analysis is low.

The Role of Vaccines. The role of vaccines in the emergence of CPV is
unclear. The hypothesis that CPV has emerged from live FPLV vaccines is
hardly supported, but neither could have been completely abandoned yet.
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We found no evidence that either of five FPLV vaccines is a putative ances-
tor of CPV in the CPV subtree. Neither have CPV vaccines (three strains),
which have been added to the data set later, been shown to be close to
the root, i.e. the FPLV-CPV split. Within the FPLV clade, FPLV vaccines
are widely distributed in the topology. Interestingly though, a European
CPV isolate designated “Quinn” is stably located within the FPLV clade.
Together with the FPLV-derived vaccine strain “Panocell”, it forms a sta-
ble pair of terminal taxa with a bootstrap value of ~ 60. Since in previous
studies [73], CPV “Quinn” has been shown to fall into the CPV clade and
represents one of the old type 2 isolates dated 1980, the results presented
might provide partial support for the theory of CPV emergence from FPLV
vaccines. This mystery has been solved, however, revealing that CPV
“Quinn” is actually a FPLV species, and that the sequence retrieved from
the database is incorrect. A detailed discussion of the “Quinn” CPV vs.
FPLV contradiction is given in Chapter 4, including structural considera-
tions. The true sequence of CPV “Quinn” was, however, not included into

this study due to the late discovery of the mix-up of sequence data.

Distinct Evolution of the Surface and Internal Antigens. We were look-
ing for confirmation of the results obtained for nucleotide sequence trees
combining the NS and VP gene. Thereby, we were able to increase the
number of phylogenetic informative sites using a longer combined se-
quences of 3762nt length. The trees obtained with different methods have
proven to be stable, i.e. we observed the same or a similar branching pat-
tern with few differences solely. We also got support for internal and ter-
minal branches by similar bootstrap values. Due to the low number of

CPV NS1 sequences (five taxa) available, we were not able to get further
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support for the phylogeny of CPV. We could not confirm the topology for
CPV exactly, but we found support for the topology obtained for FPLV (17
taxa available). Since CPV undergoes directed evolution which is immedi-
ately associated with evolution of the surface antigen, combining external
and internal antigen sequences naturally alters the phylogeny. With FPLV,
whose surface antigen is not under such selective pressure, there are ob-
viously less differences in the topology. The phylogeny obtained by the
partial VP2 gene, however, is close to the phylogeny based on the com-
plete gene sequence. Similar to VP2 partial gene trees, CPV and FPLV
form stable clades with bootstrap value of 99 and 100. With a bootstrap
value of /sim70, taxa with partial identity of the VP2 gene, i.e. “Som1” and
“94-1”, were better resolved than in the VP2 partial gene tree due to the
additional sequence information. The results obtained from combination
of NS1 and VP2 are consistent with those obtained by Horiuchi et al. [26]
using branch-and-bound maximum parsimony analysis. Two thirds of the
data origin from Japanese isolates, but we could not find direct evidence
for local sequence artefacts, which, however, must not be ruled out com-
pletely. We also did not detect another specific clustering pattern for FPLV
as with partial VP2 gene trees.

The Phylogenetic Role of Silent and Non-Silent Replacements. We
also analysed phylogenetic trees based on the amino acid sequences of
the VP2 gene. The majority of nucleotide substitutions is synonymous,
thus we were looking for differences in the phylogeny based on the ef-
fector sequences. Basically, the phylogenetic reconstruction based on the
translated partial VP2 sequence did not conflict with that based on nu-

cleotide sequences. However, with a bootstrap value of ~ 70, the sep-
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aration of FPLV and CPV is less well supported than in nucleotide trees.
The separation is nevertheless considered significant enough. We detected
a nearly identical “old” subtree of CPV type 2-like sequences in the pro-
tein tree. The German isolate from a Red Fox is found in this clade. The
virus is supposed to have emerged early, presumably even before the first
CPV-2 isolates from domesticated canids. The Red Fox isolate is not dated
but it is known that it was collected in the 1990s. The antigenic and bi-
ological properties in a wild carnivore host are poorly understood, and
the virus appears to evolve slower in the wild carnivore host. It appears
that a CPV type 2-like viral species is able to spend a significant period
of time in a wild carnivore. We suggest to confirm the wild carnivore
hypothesis collecting more tissue samples from infected wild canids, and
sequencing of the isolates containing viral DNA. The local separation of
2a and 2b CPV subtypes—i.e. especially the fact that no North American
and Japanese sequences were found together—is not apparent in the pro-
tein tree. The canid taxa, however, group roughly according to 2a and
2b subtypes with few exceptions. The exceptional sequences show 2a-
and 2b-specific features—i.e. residues—although they fall into the oppo-
site sub-clade, respectively. After analysis with our sequence analysis tool,
we actually detected some GENBANK mis-assignment of taxa.

Within the FPLV clade, we found support that FPLV evolves by ran-
dom genetic drift. Sequences from different geographical origin, and like-
wise, with different isolation date are clustered together. Vaccines or MEV
species were not identified as distinct subtrees. However, there are sub-
trees showing an accumulation of different old FPLV isolates, and a high
proportion of geographically related species, respectively. This supports

the the idea that FPLV evolves rather slowly with low molecular rate, and
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that antigenic properties are less susceptible to amino acid variation. Inter-
estingly though, the sequence from a Finnish Blue Fox is found deeper in
the protein tree than in the nucleotide tree. This behaviour has been found
to be due to a single exclusive nucleotide substitution, which is silent.
Our final conclusions from classical phylogenetic and sequence anal-
ysis, combined with statistical analysis of character-state specific subsets

are:

1. CPV lineages 2, 2a, 2b and 2c differ from each other in more
nucleotide and corresponding amino acid positions than hitherto

known.

The majority of newly identified nucleotide replacements results in
non-silent amino acid replacements, and hence, might play a signifi-

cant role in host cell targeting.

2. The re-evaluation of CPV-2c specific properties revealed true 2c
types in our data set, whereas neither of earlier designated types

2c/a and a 2c/b were shown to possess 2c-specific residues

3. Significant branching patterns separating antigenic lineages, or iso-
lating single taxa, can easily be correlated to single character replace-
ments. In the latter case of single taxon branches, those replacements
are exclusive to the taxon rather than shared with another taxon or

taxa.

4. In contrast to FPLV, CPV evolution is associated with a strictly con-
secutive order of nucleotide and amino acid substitutions, result-

ing in distinct lineages. Such orderly replacement does not occur

in FPLV.
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5. The arbitrary choice of parameters for phylogenetic reconstruction
considered optimal for the target data is compensated in combined
use with the statistical character-state approach. The character-state
approach does not take into account weighting parameters consid-
ered in character substitution models and therefore, cannot be cor-
rupted by model artefacts. The significance of splits observed is very

high.

2.5 Tools

Origin of Sequences. We used two different sources to obtain sequences
from Parvovirus samples. A total of 95 feline and canine parvovirus
species sequences were retrieved from original GENBANK files. Those
CPV and FPLYV taxa have been selected using a nucleotide BLAST [4] search
based on the complete VP2 coding sequence of CPV strain “Norden”. Se-
quences deposited to GENBANK after March 2004 have not been included
to this study for convenience. Another 25 unpublished feline and canine
parvovirus nucleotide sequences were retrieved from original sequence
and corresponding alignment files. The corresponding protein sequences
were translated from the coding sequences available and cross-checked
for errors by comparing them to amino acid sequences deposited to GEN-
BANK whenever possible. In total, 120 different species have been consid-
ered in this study (see also Table C.1 in the appendix). Collected samples

cover a period of 50 years, and were isolated on all continents.

Sequence Analysis. The multiple alignment of nucleotide and amino
acid sequences was performed using CLUSTALW Version 1.81 [70] and op-
timised using the code2al n package Version 1.1 [66]. The transition-to-

transversion ratio of nucleotide substitution was determined using MEGA
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2.1 and MEGA 3 (Test7) [37,38], respectively!®. The analysis of synony-
mous vs. non-synonymous substitutions was performed using the SNAP
program package [35,36,42]. The Z-test for selection based on a large sam-
ple was performed using the Nei-Gojobori method [36,43] using pairwise

p-distances, which is implemented in MEGA.

Phylogenetic Analysis. We used two programs for inference of phyloge-
netic trees, the UNIX based PAUP* (Version 4.0 Beta 1) package [68] and the
Windows application MEGA (Versions 2.1 and 3 Test 7) [38]. To increase
the support for a stable topology, we compared results obtained by NJ,
ML, and MP methods. With nucleotide sequences, we considered both the
optimal HKY+I+G evolution model [22] suggested by MODELTEST [52] as
well as the more general GTR model [39, 56] for nucleotide substitution
rates. Reconstruction of the phylogeny based on the VP2 translated se-
quence was performed using the DAYHOFF substitution model [14].

Identification of Taxon-Specific Substitutions. It was our goal to keep
track of the specific nucleotide and amino acid substitutions in the tree
and to assign specific replacements to particular branching points in the
phylogenetic tree. Analysis of parsimony informative and singleton sites
was hence performed using vdi f f [25]. vdi f f is implemented in Python.
It performs site-specific and taxon-specific queries in a set of sequences of
equal length, i.e. aligned nucleotide or amino acid sequences. For more

details, see the manpage in Appendix F or Section 2.2.

5Results from the unreleased test version have been confirmed using the earlier release
version and did not differ from each other.
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Chapter 3

Evolutionary Rates

“And now for something completely different”
Monty Pythons

3.1 A Novel Method

Common molecular clock models may not be applied to CPV populations
for two reasons: First, the exact time of CPV emergence is unknown. The
oldest isolates date back to the late 1970s, however, the virus is presum-
ably older than isolation dates indicate and may have spent a significant
time in an intermediate reservoir host. Second, molecular clock models
require molecular rates to be relatively constant over ¢, which is clearly
not the case with CPV viruses: Phases of adaptive evolution to the host
and of host range shift then must be associated with different molecular
rates. Low molecular rates indicate adaptive evolution, whereas antigenic
or host range shift requires raised substitution rates. We subsequently es-
tablished a straight-forward arithmetic model to estimate CPV and FPLV
molecular rates separately.

