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Abstract

Emerging diseases are increasing in incidence; therefore, understanding how pathogens
are introduced into new regions and cause epidemics is of importance for the development
of strategies that may hinder their spread. We used molecular data to study how a vector-
borne banana virus, Banana bunchy top virus (BBTV), spread in Hawaii after it was first
detected in 1989. Our analyses suggest that BBTV was introduced once into Hawaii, on the
island of Oahu. All other islands were infected with isolates originating from Oahu,
suggesting that movement of contaminated plant material was the main driving factor
responsible for interisland spread of BBTV. The rate of mutation inferred by the phyloge-
netic analysis (1.4 x 104 bp/year) was similar to that obtained in an experimental evolution
study under greenhouse conditions (3.9 x 104 bp/year). We used these values to estimate
the number of infections occurring under field conditions per year. Our results suggest that
strict and enforced regulations limiting the movement of banana plant material among

Hawaiian islands could have reduced interisland spread of this pathogen.
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Introduction

The potential and realized threats of emerging diseases of
humans, domestic and wild animals, and plants have been
well documented. Studies have now identified several factors
driving the emergence of new diseases, such as climate and
land-use change, ease of travel, international trade, and
pathogen evolution (Woolhouse & Gowtage-Sequeria 2005).
However, one of the main factors responsible for emerging
and re-emerging diseases may be pathogen pollution,
defined as the introduction of pathogens into new areas
where susceptible hosts occur (Cunningham et al. 2003).
Such pathogen invasions, primarily mediated by anthrop-
ogenic activities, are often identified as the factor responsible
for most emerging diseases. In fact, it has been estimated
that more than 50% of emerging plant diseases were driven
by introduced pathogens (Anderson et al. 2004).

The determination that a newly introduced pathogen is
the driving factor of a disease is often based on genetic
analysis of the pathogen at its new location compared to
other areas where it is found. Such an approach allows for
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the identification of the probable origin of introductions.
Recent evolutionary studies on the epidemics of West Nile
virus and avian flu are examples of the successful use of
phylogenetic analysis to determine the source of pathogens
(Lanciotti et al. 1999; Janies et al. 2007). These and similar
studies generate hypotheses concerning how pathogens
are spread and provide helpful information on their
ecology. However, because detection of emerging diseases
occurs after introduction and initial pathogen spread, it is
difficult to identify the underlying factors associated with
pathogen invasion. These are often unknown and assumed
to be a consequence of increased commerce, human trans-
portation, and lack of guidelines to avoid the movement of
infectious agents. Furthermore, it is not easy to demonstrate
which anthropogenic factor may have driven a specific
epidemic. Difficulties with determining the root cause of a
given epidemic include alternative invasion hypotheses,
high mobility of infected hosts, and the possibility of natural,
albeit comparatively rare, spread of pathogens over large
spatial scales (e.g. between continents). Nevertheless, DNA
sequence-based data and analyses methods are proving to
be powerful tools to reconstruct the spread of pathogens
(e.g. Biek et al. 2006, 2007).
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Banana bunchy top virus (BBTV) is the aetiological agent
of one of the most important banana diseases in the South
Pacific and Southeast Asia (banana bunchy top disease,
BBTD); infections result in bunched leaves and stunted,
fruitless plants. BBTV is a multicomponent single-stranded
DNA virus that is efficiently transmitted by an aphid vector,
Pentalonia nigronervosa (Hemiptera, Aphididae), in a per-
sistent, circulative and nonpropagative manner (Magee
1940; Hafner et al. 1995; Hu et al. 1996; Anhalt & Almeida
2008). There are no other means for natural dispersal of
BBTV. However, as banana is vegetatively propagated, the
spread of BBTV is possible by transportation of contami-
nated material originating from asymptomatic but infected
plants. Natural spread of BBTV occurs slowly in plantations,
and is often restricted to metres from a source plant (Allen
1978; Smith et al. 1998). Rouging of symptomatic plants
and planting of virus-free plant material have been demon-
strated to successfully control BBTV epidemics (Dale 1987).
In 1989, BBTV was first detected on the island of Oahu,
Hawaii (Conant 1992). Banana varieties cultivated in
Hawaii are susceptible to BBTV, and P. nigronervosa has
been established in the islands at least since 1924 (Zimmer-
man 1948). Although P. nigronervosa feeds on other plants,
the Hawaiian BBTV strain infects only banana, reducing
the importance of alternative hosts on spread of the virus
(Hu et al. 1996). Despite its expected slow and limited
spatial spread, BBTV is now present on all main Hawaiian
islands, with the exception of Lanai.

