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Abstract

I used phylogenetic analyses to reconstruct patterns of directional interspecific transmission during
a pseudorabies virus outbreak in Illinois, USA, in 1989. Isolates were recovered from five species:
cattle, sheep, goats, pigs, and raccoons (Procyon lotor). I generated DNA sequences for 16 isolates
of pseudorabies virus at the glycoprotein C gene, from which I constructed phylogenetic trees. I
then used these trees, in combination with parsimony-based analyses of character evolution, to infer
the frequency and direction of interspecific transmission events. Comparing inferred frequencies and
directions of transmission to null expectations based on 10,000 random trees indicated a significant
excess of transmission events from pigs to pigs and a corresponding lack of transmission events
from non-porcine species. These results are concordant with the know biology and natural history of
pseudorabies virus, and they demonstrate that retrospective phylogeny reconstruction and analyses of
character evolution can be used to investigate the transmission ecology of pathogens.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Retrospective studies of microbial transmission are notoriously difficult to conduct. When
transmission events cannot be observed directly, inferences about the direction and pattern
of transmission must be made indirectly.
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Traditionally, transmission has been inferred on the basis of certain implicit “proximity
criteria”. When cases occur close together in time and in space, transmission is suspected
(Ward and Carpenter, 2000; Carpenter, 2001). Proximity of the associated microbes in other,
biological dimensions (e.g. genetic, serological, antimicrobial drug resistance patterns) pro-
vides further support. Circumstantial evidence (historical records or plausible mechanisms
of transmission) can strengthen the hypothesis that transmission has occurred. These lines of
evidence together often are used to infer patterns of transmission from the spatio-temporal
clustering of cases (e.g.Austin and Weigel, 1992; Paré et al., 1996; Doherr et al., 1999).

The proximity-criterion approach has proven useful and informative, but nevertheless
has some inherent biases (for example, seeGlynn et al., 1999; Murray, 2002; Murray
and Alland, 2002). Inferring transmission only when cases are temporally and/or spatially
associated reduces the probability of detecting transmission over long distances or protracted
time periods. Inferring transmission only when the associated microbes are biologically
similar decreases the probability of detecting transmission for microbes that evolve rapidly.
If external, circumstantial evidence is considered prerequisite to inferring transmission,
instances in which such evidence is lacking will be discounted. Finally, traditional methods
generally do not allow the direction of transmission to be inferred.

Complementary analytical techniques are needed that can allow us to make inferences
about transmission that are independent of proximity. Phylogenetic analyses and analy-
ses of character evolution can easily be adapted to the study of microbial transmission
(Holmes et al., 1995), and address many of the shortcomings of other approaches in this re-
gard. Although mainstream in systematics and evolutionary biology, these techniques have
been slow to gain popularity in epidemiology (Holmes, 1998; Page and Holmes, 1998).
The techniques are varied, but all make use of the information contained in phylogenetic
trees.

Phylogenetic trees are graphical representations of the history of the relatedness of or-
ganisms (Page and Holmes, 1998; Maddison and Maddison, 2000). Once a phylogenetic
tree has been constructed, any characteristic of the related organisms can be analyzed in the
evolutionary framework specified by the tree. Changes in such characteristics (“characters”)
can be inferred between descendent organisms and their ancestors—even if those ancestors
were never observed directly (Maddison and Maddison, 2000). A list of selected phylo-
genetic terms used in this paper is given inTable 1(for further definitions and expanded
explanations, seePage and Holmes, 1998; Maddison and Maddison, 2000).

In the case of microbes, characters can be selected for analysis that are pertinent to the
biology or ecology of transmission. Such characters might include the type of host from
which the microbe was recovered, or the geographic location where the microbe was found.
In such cases, inferred changes in the states of characters would represent transmission
events from one host type to another, or from one geographic location to another. The
inherent directionality of rooted phylogenetic trees (Maddison and Maddison, 2000) makes
it possible to infer the direction of transmission.