The basis for the formula derived is shown in Figure 3.1. All pairs of
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taxa with (1) At > 0 (2a) b; # by and (2b) by,b, # 0 have been consid-
ered to calibrate the molecular clock for the species. After calculation of
7, 1.e. the estimated time of the fictive common ancestor of taxa 1 and 2,
pairs leading to unreasonable values for 7 have been removed from the
calculation scheme. Such pairs with nearly equal branch lengths b, and b,
have not been considered since values obtained for 7 are highly mislead-
ing (one hundred years and more) and values for \ are far too low (close
to zero at decimal places). The arithmetic model does not account for such
pairs and hence, calibration of the molecular clock is not possible with

equal and nearly equal branch lengths. The model is based on the simple

d

correlation ¢ = 3,

which can also be written as d = A - t with a specific
value for ) for a pair of terminal taxa 1 and 2 rather than for two separate
branch lengths b; and b, specified by the same pair of taxa. We actually
assume A to be constant along the sum of branch lengths b, and b, instead
of branches, and consider all pairs of terminal taxa in the tree with AT # 0

and by, by # 0. We denote

T=AT +2)
b2 — b1

as the total time passed along branches b, and b, and calculate
d
A= — (3.2)
T

with d to be the Hamming-distance of terminal taxa 1 and 2, indicating the

actual number of nucleotide differences. Considering all pairs i of terminal
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taxa fulfilling the condition AT; # 0 A by;, be; # 0, we calculate

M= AN\
1 (3.3)

)\:;Ai-g

as the arithmetic and geometric mean over all values for A; in CPV and

FPLV populations separately.

3.1.1 Implementation

We implemented a method to automatically determine the respective
branch lengths between a pair of taxa based on a standard NEWICK tree.
The principal idea is to represent a leaf by means of the path spanned
between the root and the leaf. It determines the length of the path from a
terminal leaf to the root by reverse walking along the path and keeps track
of the distances between each child and its parent node. The total branch
length is calculated cumulatively during the reverse walking process. The
distance between a pair of taxa is calculated as the sum of the total branch
lengths of taxon A and taxon B, minus the shared part of the paths. We

denote
dist(taxa) = path(A) + path(B) — 2 - path(parent s5) (3.4)

which equals the numerator b; + b, in the fraction in Equation 3.1. We

further calculate

dist(path) = |path(A) — path(B)| (3.5)
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cate the respective branch lengths of terminal taxa 1 and 2 by means of the number of nucleotide substitutions

along the branch, AT refers to the difference of isolation dates T, and T, in years, and ¢ is an auxiliary variable

to compute Ty, i.e. the estimated date of a fictive common ancestral sequence of taxa 1 and 2. Right Schematics:
Determining the branch lengths between two terminal taxa in a NEWICK standard tree.



providing the denominator b, — b; required by the expression, which
equals the absolute distance of path lengths A and B. The values for T}
and 75 read from the input file, and all combinations of terminal taxa are
considered. We finally obtain a list of n - (n — 1) elements, providing
dist(taxa), dist(path), AT and p — dist required for the calculation of the
auxiliary time correction variable 7, 7j, and the molecular rate A in table
format. The program t r eepat her [24] is implemented in Cand C*™. It
reads the aligned AFA file (see section 2.5) to calculate pairwise distances,
and the phylogenetic tree in NEWICK standard format (see Appendix E)

as input.

3.1.2 Generating Artificial Sequence Data

The correctness of the assumptions made in the model presented above
was verified using a set of simulated sequences. Sequence data using
a specified topology of the phylogenetic tree was generated using the
ROSE [67], SEQGEN [54] and TREEVOLVE [20] packages assuming differ-
ent evolution models. Our model for A calculation was then applied to the
artificial sequence data set and we determined the molecular rate A to rule
out artefacts in determining the branch lengths b, and b, and caused by

the higher number of recent isolates.

3.2 Application to the Data Set

The molecular rate for CPV considering 60 different viral species has been
determined. As with the phylogeny, the molecular rate calculation is

based on the surface antigen and considers all types of nucleotide sub-
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quencing using a random sequence generator and sequence evolution
tools.
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stitutions, silent and non-silent changes'. All pairs of taxa with AT > 0
and b; # by have been considered to calibrate the molecular clock for the
species. After calculation of 7, i.e. a time correction factor for the time
passed along the pair of branches, pairs leading to unreasonable values
for 7 have been removed from the calculation scheme. Such pairs with
nearly equal branch lengths b, and b, have not been considered since val-
ues obtained for 7 are misleading (higher than 100 years and more) and
values for ) are far too low (close to zero at decimal places). The arithmetic
model does not account for such pairs and hence, calibration of the molec-
ular clock is not possible with equal and nearly equal branch lengths.

The mean value for the molecular rate A ¢py has subsequently been
determined to be 0.72 £ 0.019 nucleotide changes per year (arithmetic
mean *+s.e.) with a standard deviation of 0.459. For FPLYV, the values are
0.56 £+ 0.018 nucleotide changes per year (arithmetic mean +s.e.) and a
standard deviation of 0.572. A graphical summary of the A calculation re-
sults is given in Figure 3.3, which is described in detail below, and also

summarised in Table 3.1.

3.2.1 Statistical Analysis of A\ Distribution.

Assuming that molecular rate values for CPV are generally higher that for
FPLV (Hy : Acpy > Appry), we performed a metric ¢-test for two indepen-
dent samples with unknown variances to test whether the distribution of
A values for the CPV and FPLV populations differs significantly from each

other. We also performed a non-parametrical Wilcoxon test assuming a

! Assuming a positive selection force, the molecular rate is calculated based on non-
synonymous substitutions, whereas under purifying selection, synonymous changes are
considered. With neutral evolution, both types of substitutions may be considered, also
when the selective force is unknown, as it is with CPV and FPLV.
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Table 3.1 Results of the computation of CPV and FPLV molecular rates
and summary of the statistical analysis of CPV and FPLV molecular rates

Population .
Parameter FPLV CPV Unit Factor
Arithmetic mean 0'55797 4 0'71727 4 nt/year . 1.3
3.5 x 10 4.5 x 10 nt/year/site
Standard error 0.0178 0.0189
Standard deviation 0'5716_ A 0'4585_ 4 nt/year , 0.8
3.6 x 10 2.8 x 10 nt/year/site
Geometric mean 0.368674 0.591274 nt/year . 16
2.3 x 10 3.7x 10 nt/year/site
Median 0.3645_4 0.6402_4 nt/year . 13
2.3 x10 4.0 x 10 nt/year/site
Two-sided t-test t =5.716, df = 1613,p = 1.155 x 107 < 0.05
Wilcoxon test W = 400982

different null hypothesis. Both results from the parametrical (¢,613 = 5.716,
p = 0.05) and non-parametrical test (W = 400982, p = 0.05) indicate with
high significance that the distribution of ) is indeed different in CPV and
FPLV populations. The results from the statistical analysis of the distribu-
tion of the molecular rate of nucleotide substitution in CPV and FPLV pop-
ulations are summarised in Table 3.1. We observe that first, median and
mean values are lower for FPLV, whereas second, the standard deviation

is higher for FPLV. The standard error is nearly equal in both populations.

A Distribution. To investigate the significance of results obtained from A
calculation, we first analysed the distribution of A frequencies. The graphs
of A frequency distributions for CPV and FPLV is shown in the upper
left panel of figure 3.3. The distribution of A\ values for CPV is shown
in red, and the highest frequency is observed for the median. We assumed
a stochastic distribution for the molecular rate and observed that low A

values occur more frequently in the FPLV population, as also indicated by

53



a median value about half as for the CPV population. Two statistical tests
were performed to obtain significant support for the difference of A values

for the two species (see above).

Aovert. Based onthe model presented earlier (see Formulae 3.1 and 3.2),
To =Ty, — (AT + 6) = T} — 0 is considered the date when a fictive common
ancestor of taxa 1 and 2 has emerged. We determined T}, as 7y, for all pairs
i in the tree which fulfilled the same conditions as for the calculation of
A. Each value for ); has been plotted against the corresponding value for
Ty; to investigate whether ) is constant over ¢ or has been subject to major
variation. Panel b the upper right of figure 3.3 shows that for CPV, there is
a small peak in molecular rate values around 1980, a second one between
1985 and 1990, and since then, a continuous increase can be observed. An
increase of the variance of A values can also be observed, correlating to the
sample size with one exception around 1977. We analysed the distribution
of FPLV values for the molecular rate. In contrast to CPV, the geometric
mean values appear relatively constant over time, with the highest values
among late isolates. However, no trend was observed for FPLV as it was
seen for CPV. Although late ancestors show higher A values than early
ancestors do, they alternate with significantly lower values. The signifi-
cance of these results was tested using a simulated data set of artificially

generated sequences (see Section 3.2.2).

A vs. AT. Each value for A has been calculated pairwise, and is corre-
sponding to a value for AT of each pair i.e. the difference of isolation
dates of taxa in years. With increasing values of AT the number of nu-
cleotide substitutions is expected to increase equally, resulting in values

for A to be nearly constant. As can be seen in panel C of figure 3.3, A is
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Figure 3.3 Molecular rate for CPV (red) and FPLV (green) species. A values are plotted as single data points and
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relatively constant when extreme values, i.e. very low and high AT, are
not considered for fitting a linear regression curve to the data (not shown
in the figure). A values have also been fitted using an exponential regres-
sion function y = a® + d with )\ to become asymptotic to a value of 0.25
nucleotide changes per year. With FPLV, this correlation becomes even
more obvious. Since isolation dates of taxa as indicated in GENBANK files
tend to be fuzzy though, naturally the most variation of A ids found with
small AT values. As indicated by the error bars in the figure, the variation
decreases when values for AT become bigger. The decrease of variance
has also been found to correlate to a decrease of the number of A values
per AT, i.e. the sample size, for a specific AT. Values for A corresponding
to AT values bigger than 20 are not shown in the figure due to the small

sample size of data points (less than five \; per AT).

A vs. p-Distance. Finally, panel d in the lower right of Figure 3.3 shows
the plot of A against the uncorrected pairwise distance (p-distance?) of 588
out of 657 pairs of taxa considered for A calculation. Values for \ are ex-
pected to be linear with p-distance, assumed that AT is constant. This is
clearly not the case with our data set considering all possible pairs of taxa
with variable AT, since a high number of nucleotide substitutions does
necessarily correlate to large AT values. However, we observe a slight in-
crease of A\ with the p-distance for CPV. The slope of the regression curve
is lower for FPLV, however. With the variance of A vs. the p-distance, no
correlation to the sample size of the group has been observed. Values for

A corresponding to p-distance values bigger than 12 are not shown in the

?In this case, the uncorrected p-distance equals the Hamming-distance, indicating the
number of different character states, yielding the number nucleotide differences between
two sequences.
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figure due to the small sample size of data points (less than three \;).

Acpv VS. Appry. The molecular rate for FPLV species has been calcu-
lated. On average, it has been determined to be 0.6 times lower than for
CPV (0.3645-0.5579). The standard deviation, however, has been shown
to be 1.3 times higher than for CPV, indicating a higher variance of A val-
ues. The standard error determined has been shown to be nearly equal in
both subsets of data. Characteristic features of the distribution of Appry in

contrast to the distribution of A\¢py have been given in given above.