BBTV in Hawaii is a good model system to study factors
driving the dispersal of an emerging pathogen because of
the spatial distribution of host plants (i.e. isolated archi-
pelago system), all hosts are susceptible to the pathogen,
the virus does not multiply in vectors, BBTV hosts are
immobile, its Hawaiian strain does not infect other hosts,
and aphid vectors were already present on all islands prior
to BBTV’s introduction. We used DNA sequence data to
identify the region of origin of the Hawaiian BBTV infection
and to determine the spatial genetic structure of BBTV
within the Hawaiian Islands. Historical data on colon-
ization of different islands in the archipelago was used to
calibrate a molecular clock and calculate a rate of evolution
of the Hawaiian BBTV. We compared the estimated evolu-
tionary rate with that based on experimental data to test the
reliability of such data and its applicability on estimating
disease spread. We hypothesized that spread of BBTV in
Hawaii could have occurred by (i) multiple introductions
of BBTV through infective vectors or contaminated plant
material, (ii) transportation of infected plant material
between islands, with or without presence of aphids, and
(iii) new interisland invasions by infected aphids. We used
biogeography, evolutionary and demographic frameworks
and experimental data to interpret our results and address
our question of how this emerging pathogen spread in
Hawaii.
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Materials and methods

Virus samples

Samples of BBTV from symptomatic banana plants from all
main Hawaiian Islands were collected between October
and December 2005 (Table S1, Supporting Information;
which includes the number of samples taken from each
island). The only exception was Lanai where BBTV has not
yet been reported. Although we tried to sample from as
many populations as possible, samples were skewed towards
the island of Oahu because of the high frequency of BBTV
infections there. In addition, quarantine efforts by the state
of Hawaii limited the availability of samples in certain
locations, such as the island of Hawaii. Samples were freshly
processed or maintained frozen in —80 °C until DNA
extraction. We extracted viral DNA using a QIAGEN DNeasy
extraction kit (QIAGEN Inc.) following the manufacturer’s
instructions. Here we provide a brief description of the
interisland spread of BBTV in Hawaii, based on information
provided by the Hawaii Department of Agriculture for
historical data (unpublished surveys, prepared by Larry
Nakahara, Hawaii Department of Agriculture) and personal
observations on the current status of the disease (R. Almeida,
personal observations).

Oahu: BBTV was first observed on Oahu in 1989 on the east
side of the island. The disease is currently widespread
in commercial areas, roadways and backyards. Early
eradication efforts failed to control BBTV spread.

Kauai: The disease was first identified here in 1997. BBTV
is currently widespread in the island. Immediately after the
1997 introduction, eradication efforts were conducted but
interpreted as unsuccessful, as years later (in 2000) BBTV
was detected again on the island.

Hawaii (Big Island): BBTV was first observed on the west
(Kona) side of the island in 1995. Eradication efforts reduced
disease incidence but did not completely eliminate the
pathogen from that area. In 2004, BBTV was identified
on the east (Hilo) side of the island, the major banana-
producing area in the State.

Maui and Molokai: The disease was first found in 2002 and
2005 on Maui and Molokai, respectively; BBTV spread is
limited in these two islands.