Fig. 1outlines the analytical methodology used in this paper. The approach is similar to
that described bySlatkin and Maddison (1989)for inferring patterns of gene flow from allele
phylogenies. The hypothetical phylogenetic tree depicted would be constructed from data
independent of microbial ecology, such as molecular genetic or serological data. However
such a tree is obtained, character states representing parameters pertinent to transmission
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Table 1
Definitions of selected phylogenetic terms used in the text

Term Definition

Branch A line connecting two nodes on a phylogenetic tree. The length of a branch may or may not
be drawn in proportion to measures such as genetic distance, evolutionary change, or time.

Character Any trait of an organism or set of organisms that can change over evolutionary time.
Examples of characters related to microbes might be “virulence”, “location of origin”, or
“number of pili”.

Character state Any of the alternative conditions that a character can take. Examples of character states
corresponding to the characters listed above might be “benign”, “Europe” or “24”.

Cladogram A phylogenetic tree drawn such that the only information contained is the order of
branching. Branch lengths are not proportional to genetic distance in a cladogram.

Node The point at which a lineage on a phylogenetic tree splits or ends. Nodes that split are
“internal” nodes, whereas nodes that end (usually representing extant taxa) are “terminal”
nodes.

Outgroup A taxon assumed to be more distantly related to the taxa in a group than any are to each
other.

Parsimony The principle by which the most-accurate distribution of character states on a phylogenetic
tree is assumed to be that which minimizes the total number of character-state changes.

Phylogenetic
tree

A graphical representation of the history of relatedness of a group of organisms.
Phylogenetic trees typically contain information about the order of evolutionary
divergences and relative divergence times.

Resolution The degree to which the order of branching in a phylogenetic tree is known. Trees
containing only bifurcating internal nodes are fully resolved, whereas trees containing
“polyfurcating” internal nodes are less resolved.

Root The most ancestral node in a phylogenetic tree. Directional evolutionary change occurs
from the root towards the tips of a rooted phylogenetic tree.

Taxon Any named organism or group of organisms about which phylogenetic inferences can be
made. Microbial taxa might be, for example, “Salmonella”, “isolate #2377” or
“Enterobacteriaceae”.

can be assigned to the microbes represented by the terminal nodes of the tree. The principle
of parsimony then can be applied to reconstruct the character states of ancestral microbes
(represented by the internal nodes of the tree). Directional character-state changes can be
inferred in a straightforward manner, and the relative frequencies of such events can be
calculated. These frequencies can be compared statistically to null expectations to detect
transmission biases.

My goal was to demonstrate the use of phylogenetic analyses and analyses of character
evolution for inferring the directional transmission of microbes. I analyzed an outbreak of
pseudorabies virus (Alphaherpesvirinae) in which isolates were recovered from multiple
species. The specific character that I analyzed was the species from which the isolates
were recovered. I reconstructed the frequency and direction of inferred transmission events
within and between species during the outbreak and tested the significance of the patterns
observed statistically.
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Fig. 1. Analysis of character evolution. The evolution of a single, reversible character with two states (1 and 2) is
shown on a hypothetical phylogenetic tree. The tree itself would be built from independent data, such as genetic
data. Character states along branches (1: solid branches, 2: open branches) were reconstructed from the states of
the terminal taxa (1 or 2) using the principle of parsimony. Directional character-state changes (represented by
arrows) then were inferred by tracing the evolution of the character from the root of the tree (left) to the tip of each
branch (right). Four character-state changes were thereby inferred (three from 1 to 2, and one from 2 to 1). The
analysis was performed using the computer program MacClade, Version 4 (Maddison and Maddison, 2000).

2. Materials and methods

Sixteen isolates of pseudorabies virus were obtained during an outbreak in western Illi-
nois, USA, over a 10-month period in 1989. One isolate was recovered from a cow, three
from dogs, three from sheep, eight from pigs and one from a raccoon (Procyon lotor). The
isolates were obtained from all 14 positive farms identified during the outbreak. Positive
farms were geographically clustered, and were all within approximately 50 km of each
other. (Details of the outbreak and of the virological methods used are given inScherba
et al., 1999.)