Divergence Time T, for CPV. Based on A and 7/7; calculations, the di-
vergence time of CPV has been estimated. The model suggests that the
ancestor of CPV has emerged not later than in 1966, i.e. the emergence of
CPV is set back more than ten years in the actual timetable. First CPV
isolates date back to 1978 and 1979, and the oldest FPLV isolates are from
1960. The host range shift of FPLV to CPV or an intermediate host appears

to have happened earlier than assumed until now.

3.2.2 Simulated Data Set

To verify that our model, as described earlier, is applicable to the calcu-
lation of the molecular rate and that it is free of conceptual and technical
artefacts, we tested it on a simulated data set of artificial nucleotide se-
quences. The sequences were generated considering CPV specific param-
eters, e.g. the nucleotide substitution model and substitution rate. Given

the disjoint topologies of the CPV and FPLV subtrees®, we created 60 and

3To calculate the rate of nucleotide substitution, we established a NJ tree using the
uncorrected p-distance as distance parameter with 1000 bootstrap replicates. The figure
of the tree is not shown.
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57 sequences, respectively, with SEQGEN and ROSE. The corresponding
sequence alignment was then used to create a plain p-distance NJ tree.
The molecular rate was re-calculated for CPV and FPLV separately based
on the NJ tree.

The ROSE package allows to specify parameters for sequence evolu-
tion, including the substitution model, the rate R of transitions to transver-
sions, the average substitution rate etc. A tree topology to generate a com-
plete data set can also be specified. We used ROSE to evolve a randomly
generated DNA sequence of comparable sequence length for a given num-
ber of rounds, specifying the number of sequences per time interval re-
quired* to mimic our original data set. From the sampled sequences per
round, we chose one sequence to evolve, and the appropriate number
of samples required (“sequencing”). We also kept track of the true “his-
tory”, since sample sequencing did not necessarily include the evolving
sequences. The specimens for evolving and sequencing were randomly
selected (see Figure 3.2). In test case I, we mimicked our data set with
respect to isolation dates, producing identical AT values with respect to
the original specimens. However, we were assuming a constant molecular
rate along the tree. The complete simulated data set consists of 60 taxa.
The molecular rate and the corresponding emergence date for each pair of
terminal taxa was determined. The statistical analysis of the distribution
of \; values and \; geometric mean values per 7j,; revealed no correla-
tion between the molecular rate and the emergence date determined by
any pair of taxa. Although the rate was specified as a constant value in

each round of selection, evolution, sampling and sequencing, the graph-

*According to SHANNON’s information theorem, we produced twice as many se-
quences as required for sample sequencing. Half the number of specimens produced
were sampled for the phylogenetic reconstruction and molecular rate calculation.
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ical analysis shows some minor deviation from a constant function over
time. However, a raise in the number of isolates per site does not correlate
with large sample sizes. (see also correlation coefficient analysis below).
Apart from these observations, the distribution of the molecular rate A and
of A vs. time® shows similar properties to the distribution obtained for the
original data set.

In test case II, we used less stringent parameter settings. We used SE-
QGEN to evolve a root sequence along a given tree topology. In our case
this was the topology of the NJ tree used for the initial calculation of CPV
molecular rates. We did not mimic our data set with respect to the distri-
bution of the number of isolates per year, but used a constant number of
specimens per sampling date instead. No correlation between the molec-
ular rate and the number of equally distributed AT and Ty, values, re-
spectively, has been detected. The distribution of the molecular rate was
found to decrease with fictive emergence dates 7;, whereas the number
of specimens per Tj,; produced a scatter-plot of uniformly distributed data
points.

The final test case III considered no specific evolution model at all. The
data set was produced assuming a truly random evolution process, us-
ing random isolation dates leading to equally distributed values for AT.
The molecular rate distribution over time could not be fitted with a linear,
square, or higher power function, and the distribution of the number of
specimens sampled per year was completely random. No significant cor-
relation has been found for Tj; \; values per specific Tj;. All test cases—

each using fictive absolute isolation dates—were also evaluated using the

5Throughout this section, the term “distribution of molecular rates vs. isolation dates”
refers to the distribution of geometric values for \; per specific Tp; rather than the distri-
bution of all \; per specific Tj;.
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Table 3.2 PEARSON correlation coefficients for molecular rates and emer-
gence date of fictive common ancestors for pairs of taxa

Original Data Simulated Data
FPLV CPV CPVI CPVII CPVII

Correlation coefficient 0.40 0.60 0.33 -0.01 0.27

linear regression coefficient R? for the scatter-plot with respect to the iden-
tity function y = z, which generally was very low.

We compared the significance of results obtained using a statistical cor-
relation test for A\; and Tj; values. The PEARSON correlation coefficient
was determined for the original data subsets. The correlation coefficient
for CPV between fictive dates Ty; and A; for all pairs ¢ of taxa is 0.73 (0.60
for the condensed data set of geometric mean values per specific 7). For
FPLV and MEYV, the correlation coefficient is 0.71 (0.40 for the condensed
data set). No bias was observed for all artificial data sets. Neither the
data set with biased isolation dates and a constant molecular rate, the data
set with a constant number of specimens per sampling date along a given
topology, nor a perfectly random data set along a given topology revealed
a temporally dependent bias for the molecular rate. The use of different
evolutionary constraints proves that an increase of A over time cannot be

reliably reproduced by pure chance.

3.3 Molecular Rate Considerations

CPV Evolution Associated with Surprisingly High Rates. This is the
first time that an estimate for the CPV molecular rate, based on the VP2
surface antigen sequences of a large set of CPV species, is given. Hori-

uchi et al. [26] have given an approximation for the temporal rate of FPLV
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nucleotide variation as 1.1nt/year, using a geographically restricted and
significantly smaller set of 17 FPLV species. We have calculated the molec-
ular rate A for 60 CPV species as 0.72 £ 0.019 nucleotide changes per year
(mean =£s.e.) with a standard deviation of 0.459, which with respect to the
sequence length considered, equals a A of 4.5x 10~ *nt /year/site. For FPLV,
the molecular rate is 3.5 x 10™*nt/year /site. The difference in the FPLV \
values is most likely due to the different sample size and the rough es-
timation method used by Horiuchi et al. Our estimate is higher than a
previous estimate for A based on a smaller sample size of species, given
as 1 — 2nt/year [74] for CPV only and 4nt/year for CPV and FPLV to-
gether. It is also higher than the estimate given by Parrish et al. [49] as
1.69 x 10~*/nt/year. Interestingly, in the study by Truyen et al., the molec-
ular rate is approximately the same for CPV and FPLV, but is about double
when CPV and FPLV are considered together for estimating A\. However,
no major difference in molecular rates was observed considering either all
nucleotide changes or substitutions at phylogenetic informative positions
solely. In this work, the estimate for the molecular rate A is about twice as
high than in previous studies. It is possible that this difference is due to
the different arithmetic models used. We have set up a simple arithmetic
model representing the basic principles of the evolutionary process. It
does not take into account multiple substitutions and assumes the molec-

6. It is, nevertheless,

ular rate to be constant for a pair of terminal taxa
more precise than previous models, in which for each taxon, nucleotide
differences from the root are simply plotted against the year of isolation.

In these cases, the molecular rate was then indicated as the slope of the

®The statistical approach of the model compensates for the effect of this assumption.
In common molecular clock models, the molecular rate is considered to be constant along
an internal branch only.
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linear regression curve. This model has several disadvantages, e.g. fitting
of a linear regression curve to a scatter-plot or a sigmoid distribution is not
possible, and the also, dating of isolates is somewhat diffuse. Our model
has been shown to be free of major artefacts, and the significance of results
obtains is discussed in the paragraph below.

It must be remembered that surface antigens are assumed to show
higher molecular substitution rates than internal antigens e.g. the CPV
non-structural protein 1, since they are under significantly higher posi-
tive selective pressure. We can, however, compare the CPV VP2 molecu-
lar rate to those obtained for other surface antigens. For an RNA virus,
e.g. Influenza A, the molecular rate is 6.7 x 10~*nt /year /site [17], whereas
for another DNA virus, e.g. the HSV type 1, A was determined to be
3.5 x 107 ®nt/year/site [58]. Interestingly enough, the molecular substi-
tution rate for the DNA virus CPV is close to that of RNA viruses, rather
that DNA viruses. It is currently unknown by which mechanism CPV
achieves to maintain such high rates’. Considering the high molecular rate
together with the low sequence diversity for CPV together and evidence
for a positive selection force, the occurrence of multiple substitutions that
might explain a high number of transitional substitutions is very unlikely.
The VP2 gene is presumably rather under another selective pressure, e.g.
maintenance of RNA secondary structures, base composition, or another

yet unknown property.

Using the Molecular Rate for Back-Dating the Divergence Time.

Our model is based on a phylogenetic tree which has been selected as

7 A major reason for low substitution rates in DNA viruses is the DNA repair system
provided by the host cell. Such low error-prone proofreading mechanisms are unknown
for RNA targets.
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the most stable, i.e. it represents the correct or most likely phylogeny of
CPV. Based on all pairwise combinations of taxa, we are able to give an
estimated date for every internal node, which is usually supported by
more than one dating. Since we are able to consecutively back-date in-
ternal branch points, we can also back trace CPV to its most distant an-
cestors. We have determined that CPV has emerged before 1966, i.e. more
than ten years earlier than its actual appearance in canine hosts as sup-
ported by first pathogenic isolates from 1978. The dating of CPV emer-
gence is equally important for solving the question what source it has
emerged from. Our phylogenetic and molecular analyses include CPV
species which infect various other carnivores, e.g. racoons, lynx, foxes,
and wolves. The difference between CPV emergence and its appearance
in canine hosts may support the hypothesis of a putative carnivore inter-
mediate host although no sequences and tissue isolates are yet available

from such carrier.

The Simple Model Reveals CPV Evolutionary Dynamics. We have
shown that CPV (1) evolves with a generally higher evolutionary rate than
FPLV (2) shows an obvious pattern of epidemic and endemic phases in
dog populations (3) molecular rates show a gradual increase over the last
few years. We observed a high rate of molecular substitutions associated
with both the emergence and recent appearances of CPV. Together with
the analysis of transitional vs. transversional and synonymous vs. non-
synonymous substitutions, we found support that CPV is under weak, yet
obvious positive selection as it has been shown for Influenza A [11, 16].
In contrast, the results for FPLV support the feline HRV is subject to neu-

tral evolution, evolving by random genetic drift. The conclusions about
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evolutionary dynamics of CPV in contrast to FPLV are well supported by
molecular rates, and the rate of synonymous and non-synonymous re-
placements, as well as by a recent study using a far more sophisticated
coalescent evolution model [59].