Primer design and PCR amplification

We designed primers to amplify five of the six BBTV
components (except DNA-2) based on sequence data
available in GenBank (Table S2, Supporting Information).
BBTV components from multiple strains were aligned
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using MacClade version 4.06 (Maddison & Maddison
2002) and conserved regions were analysed for primer
selection. Our primers amplified primarily the noncoding
region of each viral component, with the exception of
DNA-1, which only has a short noncoding region.
Polymerase chain reaction (PCR) cycles used were 94 °C
for 1 min, annealing temperature (variable, see Table S2)
for 1min, extension at 72°C for 1min, for 30 cycles,
followed by a 5-min final extension at 72 °C. We determined
the optimal annealing temperature for each primer pair
using a temperature gradient block. PCR products were
run on gels to confirm fragment size and purified using a
PCR purification kit (QIAGEN). We sent samples for
sequencing to the Greenwood Molecular Biology Facility
(Pacific Biomedical Research Center, University of Hawaii
at Manoa, Honolulu, HI) and to the University of California,
Berkeley Sequencing Facility. Both strands were sequenced
for all samples. Accession numbers for deposited sequences
obtained in this study are EU292002-EU292141.

Origin of BBTV in Hawaii: a global approach

To ascertain the origin of the Hawaiian BBTV invasion, we
constructed a phylogeny based on DNA-1 sequences
(coding for replication initiation protein) with sequences
from Hawaiian and worldwide BBTV infections (Table S1).
Sequences from the other viral particles were not used in
these analyses because they were (i) not determined for
many non-Hawaiian taxa and (ii) designed to amplify
noncoding regions, making them too rapidly evolving to
address global biogeographical patterns. Alignments were
checked manually in MacClade version 4.06 (Maddison &
Maddison 2006), ambiguously aligned regions were removed
from the analyses, and any missing sequence data were
coded as ‘Ns’. Because BBTV is the only member of the
genus Babuvirus in the family Nanoviridae, outgroup
selection was a nontrivial problem. Initial BLASTN (Altschul
et al. 1990) searches retrieved Cardamom clump virus (CCV,
AY485960), as the most significant match to BBTV (search
statistics gave an 84% sequence match, E-value = 0).
However, CCV is not currently recognized as a member of
the family Nanoviridae. In order to more thoroughly
test the appropriateness of CCV as an outgroup, we also
investigated the phylogenetic relationships between the
six recognized viruses (see Table S1 for taxa used) in
Nanoviridae. Components coding the replication initiation
protein (homologous to DNA-1 in BBTV) were aligned
in ClustalW (Higgins et al. 1994) and exported to raur*
(Swofford 2002) for analyses. A heuristic parsimony
search was performed using 1000 independent searches
(addition sequence = random; branch swapping = tree-
bisection-reconnection, TBR); tree support was assessed
using nonparametric bootstrap methods (100 replicates,
other search settings as above). Results gave a single

tree (length = 1847, consistency index = 0.8733, retention
index= 0.5821; tree not shown) with CCV and BBTV as sister
taxa (BP = 100). Thus, CCV was chosen as suitable outgroup
for subsequent analysis of BBTV phylogeny. This analysis
was also performed using Bayesian methods under a
Hasegawa-Kishino-Yano (HKY) model. A total of 106
generations were run and convergence occurred rapidly
(data not shown). CCV was selected as sister to the BBTV
in both analyses.

A Bayesian phylogenetic approach, as implemented in
BEAST version 1.4.2 (Drummond & Rambaut 2006), was
taken. BEAST uses Markov chain Monte Carlo (MCMC)
algorithm to search over tree space, integrating prior
biological knowledge (e.g. dates), and a likelihood model of
nucleotide substitution to sample the posterior distribution,
averaging over all sampled topologies and desired param-
eters (Drummond et al. 2002; Drummond & Rambaut 2006a).
We used CCV as the outgroup taxon for the BBTV data set.
A general time reversible (GTR) model that allowed for a
proportion of invariant sites (I) and a six-category, discrete
gamma (I') shape distribution (Lanave et al. 1984; Yang
1996) was selected for the worldwide analysis using the
Akaike information criterion (AIC) in ModelTest 3.8
(Posada & Crandall 1998; Posada 2006). The mutation rate
was fixed at one so that the estimation of tree topology and
branch lengths were a function of base-pair substitutions
per site, following recommendations of Drummond et al.
(2007). A total of five independent chains were run for
5x10¢ generations under an uncorrelated relaxed clock
model with a constant population size. Chains were
sampled every 1000 generations, and burn-in was set to
exclude the first 10% of sampled generations, thereby
removing non-optimal tree topologies. Convergence was
assessed using Tracer version 1.4 (http://evolve.zoo.ox.ac.uk/
tracer), and was accepted if effective sample size (ESS)
was above 200 (Drummond et al. 2007). Posterior proba-
bilities were examined to estimate support for individual
clades for further analyses. All tree topologies were highly
similar, and hence, mean values for the five independent
runs will be presented below.