A 798 bp segment of the viral glycoprotein C (gC) gene was PCR-amplified and se-
quenced in all isolates. The pseudorabies gC gene encodes an immunologically important
glycoprotein and contains within it some of the most genetically variable regions of the
pseudorabies virus genome (Ishikawa et al., 1996). (Details of the molecular methods used
are given inGoldberg et al., 2001.)

Phylogenetic trees of viral isolates were constructed from the DNA sequences. Phylo-
genetic trees based on nucleotide sequence data are ideally suited to the study of microor-
ganisms such as viruses (Haas, 1997; Hungnes et al., 2000). Because different methods of
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phylogeny reconstruction can yield different phylogenetic trees, three common methods
were used: the neighbor-joining (NJ) method ofSaitou and Nei (1987), the maximum
parsimony (MP) method (seeSober, 1989; Swofford et al., 1996for reviews) and the
maximum-likelihood method (Felsenstein, 1981).

The NJ tree was constructed using the computer program PAUP∗, Version 4.0b10 (Swofford,
2000). Various models of nucleotide change available in PAUP∗ were used to correct pair-
wise nucleotide distances in the NJ analysis. The degree of genetic differentiation among
the 16 isolates was small, however, and the choice of model did not affect the topology of
the final tree. The MP tree was found using the Branch and Bound algorithm of PAUP∗,
with transitions (nucleotide changes from purine to purine or from pyrimidine to pyrim-
idine) weighted twice as heavily as transversions (changes from purine to pyrimidine or
vice versa) and single-codon insertion/deletions weighted twice as heavily as point substi-
tutions. These weighting schemes reflected the relative frequencies of each event, inferred
by comparing the most closely related pairs of sequences in the data set. The ML tree was
found using the heuristic search algorithm of PAUP∗, with 100 random-addition-sequence
replicates (a standard number). Parameter values for the model of molecular evolution
used in the ML search were assigned manually, and were estimated from the data through
an iterative likelihood-ratio approach implemented with the aid of the computer program
Modeltest, Version 3.06 (Posada and Crandall, 1998). Bootstrapping (Felsenstein, 1985)
was used to assign estimates of statistical confidence to all clades in all trees. One thousand
bootstrap replicates of the data (a standard number) were run for each analysis (NJ, MP,
ML), with search parameters identical to those used in the original search. Trees were rooted
by selecting as an outgroup that isolate linked to the others by the longest branch.

Analyses of character evolution were performed using the computer program MacClade,
Version 4 (Maddison and Maddison, 2000). MacClade uses the principle of parsimony to
reconstruct ancestral states in phylogenetic trees, and to analyze the evolution of characters.
Parsimony is a generalizable and widely accepted method for reconstructing the history of
character-state change (Sober, 1989; Maddison and Maddison, 2000). Although other meth-
ods (most notably, likelihood methods) might be preferable in some situations, they are only
suitable for system with well-understood mathematical properties (Swofford et al., 1996;
Maddison and Maddison, 2000). Because likelihood models for describing the interspecific
transmission of pathogens do not exist, parsimony is currently the best method available.

A single, unordered, discreet-valued character with five states was coded to reflect the
host species from which an isolate was recovered. The evolution of the host species of
origin character was traced along the reconstructed phylogenetic trees using the “Chart
State Changes and Stasis” option of MacClade. MacClade also was used to tabulate the
number of inferred directional state changes in the host species character from the root to
the tips of each tree (seeFig. 1for an example of this technique).