The dating of isolates represents a minor problem though, since our
model requires to calculate AT for a given pair of taxa. However, a
AT value of one rarely indicates that both isolates were collected twelve
months one after another. In the worst case were collected 1 — 23 months
after another, i.e. AT may take values from 0.08 — 1.92. Furthermore, the
dating of an isolate does not take into account whether the isolate was
taken from an acute infection, so the virus has possibly already been pas-
saged in the host for several times by the time it was isolated. It may
likewise not be the first actual occurrence of a viral species but the first
observed occurrence instead, leading to some mis-annotation of isolation
dates. It must therefore be remembered that the isolation date does not
necessarily correspond exactly to the emergence date of a viral species.
Also, the analysis of the molecular rate distribution over time considers
the emergence dates Tj of the common ancestor of a given pair of taxa.
The emergence date, as well as the common ancestor it corresponds to, are
fictive. Temporarily dependent artefacts in determination of A do, how-
ever, not affect the quality of our results, as shown by the use of artificial

sequences.

3.4 Tools

Calculation the Molecular Rate. The UNIX command line tool provid-

ing raw data for the calculation of the molecular rates was implemented
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in ¢/ C** (t r eePat her, see Appendix E).

Statistical Analysis. Statistical analyses, correlation analyses, and paired

sample tests were performed using the SPSs statistics package [63].
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Chapter 4

Structural Implications

“Form ever follows function.”
Louis Henri Sullivan

4.1 Structural Mapping

The major questions arising from the phylogenetic analysis of the CPV
VP2 sequences was whether it is possible to determine the temporal suc-
cession of single amino acid replacements in the evolution of the VP2 pro-
tein and whether a correlation between amino acids substitutions and the
antigenic and geographical branching pattern described above can be de-
duced from the phylogeny. Furthermore, we were interested whether the
specific positioning of certain taxa within the protein tree can be explained
by taxon-specific replacement of residues involved in determining the host
range. Therefore, we investigated the parsimony informative sites and
singleton sites! in the protein alignment and established a correlation to

the protein tree obtained. The complete multiple alignment of 120 amino

1A site is parsimony-informative if it contains at least two types of nucleotides (or
amino acids), with at least two of them occurring with a minimum frequency of 2. A site
is called a singleton site if it contains at least two types of nucleotides (or amino acids)
with at most one of them occurring multiple times.
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Table 4.1 Specific nucleotide and amino acid replacements in the VP2 gene
and protein sequences of selected taxa.

CcPV FPLV
RedFox 2c¢U51 Quinn BlueFox Quinn*
176 658
. 557 208 219 1039
Nucleotide 928 1278 398 864 1535
958 1562 1529
1680
S220
N186 Y70 (137539 T347
Amino Acid R310 E426 5300 none R512
R320 N521 D517
K560

acid sequences spans 531 of the total 585 positions of the VP2 protein. A
total of 82 sites is variable, 36 sites of which have been determined parsi-
mony informative and 46 sites are singleton sites. Basically, the diversity
of the CPV-FPLV sequence data set has been determined to be quite low
(6.8%) with an approximately twice as high proportion of total variable
sites (15.5%). We split the data set into two sets according to their host
range specificity (CPV and FPLV, respectively), and analysed the cluster-
ing of taxa within those distinct subsets. We also counted the number of
variable sites in the FPLV and CPV sets separately: the total number of
variable sites in the CPV clade is 40, whereas the total number of variable
positions in the FPLV set has been determined to be 47, i.e. a 4% higher
number of sequence differences.

At the terminal branches within the CPV set, we found that three
species considered as LCPV (“LCPV203”, “LCPV139”, “LCPV140”) show
a specific residue at position 300. They are differing from another 30 CPV-

2a, 2b, and 2c species in this residue solely, replacing the 2a-specific glycine

67



with an aspartate. The glycine at position 300 has previously been shown
to occur in 2a subtypes and its antigenic variants only but not in the orig-
inal CPV-2, which has an alanine at position 300 in the VP2 protein. To-
gether, these 33 taxa represent a subclade of many Asian sequences (75%)
and a few European sequences, but no sequences from neither Africa
nor America. The rest of CPV-2a and CPV-2b species shows the specific
glycine at position 300 that distinguished between CPV-2 and its antigenic
variants. We found another three terminal CPV species with a specific
residue, namely a proline at position 265. This residue has not been charac-
terised before with respect to its potential antigenic properties. However,
CPV species showing this replacement have been identified to be preva-
lent in Italian dog populations [7,8]. No other taxa show this residue, but
the canonical threonine instead. CPV species “W24”, “U486” and “616”
differ in no other position from the rest of the data set. We observed that
one species (“W24”) has been isolated from a wild carnivore (C. lupus),
but we could not yet verify whether the other two species were also iso-
lated from wild carnivores. Moving one level of branching points closer
to the root, we observed another amino acid replacement corresponding
to a stable branching pattern. This branching pattern was significant to
separate Asian sequences from American sequences and African, with se-
quences from Central Europe distributed over the two branches. We de-
termined that all Japanese taxa? show an alanine at position 297, whereas
US sequences® show a serine residue. It has been show in earlier studies
that the replacement S297A has become more frequent in recent CPV iso-

lates* [7,8]. The European sequences show either of these residues. The

>This is a generalisation of sequence origin solely, roughly summarising taxa from a
large geographical area with respect to the most frequent country.

3Same as above.

*A hypothesis for the role of residue 297 is that it slowly, but gradually becomes re-
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isolated single taxon “U51” also shows an alanine, as well as “Thai30”, a
CPV-2 species. Finally, we determined the amino acid substitutions caus-
ing the branching of 13 CPV-2 type species. They are differing in two
residues from the rest of the CPV set. First, they show a methionine at po-
sition 87, which was replaced by a leucine that has previously been shown
to be specific for the initial shift from CPV type 2 to CPV type 2a. Two CPV
species (“CP49”, “OB1”) have gaps at this position due to partial sequence
availability solely and cannot be classified exactly. Second, the same 13
taxa have a specific isoleucine at position 101 which has been replaced
with a threonine in the later CPV-2a type. Residue 87 has been previously
shown to be responsible for the antigenic shift, whereas residue 101 has
not been antigenically characterised yet. However, we used CsU [61] to
determine interaction residues and we found that residues 87 and 101 in-
teract directly within the asymmetric unit. The interaction explains why
both residues are changed and together are a pair of phylogenetic im-
portant residues. Isolated taxa “U51” an “CP49” in the protein tree (see
Figure A.4) have been analysed for showing specific residues, but only
CPV-2c “U51” has a specific tyrosine at position 70 that distinguishes it
from the rest of the CPV species showing a histidine at position 70. In
addition, we determined that U51 belongs to novel antigenic subtype 2c,
which has only been isolated and described in Vietnam [40] so far. We also
found another two taxa (“56”, “695”) with a 2c-specific glutamate at po-
sition 426, which has previously been shown to distinguish between anti-
genic subtypes 2a (asparagine) and 2b (aspartate). CPV species “CP49”

has no specific residues but shows gaps at positions identified to correlate

placed in dog populations worldwide due to an unknown selection mechanism; another
hypothesis considers geographical differences in dog host populations that might explain
the split at position 297 among CPV subtypes 2a and 2b according to their area of isola-
tion.
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with the branching pattern. The specific amino acid replacements of se-
lected taxa is shown in Table 4.1. The amino acid replacements were also
detected as non-synonymous nucleotide changes when the same analysis
was performed for the set of 66 CPV coding sequences (data not shown).
Within the nucleotide tree, the branching pattern was correlated to non-
silent replacements solely. Only FPLV species “BlueFox” showed a signif-
icant silent nucleotide replacement at position 864 in the VP2 gene.

The same analysis was performed for the FPLV clade. However, only
one significant amino acid replacement could be assigned to the topology.
The first branching point from the root separates 19 FPLV taxa with an
isoleucine at position 232 from another 35 taxa showing a valine at the
same position. Although the branching pattern observed within the FPLV
clade looks reasonable, the subsets separated by the character state at po-
sition 232 do not have any other significant commonness. The smaller
subset, however, shows a larger proportion of older FPLV species and
taxa with exotic features like vaccine strains. Residue 232 has not been
assigned an antigenic property so far. There is also no substitution that dis-
tinguishes FPLV strains from MEV strains. No other specific replacement
shared by subclades were determined in our analysis based on the VP2
effector sequence tree. Indeed, only one terminal subclade comprising 12
taxa showed a common specific residue, namely isoleucine at position 101,
which is also shared by four other taxa located in different subclades.

We subsequently mapped those residues identifies as phylogenetic rel-
evant onto the structure of the asymmetric unit of the canine and feline
biological molecule, respectively. The mature virion consists of 60 VP
monomers, together forming the icosahedral capsid. For convenience, sin-

gle amino acid substitutions were mapped onto the monomer structure.
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(e) RedFox (f) 2c U51

Figure 4.1 Structural mapping of residues on the asymmetric unit. Top
Mapping of residues correlating to phylogenetic branching patterns. Mid-
dle and Bottom Mapping of taxon-specific substitutions of residues on to
the VP2 structure. FPLV /CPV host range determining residues are shown
in red, and taxon-specific residues are shown in yellow.
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Their relative location to each other in the mature particle is described be-
low. Figure 4.1 shows the positioning of the relevant single amino acid
substitutions in the VP2 protein of CPV and FPLV, respectively. Residues
previously identified as responsible for the host range shift are shown in
red, whereas residues identified to cause a particular branching pattern
are shown in yellow. Residue 101 showing a CPV specific substitution
is found right next to the 2/2a determining position 87 and close to the
FPLV /CPV determining position 103. Positions 80 and 93 which also dis-
criminates between FPLV and CPV are less close to CPV-specific positions
87 and 101. We also identified residue 265 as phylogenetic relevant for
CPV. This residue is located on the “back side” of the molecule® right at
the start of a large 3 strand region. Due to the symmetrical assembly of
many molecules, residue 265 is also exposed to the viral surface. Positions
297 and 300 which have been shown to feature CPV specific substitutions
are located in the same loop on the opposite side of the molecule. Residue
300 has been shown to discriminate between CPV-2 and the subsequent
2a subtypes, and residue 297 identified in our phylogenetic analysis is lo-
cated right next to residue 300. The figure also shows position 426 which
discriminates between three CPV antigenic subtypes, 2a, 2b, and 2c, at the
tip of a surface exposed « helix. There are less residues that have been
identified for FPLV, and their location within the VP2 monomer is shown
in the right panel of Figure 4.1. One identical position to CPV, residue 101,
has been identified. The second position, residue 232, is FPLV specific. It
is not immediately next but very close to other FPLV/CPV determining
positions 93 and 103.