The Bayesian tree, which provides an estimate of mean
branch length, was used to infer the geographical origin of
Hawaiian BBTV. Ancestral state reconstructions were
performed using the likelihood algorithm implemented in
Mesquite version 1.11 (Maddison & Maddison 2006) under
the Markov k-state 1 parameter with parameters estimated
based on the molecular data (Lewis 2001). This approach
utilizes tree topology and branch lengths to produce prob-
ability values for ancestral state reconstructions throughout
ancestral nodes in the phylogeny (Schluter et al. 1997).
Reconstruction of ancestral area used a six-state, unor-
dered matrix delineated by world regions: (i) East Asia, (ii)
South Asia, (iii) Southeast Asia, (iv) Middle East, (v) Oceania/
South Pacific, and (vi) Hawaii for the summary topologies
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resulting from individual Bayesian runs. There was no
statistically significant difference between topologies.

Molecular clock and dating of BBTV invasion

Several methods have been devised to estimate divergence
times on phylogenetic trees (Kishino et al. 2001; Sanderson
2002; Yang & Yoder 2003). BEAST version 1.4.6 was used to
infer a temporal framework of intra-island virus spread.
This program uses a relaxed uncorrelated clock model
and allows for probabilistic priors on node age for date
calibrations (Drummond & Rambaut 2006). Because
invasion may have happened prior to detection, probabilistic
priors are important in order to model uncertainty in
invasion times. To study the spread of BBTV within Hawaii,
we concatenated the five DNA fragments sequenced for a
total of 2560 bp per taxon. No evidence for recombination
among fragments was found using the likelihood-based
test in HyPhy (Kosakovsky Pond etal. 2005; data not
shown). ModelTest version 3.8 (Posada & Crandall 1998)
was used to determine an appropriate model under the
AIC. The HKY + I' + I model was selected for the concate-
nated data set.

We inferred Hawaiian BBTV colonization and diver-
gence dates under a relaxed uncorrelated lognormal clock
model simultaneously with the phylogenetic reconstruction
of the Hawaiian invasion. Terminal nodes (sampled seq-
uences) were set at time zero to reflect the fact that samples
were taken contemporaneously, and phylogenetic outputs
and absolute dates were interpreted from the 2005 sampling
date. Three time-point calibrations for island infections
were used based on available agricultural data: initial
infection of the Hawaiian archipelago = 1989; first infection
discovered on Hawaii = 1995; first infection discovered on
Maui = 2002. Exponentially distributed priors on ancestral
node ages were used and included a hard lower bound
and a soft upper bound (Ho 2007). The hard lower bound
constrains the date analysis such that an infection cannot
be dated to occur after the first observed infection on an
island. The soft upper bound indicates that an observation
of an infection might lag behind the first observation of
BBTV on a given island. We did not place a prior estimation
of the Kauai invasion because the samples represented in
our data set may not represent a single infection, and the
prior may artificially constrain taxa sharing a clade with
a paraphyletic Kauai infection. We examined both the
standard deviation of the uncorrelated lognormal relaxed
clock (ucld.stdev) and coefficient of variation parameters
to examine the degree of rate variation within our tree
(Drummond et al. 2007).