Both character-state change and character-state stasis were quantified. Character-state
changes were interpreted as interspecific transmission events, and character-state stases
(when no character-state change was inferred between ancestor and descendent virus) were
interpreted as intraspecific transmission events. To avoid interpretive difficulties, only un-
ambiguous character-state changes and stases were counted. Transmission events were es-
timated for all 25 possible classes of transmission (inter- and intraspecific, i.e. between and
within each of the five host species of origin, in both directions) for each reconstructed tree.
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The sampling of isolates during the pseudorabies virus outbreak was neither random nor
systematic with respect to host species of origin. Therefore, different classes of transmission
could be over- or underrepresented simply due to uneven sampling. To estimate the expected
frequency of different classes of transmission given the empirical pattern of host species
sampled, 10,000 random, equiprobable phylogenetic trees were generated and analyzed
using MacClade. These trees were of the same size (16 taxa) as the NJ, MP and ML trees. A
host species of origin character with five states was coded, and taxa were assigned randomly
by computer to one of the five character states (proportionally to the numbers in the original
data set). Changes and stases in the host species of origin character were traced on all 10,000
trees. Expected (null) frequencies of transmission for each class of transmission (inter- and
intraspecific) were quantified as the maximum number of unambiguous character-state
changes (or stases) observed for that class in any tree of the 10,000 random equiprobable
trees.

Observed frequencies of transmission were compared to null expectations for each class
of transmission using binomial-distribution probability tests implemented with the com-
puter program Epi Info, Version 6.04b (Centers for Disease Control and Prevention, 1997).
Probabilities were two-tailed,α = 5%.

3. Results

Within the 16 pseudorabies viral gC sequences, 30/798 (3.8%) nucleotide positions were
variable. Two single-codon insertion/deletions also were observed. Nucleotide-level genetic
differences between isolates varied from 0 to 1.9%, with a within-population mean pairwise
difference of 0.8%. By comparison, the 16 Illinois sequences differed from epidemiolog-
ically unrelated published PrV gC sequences (GenBank accession numbers: AF403051,
AF158090, SH1GGIII1, SH1GGIII2 and SH1GGIII3) by between 1.1 and 6.2%, with a
between-population mean pairwise difference of 3.6%. The 16 Illinois DNA sequences are
available through GenBank (accession numbers AF176479–AF176495).

The phylogenetic trees reconstructed are depicted inFig. 2as rooted cladograms. Branches
in such cladograms are not scaled in proportion to the actual amount of genetic change in-
ferred along them. Trees were drawn this way to facilitate the visualization of isolate clusters.
Actual branch-length values are given numerically.

For the NJ and ML analyses, a single tree was recovered (as these methods necessitate;
Fig. 2). For the MP analysis, four equally parsimonious trees (each of length 27) were found.
The MP tree inFig. 2 represents a 50% majority-rule consensus tree computed from the
four equally parsimonious trees found during the MP search. Bootstrap values for individual
clades ranged from 57 to 100%. The trees reconstructed in all analyses had very similar
topologies, and differed mainly in their degree of phylogenetic resolution. The MP and ML
trees had low resolution (many polyfurcating internal nodes) whereas the NJ tree was fully
resolved (i.e. all internal nodes were strictly bifurcating).

Twenty-three unambiguous transmission events were inferred for the NJ tree, six for the
MP tree, and four for the ML tree. The low number of inferred transmission events for the
MP and ML trees resulted from their low phylogenetic resolution, in combination with the
fact that only unambiguous events were counted.
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Fig. 2. Phylogenetic trees of 16 Illinois, USA, pseudorabies virus isolates recovered during an outbreak in 1989,
based on 798 base pairs of the gC gene. NJ: neighbor-joining; MP: maximum parsimony; ML: maximum like-
lihood. Trees are drawn as cladograms, such that horizontal distances are not proportional to genetic distance.
Taxon names correspond toGoldberg et al. (2001), and to GenBank entries AF176479–AF176495. Species of
origin—Bo: bovine; Ca: canine; Ov: ovine; Po: porcine; Ra: raccoon. Numbers above branches are inferred num-
bers of nucleotide changes (branch lengths). Those below branches (in italics) are bootstrap values, indicating the
percentage of trees (out of 1000 replicates) in which the grouping to the right of that branch was observed. The
log-likelihood of the ML tree is−1182.9.