>The term is used with respect to the two-dimensional represnatiation of the three-
dimensional molecule in Figure 4.1.
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CPV vs. FPLV “Quinn”. The sequence of parvovirus species Quinn
assigned as CPV was obtained from GENBANK (accession number
AJ002929). However, the taxon was found to fall into the FPLV clade
in the phylogenetic trees several times. We subsequently analysed CPV
Quinn for FPLV and CPV specific changes in the VP2 sequence using
vdi ff. The results proved that CPV Quinn indeed shows five FPLV-
specific residues but no CPV-specific amino acids. We conclude that in
fact, CPV Quinn is a FPLV species and has mistakingly been assigned to
CPV. The original CPV Quinn sequence was then extracted from origi-
nal sequence and alignment files and analysed for CPV specific residues.
Both sequences were compared and shown to be non-identical. In con-
trast to the sequence deposited to GENBANK, the sequence from original
files showed CPV-specific residues. We did not perform further phyloge-
netic analyses including the original CPV type “Quinn” for convenience.
The sequences have obviously been interchanged, explaining the appear-
ance of a CPV species within the FPLV clade. We were able to map the
specific residues of selected taxa onto the VP2 structure as shown in fig-
ure 4.1 and evaluate their relative positions to antigenic relevant epitopes.
The original CPV “Quinn” has been assigned four specific changes, one
of which at position 300. CPV “Quinn” has a specific serine at the posi-
tion that determines the canine vs. feline host range. This residue is lo-
cated near the canyon. Two other residues (G59 and 173) are located in a
loop close to the three-fold axis, whereas residue N521 is located on a beta
sheet close to the FPLV /CPV host range determining region (residues 564
and 568 in alpha helix) near the five-fold axis. The FPLV species “Quinn”
obtained from GENBANK however, has five specific amino acid replace-

ments. One of them, K560, is found in the same region as the CPV “Quinn”

73



specific residue N521. The serine at position 220 and the threonine at po-
sition 347 on the other hand are found closely to each other in a beta sheet
near the FPLV/CPV determining region of residue 93. Two other replace-
ments, R512 and D517, are located on the very tip of the same loop as
CPV “Quinn” specific residues G59 and 173 described above. The spe-
cific amino acid replacements in the VP2 protein of the CPV isolate from
a “RedFox” are shown in the lower left of the figure. We only found three
specific residues for the isolate from a wild carnivore, an asparagine at po-
sition 186 which is located at the tip of a small loop, and two residues, K310
and R320, close to the FPLV/CPV determining epitope around residue
323. Since the sequence from the red fox isolate is only about 50% of the
total sequence analysed, we were not able to determine other residues that
might be specific for a wild carnivore intermediate species. Finally, figure
4.1d shows the specific amino acid replacements of the CPV subtype 2c
(“U51”), the 2c-specified glutamate at position 426 and U51-specific tyro-

sine 70.

Interacting Residues. We also analysed the position of CPV-specific and
taxon-specific residues with respect to the interaction of monomers. Fig-
ure 4.2b shows the arrangement of residues identified in our replacement-
based phylogenetic analysis (in yellow) relative to the host-range deter-
mining residues (in red). The three-dimensional pattern in the distribu-
tion of host-range determining residues on the viral surface is obviously
corresponding to the geometrical organisation of the coat protein. The
residues identified in our approach are following a non-identical, but par-
tially similar distribution pattern on the surface. Here we show that those

five residues are in fact in close contact with the six host-range deter-
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mining residues, together forming crucial epitopes for virus-cell interac-
tion (see the close combinations of yellow and red residues in the figure).
Some directly interacting residues have also been determined using VMD;

residues 48, 80, 238, 248, 558, and 565 are shown in blue in Figure 4.2.

FPLV vs. MEV. The classes MEV and FPLV are assigned to viral speci-
mens according to their occurrence in either mink or feline hosts [6]. They
are considered different subtypes of Feline Parvoviruses. However, we
found no evidence for distinct lineages of MEV and FPLV in neither phy-
logenetic trees, phylogenetic networks, nor in character substitution anal-
ysis using vdi f f . Hence, FPLV and MEV species may be considered equal
viral types, in contrast to CPV subtype 2 and its descendant lineages. The
indication that MEV species may share a common feature that has not
been revealed by phylogenetic and sequence analyses, as mentioned ear-
lier, was not confirmed. However, a group of seven out of a total of eight
MEV species share a common substitution at nucleotide position 1410 with
another eleven FPLV species, as revealed by vdi f f . The split is indicated
by an arrow (dark yellow) in Figure 2.2. Those 19 species show a common
silent replacement of a thymidine with a cytosine. Both resulting codons

TACand TAT encode for the tyrosine at position 470 in the VP2 protein.

4,2 Structural Considerations

Altered Host Range Properties Through Single Point Mutations. It is
obvious that neither phylogenetic nor sequence analysis alone leads to a
comprehensive knowledge of the evolutionary process. In the case of Ca-

nine and Feline Parvovirus evolution, phylogenetic trees and character
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Figure 4.2 Structural Mapping of residues on the biological unit. Left Combined view of three CPV monomers
indicating the interacting residues. (Colour code same as in figure 4.1, residues interaction with other monomers
are shown in blue). Middle and Right Projection of the distribution pattern of phylogenetic and antigenic rele-
vant residues only onto the viral surface. The rest of the biological unit is not shown.



substitutions have been intensively studied. The use of tools for analy-
sis of molecular sequence data provided valuable insight into the history
of CPV. However, antigenic replacement by antigenic shift and antigenic
drift, as it readily occurs in CPV populations, plays an important role.
In contrast, random genetic drift is considered the major driving force in
FPLV populations. Unfortunately, we were lacking an available and easy-
to-use “power-tool” to answer the question which specific replacement
has occurred along an internal edge or at an internal branching point in
the phylogenetic tree. So we implemented a straightforward tool to assign
sequence properties to specific properties of the corresponding topology.
This tool was not only helpful to achieve a more detailed resolution of
CPV phylogeny as described in a earlier, but also provided data for map-
ping of amino acid replacements onto the structure of the surface antigen.
Those residues identified to have occurred consecutively during the evo-
lution of CPV are not only the same residues which have been identified
to be involved in antigenic subtype-specific host cell targeting. In contrast,
we detected three more residues with phylogenetic, antigenic, and seman-
tic significance. The function of those residues has not been determined
exactly yet, but is currently being studied.

Mapping of all residues corresponding to distinguished elements in the
phylogenetic tree topology showed that (1) the distribution of antigenic
relevant residues on the biological unit follows a strict geometric pattern
similar to the highly geometric configuration of monomer units (2) the dis-
tribution of phylogenetic relevant residues on the biological unit follows
a non-identical, yet similar geometric pattern with a comparably high de-
gree of organisation (3) evidence for direct interaction of antigenic, phy-

logenetic and character-state relevant residues has been found. We con-
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clude that residues that have not been identified previously as decisive
for the specific behaviour of antigenic subtypes are equally, yet possibly
indirectly, involved in virus-cell-interactions. The high-order geometric
distribution of specific replacements on the spheric surface does not only
correspond to the highly structured composition of the virion from 60 sub-
units. It also emphasises the importance of single non-silent point muta-
tions involved in cell targeting, since the host targeting process occurs in a

highly concerted manner.

An Intra-Molecular Compensatory Mutation? The identification of a
kind of compensatory mutation® of residues 87 and 101 was confirmed
by analysing intra-monomeric interactions. Since residues 87 and 101 are
in immediate contact, interacting via a covalent bond, we can explain why
(1) in antigenic replacement experiments, only residue 87 has been iden-
tified and studied because it is surface-exposed, yet residue 101 is not,
and (2) in our analysis using a global character-state based approach, both
residues 87 and 101 were identified at an early branching point with equal
significance.

It is, actually, unknown which mutation might have occurred previous
to the other. However, here we hypothesise two scenarios: (I) If residue
87 altering the host range has occurred first, the change in the structural
conformation of the capsid allowing to target different host cells possibly
could only be maintained if also residue 101 has changed. The replace-
ment at position 101 then can be considered a truly compensatory muta-
tion to maintain the epitope conformation. (II) If residue 101 mutated by

random replacement, the compensatory replacement at position 87, or a

®A compensatory mutation is conserving a functional structure of the molecule in
either RNA or proteins by replacement of the interacting nucleotide or amino acid.
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hypothetical parallel replacement of residues 87 and 101, might have in-
troduced a structural feature to the capsid altering its host range proper-
ties. The structure then would act as a selective advantage, accelerating the
host range shift from CPV-2 to CPV-2a. The host range shift then would
be considered an indirect consequence of the replacement at position 101.
However, considering that (1) residue 87 has plays a more important role
as surface-exposed residue, introducing novel antigenic subtype 2a, and
(2) the antigenic shift from CPV-2 to CPV-2a has occurred very quickly in
less than a year, we favour scenario L. If in a more detailed analysis, evi-
dence for a purifying selection force on residue 101 can be found by means
of synonymous vs. non-synonymous replacements, we will be able to con-
firm that the replacement of residue 101 is actually due to a compensatory

mutation.

4.3 Tools

Identification of Taxon-Specific Substitutions. Specific nucleotide and
amino acid replacements corresponding to specific data (sub-)sets were
identified using vdi f f . Taxa or groups of taxa of special interest, i.e. with
respect to antigenic or phylogenetic clustering, were selected after analysis

of phylogenetic trees and subsequently analysed with vdi f f.

Structural Mapping. Phylogenetically relevant positions identified by
vdi f f were mapped on the viral coat surface structure using the VMD
3D molecular modelling tool [30] Version 1.8.2. The structure of the FPLV
and CPV molecules was retrieved from the Protein Database (PDB) [3,9]
(accession numbers 1C8E [60] and 4DPV [84]). Files included coordinates
for both the asymmetric unit, i.e. VP2 monomers, and the biological unit,

i.e. the fully assembled viral capsid consisting of 60 asymmetric units.
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Interaction of Residues in the Biological Unit. Inter-molecular inter-
acting residues, i.e. residues interacting with residues in another VP2 unit,
were identified based on the X-Ray crystallography coordinates of the bio-
logical unit [78,84]. Analysis of selected monomer frames was performed
using VMD.