A total of five independent runs were sampled every
1000 generations for a total of 2x 107 generations. The
burn-in was set to exclude the first 10% of sampled
generations. Posterior convergence was evaluated using
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Tracer version 14 (http://evolve.zoo.ox.ac.uk/tracer), and
accepted if stationarity was achieved with an ESS above
200. Each of the five output trees was examined by eye to
assess consistency in topology, and individual island
clades. Each individual run was then concatenated into a
single tree file containing the posterior sampling from all
five runs (minus burn-in) to provide a single tree estimate.
The mean of the 95% high posterior density (HPD) was
taken as an estimate of the absolute date for each node.
We estimated the evolutionary rate of Hawaiian BBTV in
base-pair substitutions per year with phylogenetic and
population analyses ran under the same parameters as
stated above.

Sources of spread within Hawaii

To infer the intra-archipelago source pools of BBTV spread
across the Hawaiian Islands, we mapped the observed
geographical data for Hawaiian BBTV distribution on to
the single dated phylogeny (with branch lengths estimated
as a function of time). We conducted ancestral geographical
state reconstructions under the same likelihood method as
above using Mesquite version 1.11. Current geographical
field data of island infections was coded as a six-state,
unordered state matrix (Kauai, Oahu Molokai, Maui, West
Hawaii, and East Hawaii). These results are identical to
those presented in Fig. 1.

BBTV in Hawaii: timing of invasion and population
structure

The historical infection dynamics of BBTV spread in the
Hawaii archipelago were estimated simultaneously with
the dated phylogenetic reconstruction of the Hawaiian
BBTV infection (above). Effective numbers of infections
(N,) in years before present (Bp) were projected under a
five-group (m =5) Bayesian skyline plot estimation
(Drummond et al. 2005). The skyline plot was estimated
under the same likelihood model of base pair substitution
(HKY) and initial priors as from above. Hawaiian BBTV is
a unique data set for historical population estimation
because (i) it is spread over a geographically diverse region
(i.e. anisland archipelago); (ii) it represents a single infection
or population of BBTV; and (iii) the data generated from
five viral components drawn from a worldwide sample
produces a well-supported and resolved phylogeny for
regional infections (several well-supported clades; Hawaii,
Maui et al.). Although a prior substitution rate for the
Hawaiian infection is not known, strong evidence for the
initial Hawaiian BBTV infection in 1989 (Conant 1992) can
be used to estimate mean substitution rate. The substitution
rate was not fixed, and was allowed to sample the posterior
distribution reflecting absent prior knowledge of a
substitution rate for BBTV.
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Sequential transfer of BBTV under controlled conditions

We conducted a sequential transfer experiment to estimate
the rate of mutations in BBTV under controlled conditions
in relation to the number of vector transmission events. For
this purpose, we allowed single aphid vectors (P. nigronervosa)
to acquire BBTV from symptomatic plants for 24 h and
transferred these insects to healthy tissue-cultured banana
plantlets for a 24-h inoculation access period. This process
was initiated with one individual symptomatic plant,
which generated 14 parallel BBTV-infection lineages that
were sequentially transferred, as described above, for 10
generations (i.e. 10 new plants were sequentially infected
by individual aphids, one aphid per plant). Because under
greenhouse conditions plants became symptomatic with
BBTV within approximately 1 month, transfers were made
every 4-5 weeks after infection of a new plant generation.
The experiment took 1 year to complete. Aphids were
reared on healthy banana plants and randomly collected
from our colony for transmission tests. Details on general
insect and plant maintenance, experimental aphid infection
protocols, and greenhouse conditions have been described
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elsewhere (Robson et al. 2007; Anhalt & Almeida 2008). We
kept tissue and extracted DNA samples from all lineages
and passages. After 10 generations, we sequenced the same
five DNA fragments used for the phylogeographical
analyses for the original infected plant and all the
descendants (last generation) of the 14 lineages.