Inferred directional inter- and intraspecific transmission events for each of the 25 possible
classes of transmission are shown inFig. 3for the NJ, MP and ML trees, as well as for the
10,000 random equiprobable trees. In all three analyses, the number of inferred transmis-
sion events from pig-to-pig was highest. In all three analyses, the observed proportion of
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Fig. 3. Inferred directional interspecific transmission events for all 25 possible classes of transmission. Bars on
unit squares represent proportions of inferred unambiguous transmission events for 10,000 random, equiprobable
trees (R), and for the neighbor-joining (N), maximum parsimony (P), and maximum-likelihood (L) analyses.
Asterisks indicate significant differences (P ≤ 0.05) in the proportion of transmission events from the null
expected proportion generated from the random-tree analysis (R).

pig-to-pig transmission events was significantly higher than expected by chance alone (all
P < 0.04).

The random-tree analysis also predicted that some transmission events should have
been observed from dogs to other species and from sheep to other species. No such
transmission events were observed in any of the analyses. In the NJ analysis, the lack
of inferred transmission events between dogs and between sheep was significant (both
P < 0.02).

In all analyses, the proportion of inferred transmission events from non-porcine species
(0% in each case) was lower than the expected proportion of such transmission events
(50.8%, based on the 10,000 randomly generated trees). This trend was statistically sig-
nificant in the NJ and MP analyses (P < 0.0001 for the NJ tree,P = 0.014 for the MP
tree). In the ML analysis, this trend was present but non-significant (P = 0.06), probably
because only four transmission events were inferred. Transmission in this outbreak there-
fore was biased towards transmission from pigs and away from transmission from other
species.

The number and direction of inferred transmission events can, however, be affected by
how a tree is rooted. To assess the effect of rooting, all possible rootings were examined
separately for the three phylogenetic trees presented inFig. 2. This is equivalent to examining
the unrooted tree corresponding to each case (Maddison, 1990; Maddison and Maddison,
2000). Results were identical to those presented above in 30/30 alternative rootings of the
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NJ tree, 19/21 alternative rootings of the MP tree, and 20/22 alternative rootings of the ML
tree. The MP and ML rootings that did not agree with the consensus results inferred between
one and two canine-to-canine transmission events. In no case, however, did the proportion
of such events exceed or fall short of the expected null proportion.

4. Discussion

The analyses described above show that the frequencies of certain classes of transmission
during the 1989 pseudorabies virus outbreak deviated significantly from null expectation.
Specifically, there was a statistically significant excess of inferred transmission events from
pigs to other pigs and a correspondingly significant lack of inferred transmission events from
non-porcine species to other non-porcine species. These results were robust to variations
in the method of phylogeny reconstruction, and to alternative rootings of the phylogenetic
trees.

Pseudorabies virus is the causative agent of Aujeszky’s disease, a neurologic disorder
of swine that first was described over a century ago (Aujeszky, 1902). In young pigs,
Aujeszky’s disease is marked by incoordination, opisthotonus and convulsions, as well as
non-neurological signs such as pyrexia, anorexia, and respiratory difficulties (Baskerville
et al., 1973). Adult pigs tend to suffer respiratory difficulties and infertility. Pigs can be
convalescent and chronic carriers of PrV. In contrast, Aujeszky’s disease is rapidly and
almost-uniformly fatal in non-porcine species. Pseudorabies virus can infect some wildlife
species, but transmission from these species has not been documented (Thawley and Wright,
1982; Glass et al., 1994; Zanin et al., 1997). By far, the most common class of pseudorabies
virus transmission in nature is from pig-to-pig (Christensen, 1995).

The present analyses were able to reconstruct this overall pattern of pig-to-pig-biased viral
transmission even in the absence of external data. Although no information about the biology
of the pathogen was used other than the DNA sequences of the isolates in question and the
species from which these isolates were recovered, the propensity of pseudorabies virus to be
transmitted almost exclusively from pigs was inferred accurately. This observation suggests
that the phylogenetic approach used here is both powerful and accurate for inferring patterns
of directional pathogen transmission.