Interaction of Residues in the Asymmetric Unit. Intra-molecular in-
teractions between residues of the same monomer were identified using
Csu [61].
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Chapter 5

Summary

“What if this weren’t a hypothetical question?”
Unknown

51 Concluding Remarks

We shed some light—although, still, incompletely—on some peculiarities
of CPV evolution. At a molecular level, we analysed the evolution of Ca-
nine Parvovirus (CPV) and its closely related variant, Feline Panleukope-
nia virus (FPLV). Our results show that the consecutive non-silent replace-
ment of a few nucleotides can be tracked in the phylogenetic tree we es-
tablished based on the sequence of the surface antigen. In addition to a
handful of residues that have been described previously to be involved
in the original host range and subsequent antigenic shifts, we presented
evidence that a few more residues are likely to play a crucial role in CPV
evolution. The biological function of those amino acid replacements at
specific positions is unclear, but e.g. residue 297 is currently being stud-
ied in great detail to explain its role in host cell targeting by interaction

with the host cell receptor. The results of our analyses show that residues
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of phylogenetic and antigenic relevance can easily be identified, thereby
providing novel starting points for genetic and biochemical analyses of
mutants. This approach combining sequence and phylogentic analyses is
neither limited to CPV and nor to virus populations, but instead, can be
applied to any problem using molecular sequence data. The phylogeny es-
tablished for the surface antigen served as the basis to determine the rate
of nucleotide substitution. We observed that the molecular rate differs in
CPV and FPLV populations, and that different selective forces are acting
on the host range variants as indicated by the rate of silent and non-silent
changes of the viral coat gene. Our results add further support to the hy-
pothesis that FPLV undergoes neutral evolution, whereas CPV is under
positive selection and its epidemic pattern includes both phases of fast
and slow mutation. With our simple model for calculating the molecular
rate, we observed that CPV shows different molecular rates in phases of
host range or antigenic shift and adaption to the host. Similar results were
obtained by other groups using more sophisticated models of nucleotide
sequence evolution. The recent increase in the rate of nucleotide substitu-
tion is possibly correlating to the appearance of novel antigenic subtype
CPV-2c in Vietnam and also, in Europe. Another hypothesis considers the
currently ongoing amino acid replacement at position 297 in the protein
chain, which to date has been identified to be prevalent in dog popula-
tions worldwide. However, the exact dynamics of how and when CPV
is changing its molecular rate remains unclear. Artefacts in our model
were ruled out confirming our results using a set of artificial nucleotide
sequences. With our approach to identify arbitrary subtree-specific nu-
cleotide or amino acid replacements, we were able to map taxon-specific

residues of the surface antigen on the three-dimensional structure of both

82



the asymmetric monomer and the icosahedral biological unit. We showed
that taxon-specific replacements are located close to residues of surface
exposed structures involved in receptor targeting and residues in sites in-

teracting with other copies of the molecule.

5.2 Outlook

We will look for confirmation of the hypothesis that the current changes
in antigenicity at single sites are the reason for the rise in molecular rates.
In this context, a major topic is the refinement of the model for the cal-
culation of molecular rates. It will be an interesting task to be investi-
gate the dynamic evolution pattern of CPV, allowing to consider different
molecular rates at different times. Since CPV evolves with a rate similar
ro RNA viruses rather than other DNA viruses, it will be important to
learn more about the mechanism maintaining a high nucleotide substitu-
tion rate. Ideally, we should be able to describe the evolutionary dynamics
of CPV more precisely. With newly sequenced samples available, we will
be able to analyse an even larger data set, emphasising on the appearance
of novel CPV subtype 2c. It is currently unknown which mechanism was
responsible for the antigenic shift of CPV subtype 2a to subtype 2b, as it is
unknown for novel subtype 2c. The pattern of independent emergence of
identical subtypes is, however, more likely due to selective forces than to a
transmission mechanism between different hosts. It will also be interesting
to have a closer look at distinct outbreaks and to establish a guideline for
the assignment of DNA sequence samples to isolates from such “epidemic
bursts”. Finally, re-sequencing of CPV “Quinn” samples will resolve the

problem of contradicting CPV vs. FPLV sequence assignment this strain
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showed in our phylogenetic analyses, and the corresponding GENBANK

file will be corrected. In addition, re-sequencing of the large viral protein

sequence or laboratory experiments are supposed to resolve the question

of the two different splicing variants.
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Appendix A
Phylogenetic Trees

A.1 Legend to the Figures

On the following pages, the original Neighbor-Joining, Maximum Parsi-
mony and Maximum Likelihood trees based on the coding (figures A.1-
A.3) and effector sequence (figure A.4) of the CPV and FPLV partial VP2
gene are shown. The branches in the tree are coloured indicating their
geographical origin.

Red branches correspond to sequence origin from Asia (Japan, China,
Vietnam, Taiwan, and Thailand). Blue branches indicate sequences have
been isolated in the United States (and one, in Australia, respectively).
Green branches are corresponding to sequences from European (Germany,
France, Finland, UK, Italy, Poland, and Soviet Union) and South African
species. FPLV and CPV vaccines are coloured according to their geograph-
ical origin and indicated by an additional pink or violet taxon marker
(filled diamond ¢). Black lines indicate sequences with unknown ori-
gin. The filled triangle (A), the filled circle (o) and the filled square (OJ)
mark taxa of special interest: the CPV-misassigned FPLV “Quinn”, and
the FPLV-CPV intermediates “BlueFox” and “RedFox”.
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A.2 Coding Sequence Trees
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Figure A.1 Neighbor-Joining tree for the partial VP2 gene sequence. Left
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Left CPV Right FPLV

89



Appendix B

Structure of the Virion

(a) Surface Rendering (b) Secondary and Tertiary
Structure

Figure B.1 Surface structure of the viral coat protein (biological molecule).
Left The isometric surface structure of the viral capsid (Based on X-Ray
data by Tsao et al. [77]. Reconstruction and copyright by Jean-Yves Sgro)
Right The viral capsid, i.e. the biological unit, consists of 60 monomers,
i.e. asymmmetric units.
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Appendix C

Parvovirus Species List

C.1 Legend

The question mark (“?”) indicates missing or unknown data. The asterisk
(“*”) marks sequences excluded due to insufficient sequence length (less
than 60% of the 1755nt full-length VP2 gene). The dash (“-”) stands for

“Not applicable”. Slanted labels are corresponding to vaccine strains.

Sequences from Africa (7 used)

Origin

Name Type Subtype Year Country Host GenBank
Afr2 CprVv 2b 1998 ZAF dog AJ007497
Afr3 Crv 2b 1998 ZAF dog AJ007498
Afr4 CprVv 2b 1998 ZAF dog AJ007499
Afr9 CprV 2a 1998 ZAF dog AJ007500
44 FLPV - 1997  ZAF cat AJ249556
Afrl FPLV - ? ZAF dog -
Cheetah FPLV - 1999 ZAF cheetah AJ249557
Sequences from America (24 used)
Origin

Name Type Subtype Year Country Host GenBank
15 CrVv 2a 1984  USA dog M24003
102/10* CpV ? 1986  USA dog M11871
128 CrVv 2a 1979  USA dog U22186
780929 CprV 2 1978  USA dog M10989
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31 CPV 2a 1983  USA dog M24000
P9217205A Crv 2a 1992 USA ? A26575
CPV39 CPV 2b 1984 USA dog M74849
CPV133 CpPv 2b 1990 USA dog M74852
CPV-b CPV 2 1979  USA dog M38245
CPV-d CpPv 2 1979  USA dog M23255
CPV-d* CPV ? 1991  USA dog M75727
CPV-d* CPV ? 1986  USA dog M12998
Idaho CPv 2b 1990 USA lynx U22896
Norden crv 2 1978  USA dog M19296
Parrishl Crv 2b 1998  USA dog AR043630
Parrish2 CPv 2b 1998  USA dog AR043629
Tapey Cprv 2a 2001  USA dog AR130261
23 FPLV - 1990 USA wildcat U22187
CU-4 FPLV - 1991  USA cat M38246
EH20 FPLV - 1966  USA cat M10824
FPV-b FPLV - 1967  USA cat M24004
FPV-d FPLV - 1964 USA wildcat U22189
FPLV* FPLV - 1991  USA cat M75728
MEV-1 MEV - 1973  USA mink M23999
MEV-2 MEV - 1975 USA mink M24001
MEV-d MEV - 1965 USA mink U22190
MEV-e MEV - 1955 USA mink U22191
Raccoon RaPV - 1993 USA racoon M24005
Sequences from Asia (45 used)
Origin
Name Type Subtype Year Country Host GenBank
Y34* CPV 2000 CHI dog AF237781
China* CPV ? 2000 CHI dog AF321277
Indial CPv 2a 2003 IND dog AJ564427
India2 CPVv 2a 2004 IND dog AJ698134
314 CPV 2a 1995 JPN cat D78585
97008 CPv 2b 1997  JPN dog AB115504
CP49 CPV 2a 1993  JPN ? D26081
LCPV120 Crv 2a 1997  JPN cat ABO054215
LCPV129 CPVv 2a 1997  JPN cat ABO054216
LCPV139 Crv 2a 1997 JPN  leopard cat AB054222
LCPV140 CPV 2ca 1997  JPN leopard cat AB054223
LCPV203 Crv 2cb 1997 PN cat AB054224
LCPV204 CPV 2b 1997 JPN leopard cat AB054221
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LCPV209 CPV 2b 1997 JPN leopard cat AB054219
LCPVT1 CPV 2a 2000 JPN ? ABO054214
OB1 CPV 2a 1994  JPN ? D26080
ShoNan CPV 2b 2003 JPN ? AB128923
T37 CPV 2a 1995 JPN dog U72698
Twn9 CPV 2a 1998  JPN cat ABO054213
V123 crv 2b 1997 JPN cat AB054218
V154 CPV 2a 1997  JPN cat ABO054217
V217 CPV 2b 1997  JPN cat AB054220
Y1 CPV 2a 1982  JPN dog D26079
Thai30 CPV 2a 2003 THA ? AY262281
T4 CPV 2a 1995 TWN dog U72695
T25 CPV 2a 1995 TWN ? U72697
T10 CPV 2b 1995 TWN ? U72696
1 FPLV - 1994  JPN cat ABO000050
483 FPLV - 1990 JPN cat D88286
AO1 FPLV - 1994  JPN cat AB000052
Fukagawa FPLV - 1996  JPN cat ABO000054
Obihiro FPLV - 1974  JPN cat ABO000056
Som1 FPLV - 1994  JPN cat AB000059
Som4 FPLV - 1995 JPN cat ABO000061
TU2 FPLV - 1975 JPN cat ABO000066
TU4 FPLV - 1975 JPN cat ABO000068
TU8 FPLV - 1976  JPN cat AB000070
TU10 FPLV - 1978  JPN cat D78584
TU12 FPLV - 1978  JPN cat AB000064
V142 FPLV - ? JPN cat AB054225
V208 FPLV - ? JPN cat ABO054226
V211 FPLV - ? JPN cat ABO054227
Abashiri MEV - 1978  JPN ? D00765
Beregovoy MEV - 2001 SU mink AF469009
Cherepanovo MEV - 1998  SU mink AF201477
Rodniki MEV - 1999  SU mink AF201478
T1 FPLV - 1995 TWN  leopard cat AF(015223
Sequences from Australia (1 used)
Origin
Name Type Subtype Year Country Host GenBank
193 FPLV - 1970  AUS cat X55115
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Sequences from Europe (43 used)

Origin

Name Type Subtype Year Country Host GenBank
RD87 CPV 2a 1987  FIN  raccoondog U22193
RD80 CprVv 2a 1980 FIN  raccoondog U22192
36/10 CPV 2a 1995 GER cat -