Results

Origin of Hawaiian BBTV invasion: a global approach

To determine the origin and number of BBTV invasions
into Hawaii, we combined DNA-1 component sequences
from material collected throughout the state with available
data (Table S1). Visual inspection of five independently
derived world phylogenies indicated nearly identical
topologies, thus the first phylogeny was arbitrarily
selected for ancestral geographical distribution analysis.
Summary statistics for averaged MCMC searches are
presented in Table 1, under ‘World phylogeny’, with
posterior probability and —In L scores presented as mean
values from the five independent runs. Figure 1 depicts

Fig.1 (A) Bayesian phylogeny showing
Hawaiian clade (PP =1.0) and Middle
Eastern — South Pacific clade (PP =0.99)
taken from a phylogeny of 64 worldwide
Banana bunchy top wvirus rooted with
Cardamom clump virus from aligned DNA-1
sequences with base-pair substitution rate
fixed (likelihood = -8688.01; posterior =

-thu -‘\
Molokai

Mam

E:'U\.IE:T Ha

st va

'.\‘" 99. @

Ekaua; ' g

. [ Ll

' Jg:,; ) —-8591.85). Phylogeny with likelihood

@ @ ancestral state reconstructions of an
o unordered six-state character state matrix
-— :: under MK-1 model (-In L = 40.15). Posterior

probabilities are above each node; nodes
- @0 without values are supported less than
o @0 90%. (B) Ancestral state reconstruction

98, Ok showing Oahu as the area of first infection

R e of BBTV (probability = 0.88, to right of
Ayt node) in Hawaii derived from one of the

r.!i.'ﬂol_ggc}.,g:: five Bayesian phylogenies (probability
—O=__ Qma on other four trees were 0.92, 0.90, 0.69,
@M and 0.87). Collapsing poorly supported

B L internal nodes on all phylogenies increase
" reconstruction of Oahu as ancestral to

100g" ::al ~0.99. Pie charts at internal nodes show
iy, SO optimization for character states (propor-

R @on tional likelihood values) with unequal

@03 branch lengths derived from phylogenetic
analysis. Probability values for Hawaiian
ancestral state reconstructions infection can
be found in Table 2.

i Hia
: a8
wo"\\-: @i
\\ Hi2
L

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd



PHYLOGEOGRAPHY OF BBTV IN HAWAII 141

Table 1 Summary statistics for combined Markov chain Monte Carlo runs taken from Tracer version 1.3 for Bayesian phylogenetic
estimation of world Banana bunchy top virus infection and Hawaiian intra-island dated phylogeny analysis with simultaneous Bayesian

skyline plot estimation of population structure over time

Mean 95% HPD lower* 95% HPD uppert ESSt

World phylogeny

Posterior -8618.265 -8635.063 -8602.222 3445981

Tree likelihood -8371.317 -8727.833 —-8698.982 5110.345
Hawaii infection

Posterior —4220.753 —4237.2271 —4204.262 2207.308

Tree likelihood —4070.559 —4081.569 —4059.745 4985.939

Mean rate (bp/year) 1.425E-4 8.818E-5 2.07E-4 1374.235

MRCAS (root height) 17.324 16 19.961 8676.606

Skyline -123.004 -132.032 -113.31 1670.71

ucld.meanq 1.579E-4 8.975E-5 2.4E-4 1576.053

COV ** 0.411 9.135E-5 0.885 3409.075

*, 1 high posterior density of the lower and upper (respectively) distribution of values obtained from the MCMC for each parameter.

teffective sampling size.

§root height of tree to the most recent common ancestor of the Hawaiian Infection.
{lthe mean of the branch rates under the uncorrelated lognormal relaxed clock model.

**the coefficient of variation.

Table 2 Banana bunchy top virus clades with the mean posterior probability support, mean inferred age in years before the present (8p) with
95% high posterior density (HPD), and mean probability values for ancestral state reconstructions of infection source. Values obtained from
combined Bayesian phylogenetic analysis. Ancestral state probabilities are taken from Fig. 1B

Clade Mean posterior probability Mean age (Bp) 95% HPD Ancestral state probability
(M4, M5, M2, M3) 0.9996 4.03 (3.0-5.804) Oahu, 0.984*

(Ha2, Hal, HK, Ha3) 0.9999 10.608 (10.0-11.812) Oahu, 0.602*; W. Hawaii, 0.321
(H4, H1, H2, H4) 1.0 2.246 (1.0-4.06) Oahu, 0.970%