The techniques described have several interpretive limitations, however. First, inferred
transmission events are not necessarily direct. The parsimony criterion used to infer char-
acter-state changes reconstructs theminimum number of changes necessary to explain the
observed pattern of character states. The actual number of changes could be higher. In-
ferred transmission events could represent direct transmissions from one animal to another,
or they could represent a series of transmissions through intermediate hosts. A transmission
event can be considered direct only when substantial external evidence supports such a
conclusion. The use of phylogenetic analyses to infer direct transmissions of HIV (human
immunodeficiency virus) in legal cases is an example (Albert et al., 1994; Birch et al.,
2000). In these cases, corroborating testimony was necessary to establish the direct nature
of transmission. Without such evidence, the techniques described here are best suited to re-
constructing general patterns of transmission that can be interpreted in the light of microbial
ecology.
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The power and accuracy of these techniques also depend highly on the quality of the phy-
logenetic trees. Inaccurate trees can lead to false inferences. Trees with low resolution can
yield relatively few unambiguous inferred transmission events, reducing statistical power
(as occurred in the MP and ML analyses). Techniques that yield trees with greater resolution
are not necessarily preferable, however—especially if phylogenetic resolution is gained at
the expense of accuracy. This is illustrated by the NJ tree inFig. 1; the neighbor-joining
algorithm resolved all clades fully, but did so even when clades consisted of isolates with
identical DNA sequences (e.g. in the case of isolates PrV 4520, 12271 and 12486). Ideally,
trees generated using several complementary methods of phylogeny reconstruction should
be analyzed before general conclusions are drawn. Where possible, likelihood-based meth-
ods of phylogeny reconstruction should be included.

Because molecular phylogenies are also sensitive to the specific gene regions chosen
for study, ideally several independent genetic loci should be analyzed. If this is impossible
or impractical, any single gene region chosen for study should be evaluated in terms of
its utility for reconstructing phylogeny. In the case of the present analysis, for example, it
was demonstrated previously that phylogenies based on pseudorabies gC DNA sequences
are highly correlated with phylogenies based on whole-genome restriction fragment-length
patterns (Goldberg et al., 2001). This is encouraging—especially because all the PrV gC
sequences used in this study were very similar genetically to each other (and differed by
only 1–6% from epidemiologically unrelated gC sequences). Despite this low degree of
genetic differentiation within and between outbreaks, and despite the low sample size of
isolates, the phylogenetic trees generated were informative.

One noteworthy component of the present analysis to me was that, in the NJ tree, the
number of inferred transmission events (23) was actually higher than the number of iso-
lates included in the study (16). Parsimony analyses of character evolution make use of
all the topological information contained in a phylogenetic tree, including information
about the character states of reconstructed putative ancestral organisms (represented by
the internal nodes of the tree)—even though these ancestors were never observed. The use
of phylogenetic information therefore also has the advantage that it enhances statistical
power.

The techniques described in this paper cannot eliminate problems associated with sam-
pling bias. Although the random-tree analysis attempted to correct for uneven sampling
across host species, this correction was not perfect. Phylogenetic analyses only can infer
transmission from or to host species that were sampled. Other species could play important
but undetected roles.

Despite these shortcomings, phylogenetic analyses of character evolution appear to be
powerful and accurate tools for inferring directional pathogen transmission. They avoid
many of the biases inherent in traditional approaches that rely exclusively on criteria of spa-
tial, temporal and biological proximity, and on the availability of circumstantial evidence.
It would be particularly interesting to apply the techniques described in this paper to inves-
tigating the movement of zoonotic microbes within and between human and non-human
hosts, to studying the transmission ecology of agents of importance to food safety and public
health (such as food-borne bacteria and transmissible antimicrobial resistance elements),
and to reconstructing patterns of spread of emerging pathogens within and among host
species and geographic areas.
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