447 CPrV 2b 1995 GER cat -
Chow CPV 2 1979 GER dog AJ002927
Pudel CprV 2 1979 GER dog AJ002928
RedFox CPV ? ? GER red fox -
U45 CPV 2a 1997 GER dog -
U486 CPV 2b 1996 GER dog -
U51 CPrV ? 1997 GER dog -
Ub3 CPV 2a 1997 GER dog -

U6 CPV 2a 1995 GER dog -

56 CPV ? 2000 ITA dog AY380577
699 CPV 2a 2001 ITA ? AF393506
584 CPV 2a 1994  ITA dog AF306446
616 CPV 2b 1995 ITA dog AF306449
618 CPV 2a 1995 ITA dog AF306447
632 CPV 2a 1996 ITA dog AF306445
637 CPV 2b 2000 ITA dog AF306450
677 CPV 2a 1998 ITA dog AF306448
695 CPV ? 2001 ITA cat AF401519
W24 CPV 2b 1995 ITA wolf AF306444
CPV46 CPV 2b 1994 POL dog 746651
BlueFox FPLV - 1983 FIN blue fox U22185
PLI-IV FPLV - 1968 FRA cat D88287
France FPLV - ? FRA cat -

275 FPLV - 1997 GER cat -

326 FPLV - 1995 GER cat -

377 FPLV - 1993 GER wildcat U22188
4 FPLV - 2000 GER cat -

407 FPLV - 1999 GER cat -

479 FPLV - 1994 GER cat -

5 FPLV - 2000 GER cat -

527 FPLV - 1999 GER cat -

53 FPLV - 1995 GER cat -

572 FPLV - 2000 GER cat -

577 FPLV - 2000 GER cat -

615 FPLV - ? GER cat AJ002930
79 FPLV - 2000 GER cat -
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Dohyvac FPLV - 1978 GER cat AJ002931
Panocell FPLV - 1978  GER cat AJ002932
Quinn FPLV - 1980 GER dog AJ002929
PhiRox FPLV - 1962 UK cat M24002

Outgroup Sequences (2 used)
Origin

N T Subt GenBank

ame ype SUPLYPE year Country Host enban
Ratla RPV - 1998  USA rat AF036710
NADL2 PPV - 1993 CAN pig L.23427
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Appendix D

Canine Parvorvirus Genome
Sequence

The complete genome sequence of CPV strain “Norden” is given in the
following part. Non-coding or unassigned regions are coloured in black,
the specific sequence of the non-structural gene (NS) in blue, and the viral
capsid gene (VP) in green. Yellow parts indicate splicing variant A of VP1,
and red parts splicing variant B of VP1, with orange parts of overlapping
regions of spliced introns. The viral capsid gene VP2 is shown in dark
green, and terminal repeats of the VP2 gene are coloured in cyan.

>gi | 333438 gh| ML9296. 1| PVCCPN Cani ne parvovi rus strain CPV-N,
conpl ete cds

ATTCTTTAGAACCAACT GACCAAGT TCACGTACGT ATGACGT GAT GACCCGCT GCGCGCG
CTGCCTACGGCAGT CACACGT CATACGTACCCTCCTTGGTCAGT TGGTTCTAAAGAATGA
TAGGCGGTTTGTGTGT TTAAACT TGGGCGEGAAAAGGT GBCGEECTAAT TGT GGECGT GG
TTAAAGGTATAAAAGACAAACCATAGACCGTTACTGACATTCGCTTCTTGTCTTTGACAG
AGTGAACCTCTCTTACTCTGACTAACCAACCATGT CTGGCAACCAGTATACT GAGGAAGT
TATGGAGGGAGT AAATTGGT TAAAGAAACATGCAGAAAATGAAGCATTTTCGITTGT TTT
TAAATGT GACAACGT CCAACT AAAT GGAAAGGAT GT TCGCT GGAACAACTATACCAAACC
AATTCAAAATGAAGAACTAACATCTTTAATTAGAGGAGCACAAACAGCAATGGATCAAAC
CGAAGAAGAAGAAAT GGACT GGGAAT CGGAAGT TGATAGT CTCGCCAAAAAGCAAGTACA
AACTTTTGATGCATTAATTAAAAAATGTCTTTTTGAAGTCTTTGI TTCTAAAAATATAGA
ACCAAATGAATGT GTTTGGT TTATTCAACATGAATGCGGAAAAGATCAAGCCTGCCATTG
TCATGTTTTACTTCATAGT AAGAACT TACAACAAGCAACT GGTAAATGGCTACGCAGACA
AATGAATATGTATTGGAGTAGATGGT TGGTGACTCTTTGT TCGGTAAACT TAACACCAAC
TGAAAAGATTAAGCT CAGAGAAAT TGCAGAAGATAGT GAATGGGTGACTATATTAACATA
CAGACATAAGCAAACAAAAAAAGACTATGT TAAAATGGT TCATTTTGGAAATATGATAGC
ATATTACTTTTTAACAAAGAAAAAAATTGT CCACATGACAAAAGAAAGTGCCTATTTTTT

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960

AAGTACTGATTCTGGT TGGAAATTTAACTTTATGAAGTATCAAGACAGACAAATTGTCAG 1020
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CACACTTTACACTGAACAAAT GAAACCAGAAACCGT TGAAACCACAGT GACGACAGCACA 1080
GGAAACAAAGCGCGGGAGAAT TCAAACTAAAAAGGAAGT GTCAATCAAATGTACTTTGCG 1140
GGACTTGGT TAGTAAAAGAGT AACATCACCTGAAGACT GGATGATGT TACAACCAGATAG 1200
TTATATTGAAAT GATGGCACAACCAGGAGGT GAAAATCTTTTAAAAAATACACTTGAAAT 1260
TTGTACTTTGACTTTAGCAAGAACAAAAACAGCATTTGAATTAATACT TGAAAAAGCAGA 1320
TAATACTAAACTAACTAACTTTGATCTTGCAAATTCTAGAACATGTCAAATTTTTAGAAT 1380
GCACGGATGGAATTGGATTAAAGT TTGT CACCCTATAGCATGT GT TTTAAATAGACAAGG 1440
TGGTAAAAGAAATACAGT TCTTTTTCATGGACCAGCAAGTACAGGAAAATCTATCATTGC 1500
TCAAGCCATAGCACAAGCTGIGGGTAATGT TGGT TGT TATAATGCAGCAAATGTAAATTT 1560
TCCATTTAATGACTGTACCAATAAAAATTTAATTTGGATTGAAGAAGCTGGTAACTTTGG 1620
TCAACAAGT TAATCAATTTAAAGCAATTTGI TCTGGACAAACAATTAGAATTGATCAAAA 1680
AGGTAAAGGAAGT AAGCAAAT TGAACCAACTCCAGT AATTATGACAACTAATGAAAATAT 1740
AACAATTGTGAGAAT TGGAT GT GAAGAAAGACCT GAACATACACAACCAATAAGAGACAG 1800
AATGTTGAACATTAAGT TAGTATGTAAGCTTCCAGGAGACTTTGGT TTGGT TGATAAAGA 1860
AGAATGGECCTTTAATATGIT GCATGGT TAGT TAAACAT GGTTATGAATCAACCATGGCTAA 1920
CTATACACATCATTGGGCGAAAAGT ACCAGAAT GGGAT GAAAACT GGGCGGAGCCTAAAAT 1980
ACAAGAAGGTATAAATTCACCAGGT TGCAAAGACT TAGAGACACAAGCGGCAAGCAATCC 2040
TCAGAGTCAAGACCAAGTTCTAACTCCTCTGACT CCGGACGTAGTGGACCTTGCACTGGA 2100
ACCGTGGAGTACT CCAGATACGCCTAT TGCAGAAACT GCAAATCAACAATCAAACCAACT 2160
TGGECGT TACT CACAAAGACGT GCAAGCGAGT CCGACGT GGT CCGAAATAGAGGECAGACCT 2220
GAGAGCCATCTTTACTTCTGAACAATTGGAAGAAGATTTTCGAGACGACT TGGATTAAGG 2280
TACGAT GGCACCT CCGECAAAGAGAGCCAGGAGAG
AACTAAGTATGTIGITTTTTTATAGGACTTGIGCCTCC 2400
AGGTTATAAATAT CTTGGGECCTGCGAACAGT CTTGACCAAGGAGAACCAACTAACCCTTC 2460
TGACGCCGCT GCAAAAGAACACGACGAAGCTTACGCTGCTTATCTTCGCTCTGGTAAAAA 2520
CCCATACTTATATTTCTCGCCAGCAGATCAACGCT TTATAGAT CAAACTAAGGACGCTAA 2580
AGATTGGCGGEGEEGAAAATAGGACATTATTTTTTTAGAGCTAAAAAGGCAATTGCTCCAGT 2640
ATTAACTGATACACCAGAT CATCCATCAACAT CAAGACCAACAAAACCAACTAAAAGAAG 2700
TAAACCACCACCT CATATTTTCATCAATCT TGCAAAAAAAAAAAAAGCCGGT GCAGGACA 2760
AGTAAAAAGAGACAAT CTTGCACCAAT GAGT GATGGAGCAGT TCAACCAGACGGTGGICA 2820
ACCTGCCTGTCAGAAAT GAAAGAGCTACAGGAT CT GEGAACGEGET CTGGAGCEEEEGTGGT 2880
GGTGGTTCTGGGEEGET GTGGGGATTTCTACGGGTACT TTCAATAATCAGACGGAATTTAAA 2940
TTTTTGGAAAACGGAT GEGT GGAAAT CACAGCAAACT CAAGCAGACT TGTACATTTAAAT 3000
ATGCCCAGAAAGT GAAAATTATAGAAGAGT GGT TGTAAATAATATGGATAAAACTGCAGT T 3060
AACGGAAACATGGCTTTAGATGATATTCATGCACAAATTGTAACACCTTGGTCATTGGTT 3120
GATGCAAATGCTTGCEGAGT TTGGT TTAATCCAGGAGATTGCCAACTAATTGT TAATACT 3180
ATGAGTGAGT TGCATTTAGT TAGT TTTGAACAAGAAATTTTTAATGT TGTTTTAAAGACT 3240
GITTCAGAATCTGCTACTCAGCCACCAACTAAAGT TTATAATAATGATTTAACTGCATCA 3300
TTGATGGTI TGCATTAGATAGTAATAATACTATGCCATTTACTCCAGCAGCTATGAGATCT 3360
GAGACATTGGGTTTTTATCCATGGAAACCAACCATACCAACTCCATGGAGATATTATTTT 3420
CAATGGCGATAGAACATTAATACCAT CTCATACT GGAACT AGT GBCACACCAACAAATATA 3480
TACCATGGTACAGATCCAGATGATGTTCAATTTTATACTATTGAAAATTCTGTGCCAGTA 3540
CACTTACTAAGAACAGGTGATGAATTTGCTACAGGAACATTTTTTTTTGATTGIAAACCA 3600
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TGTAGACTAACACATACATGGCAAACAAATAGAGCATTGECCTTACCACCATTTCTAAAT
TCTTTGCCTCAATCTGAAGGAGCTACTAACTTTGGT GATATAGGAGT TCAACAAGATAAA
AGACGT GGTGTAACT CAAATGGGAAATACAAACTATATTACTGAAGCTACTATTATGAGA
CCAGCTGAGGT TGGT TATAGT GCACCATATTATTCTTTTGAGGECGT CTACACAAGGGECCA
TTTAAAACACCT AT TGCAGCAGGACGGGEEEEGAGCGCAAACATAT GAAAAT CAAGCAGCA
GATGGTGATCCAAGATATGCATTTGGTAGACAACAT GGTCAAAAAACT ACCACAACAGCGA
GAAACACCTGAGAGATTTACATATATAGCACATCAAGATACAGGAAGATATCCAGAAGGA
GATTGGATTCAAAATATTAACTTTAACCTTCCTGTAACGAATGATAATGTATTGCTACCA
ACAGATCCAATTGGAGGTAAAACAGGAATTAACTATACTAATATATTTAATACTTATGGT
CCTTTAACTGCATTAAATAATGTACCACCAGT TTATCCAAATGGT CAAATTTGGGATAAA
GAATTTGATACTGACTTAAAACCAAGACTTCATGTAAATGCACCATTTGT TTGT CAAAAT
AATTGTCCTGGTCAATTATTTGTAAAAGT TGCGCCTAATTTAACAAATGAATATGATCCT
GATGCATCTGCTAATATGT CAAGAATTGTAACTTACTCAGATTTTTGGTGGAAAGGT AAA
TTAGTATTTAAAGCTAAACTAAGAGCCTCTCATACT TGGAATCCAATTCAACAAATGAGT
ATTAATGTAGATAACCAATTTAACTATGTACCAAGT AATATTGGAGGTATGAAAATTGTA
TATGAAAAATCTCAACTAGCACCTAGAAAATTATATTAACATACTTACTATGGT TTTTAT
GITTATTACATATCAACTAGCACCTAGAAAAATTATATTAATATACTTACTATGGTTTTT
ATGTTTATTACATATTATTTTAAGATTAATTAAATACAGCATAGAAATATTGTACTTGTA
TTTGATATAGGATTTAGAAGI TTGT TAGATGGTATACAATAACTGTAAGAAATAGAAGAA
CATTTAGATCATAGI TAGTAGGT TTGT TAGATGGTATACAATAACTGTAAGAAATAGAAG
AACATTTAGATCATAGT TAGTAGGT TTGT TATATGGTATACAATAACT GTAAGAAATAGA
AGAACATTTAGATCATAGTI TAGTAGT TTGT TTTATAAAATGTATTGTAAACCATTAATGT
ATGTTGTTATGGTGTGGEGTGGT TGGT TGGT TTGCCCT TAGAATATGT TAAGGACCAAAAA
AATCAATAAAAGACATTTAAAACT AAATGGECCTCGTATACT GTCTATAAGGT GAACTAAC
CTTACCATAAGTATCAATCGT TGCGC

CATCTCTAGA

D.1 NS Translated Sequence

VBGNQYTEEVMEGVNW. KKHAENEAF SFVFKCDNVQL NGKDVRWANYTKPI QNEEL TSLI
RGAQTAVDQT EEEENDVESEVDSL AKKQVQTFDAL | KKCLFEVFVSKNI EPNECVWEI QH
EVWGKDQGWHCHVL L HSKNL QQAT GKW. RRQVNMYWBRW. VTLCSVNL TPTEKI KLREI AE
DSEWTI L TYRHKQTKKDYVKMVHEGNM AYYFLTKKKI VHMTKESGYFL STDSGAKFNF
MKYQDRQ VSTLYTEQVKPETVETTVTTAQETKRGRI QTKKEVS| KCTLRDLVSKRVTSP
EDWWMLQPDSY! EMVAQPGGENL LKNTLEI CTLTLARTKTAFELI LEKADNTKLTNFDLA
NSRTCQ FRVHGWNW KVCHAI ACVLNRQGGKRNTVL FHGPASTGKSI | AQAI AQAVGNV
GCYNAANVNFPFNDCTNKNLI W EEAGNFGQQVNQFKAI CSGQTI Rl DQKGKGSKQ EPT
PVI MITNENI Tl VRI GCEERPEHTQPI RDRMLNI KL VCKLPGDFGLVDKEEWPLI CAWL.V
KHGYESTMANYTHHWEKVPEWDENWAEPKI QEG NSPGCKDL ETQAASNPQSQDQVL TPL
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3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380
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4680
4740
4800
4860
4920
4980
5040

5323

60
120
180
240
300
360
420
480
540
600



TPDVVDLALEPWSTPDTPI AETANQQSNQL GVTHKDVQASPTWSEI EADLRAI FTSEQLE
EDFRDDLD

D.2 VP Translated Sequence

MAPPAKRARRGKGVL VKWGEGKDL | TXLSMCFFI GLVPPGYKYLGPGNSL DQGEPTNPSD
AAAKEHDEAYAAYL RSGKNPYL YFSPADQRFI DQTKDAKDWEGKI GHYFFRAKKAI APVL
TDTPDHPSTSRPTKPTKRSKPPPHI FI NLAKKKKAGAGQVKRDNL APVSDGAVQPDGGQP
AVRNERAT GSGNGSGGGGGGGSGGVE STGTFNNQTEFKFL ENGAVE! TANSSRLVHLNM
PESENYRRVVVNNVDKTAVNGNVAL DDl HAQI VTPWSL VDANAWGVWENPGDWOL I VNTM
SELHLVSFEQE!I FNVWLKTVSESATQPPTKVYNNDL TASL MVAL DSNNTMVPFTPAANVRSE
TLGFYPWKPTI PTPVRYYFQWDRTLI PSHTGTSGTPTNI YHGTDPDDVQFYTI ENSVPVH
L L RTGDEFATGTFFFDCKPCRL THTWOTNRAL GL PPFLNSL PQSEGATNFGDI GVQQDKR
RGVTQVIGNTNYI TEATI MRPAEVGYSAPYYSFEASTQGPFKTPI AAGRGGAQTYENQAAD
GDPRYAFGRQHGQKTTTTGETPERFTY! AHQDTGRYPEGDW QNI NFNLPVTNDNVLLPT
DPI GGKTG NYTNI FNTYGPL TALNNVPPVYPNGQ WDKEFDT DLKPRL HVNAPFVOQNN
CPGQLFVKVAPNL TNEYDPDASANVBRI VTYSDFVWAKGKL VFKAKL RASHTVKPI QQVSI

NVDNQFNYVPSNI GGVKI VYEKSQLAPRKLY

D.3 Genetic Code Table

Amino Acid Amino Acid

1-letter 3-letter Full Name 1-letter 3-letter  Full Name
A Ala Alanine M Met Methionine
C Cys Cysteine N Asn  Asparagine
D Asp Aspartate P Pro Proline
E Glu Glutamate Q Gln Glutamine
F Phe Phenylalanine R Arg Arginine
G Gly Glycine S Ser Serine
H His Histidine T Thr Threonine
I Ile Isoleucine \Y Val Valine
K Lys Lysine W Trp  Tryptophane
L Leu Leucine Y Tyr Tyrosine
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Appendix E

t r eepat her manpage

treepat her (1) Cust om zed Bi oi nf Commands treepat her (1)

NAME
TreePath-er - A NEWCK tree parser
able to determ ne path | engths

SYNTAX
treepather newick-file afa-file

DESCRIPTION
TreePather is a denonstration programfor the NEW CK-
tree parser and access library. It reads a NEWCK

tree, conputes its | eaves and then cal cul ates vari ous
di stance neasures between |eaves. (To conpute the
Hamm ng- di stance between | eaves, a AFA-file is al so
read) .

THEORY OF OPERATION

TreePather is intended as a denonstration on the nore
general NEWCK tree library, which provides | anguage
bindings for C++ and Python. The library provides
functions to read a NEWCK tree file into nenory and
unmarshall it into an object hierarchy, performpath
operations on it (including the calculation of the
| ongest comopn subpath) and can output a tree in
NEW CK tree & VCG (Visualization of Conpiler G aphs)
formats.

The NEWCK tree library is based on a Bison grammar
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i npl enenting Gary Osen's interpretation of the
NEWCK tree format. This formal specificationis
avail able from

http://evol ution. genetics.washi ngton. edu/ phyl i p/ newi ck_doc. ht m

SEE ALSO
xvcg(1l), fa2afa
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Appendix F

vdi f f manpage

vdi ff (1) Cust om zed Bi oi nf Conmands vdi ff (1)

NAME
vdiff - A Vertical diff-Derivative for Sequence
Al'i gnment s

SYNTAX
vdiff.py [-9|-G [-0] filenane
vdiff.py [-0] [-p pos] fil enane
vdiff.py [-q nane[:threshold]] [-Q filenane

DESCRIPTION
vdiff reads aligned sequence input (DNA or protein)
and returns variable positions. Specifying command
line options allows advanced conparative sequence
anal ysis. Default output is printed to stdout and
i ncl udes

(1) Total number & raw indices of variable positions
(2) Total nunber & distribution of different charac-
ters (i.e. list of taxa sharing identical posi-
tions) for all variable positions*
(3) Summary of specific positions for all taxa*

* using raw i ndices
OPTIONS

-g val ue
Additionally prints groups (sorted according
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to frequency of occurrence)

-G
Alters dafault output: prints groups only (ex-
cl usi ve use)

-0
Al'l ow positional offset (exclusive use) to
convert raw indices into true indices

-p position
Prints results for specified position(s) only

-qg nare[ : val ue]

Prints results for specified taxon only (using
a threshold for the nunber of taxa sharing a
specific position). Default thresholdis 1 if
no value is specified by the user.

-Q
Uses positions from-qgq as input for a -p posi-
tional query

INPUT FILE FORMAT
Input files nust be standard FASTA (.fa) derivatives
(al nost fasta, AFA).

The .afa file format requires ASCII text in a two co-
lum table with colunms separated by a space or tab-
ulator and rows separated by a newline character
Cell content nmust not contain spaces or tabul ators.

The first colum holds the sequence |abel nanes and
the second colum holds the aligned sequences. Se-
guences may contain gaps represented as dashes ("-")
or dots ("."). Sequences nust be of equal | ength.

FASTA and NEXUS (.nex) files may be converted to AFA
format using fa2afa and nex2afa, respectively.

SEE ALSO
nex2afa, fa2afa
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