(K1, K2) 0.892 4.321 [0.846-8.945] Oahu, 0.934*

(K3) 0.28 8.1624 — Oahu, 0.931*

(Mo) 0.7584 1.908 (0.0001-6.423) Oahu, 0.904*

*indicate statistically significant values for ancestral geographical state as determined using Mesquite’s likelihood ancestral state

reconstruction model.

nodes of interest for the inferred tree, with ancestral sate
reconstructions for the first run for inferences of geographical
origin of BBTV invasion centred on the Hawaiian infection
(complete ancestral state reconstructions for the world
data set are not shown). BBTV isolates from Hawaii formed
a monophyletic group (posterior probability (PP =1.0),
indicating a single invasion of the archipelago. The
Hawaiian strain was found to be sister to the Middle
Eastern—Oceania/South Pacific infections (PP = 0.99). Within
this clade, Tonga and Fiji were basal (PP =0.98 and
PP = 0.49, respectively) to the Middle Eastern (including
India) isolates. While the worldwide distribution of the
sister group says little about the origin of the Hawaiian
BBTYV, likelihood ancestral reconstructions (Fig.1; —log
L =40.15) indicate a strong link between the Oceania/
South Pacific infections, probability = 0.72 (Oceania/South
Pacific = 0.41 and Hawaii = 0.31).
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Intra-island spread of Hawaiian BBTV

Within the Hawaiian clade, support at basal nodes was low
(PP < 0.50). However, there was reasonable support for
spread of BBTV to individual islands within the chain
(Table 2). Due to low branch support for deep internal
nodes of the Hawaiian topology, likelihood ancestral state
reconstructions were performed on both the originally
resolved topologies (-log L = 27.11) taken from BEAST, and
on the appropriately collapsed phylogenies (-log L = 26.61).
Both yielded statistically significant probabilities of an
Oahu origin (88% and 99%, respectively). Inspection of
nodes leading to each independent infection of other
islands in the archipelago within the collapsed phylogeny
yielded Oahu as a statistically significant geographical
source pool for infection/colonization. For clarity, Fig. 1
depicts the initial uncollapsed Hawaiian BBTV ancestral
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Hawaii

Osahu

—
2.7 years

Fig. 2 Bayesian calibrated, time-orientated circular phylogeny of 28 concatenated molecular sequences (DNA-1, 3, 4, 5, 6) for Hawaiian
archipelago Banana bunchy top virus infection (mean likelihood = —4070.559, mean posterior = —4220.753). Dated phylogeny estimated under
an uncorrelated lognormal relaxed molecular clock model in BEAsT. Rings indicated time intervals of approximately 3 years between a mean
MRCA of 17.324 years before sequence sampling date, 2005. The three agricultural calibration points, shown as the first recorded date of
infection, are indicated in the phylogeny. Posterior probability values over 85% are shown.

state phylogeny and likelihood reconstruction of ancestral
states. Ancestral state reconstructions were used to
determine the ancestral nodes for that corresponded to a
successful island infection for dating analyses below.

Dating and population structure of Hawaiian BBTV

Because our analysis did not identify the presence of
recombinants in the data set, concatenated sequences of
fragments of five BBTV components were used. Posterior
estimation of the ucld.stdev mean was 0.433, and the mean
coefficient of variation was 0.411 (abutting against zero;
data not shown). Therefore, we selected a relaxed uncor-
related lognormal model to infer divergence times in our

analyses (Drummond et al. 2007). The base-pair substitution
rate (mean rate statistic; number of substitutions per time)
for Hawaiian BBTV was estimated at approximately
1.425 x 104 substitutions per year (95% HPD = 8.818 x 10-5-
2.07 x 104).

Figure 2 illustrates the time-orientated, Bayesian phylo-
geny of the Hawaiian BBTV infection. Averaged summary
statistics for the converged Bayesian MCMC algorithm
searches of posterior tree space and skyline estimation
of effective number of infections over time are in Table 1.
An origination time of 17.324 years before 2005, the date
of Hawaiian sequence collection, suggests that BBTV was
introduced to Hawaii in about 1987, 2 years prior to its
detection. A Bayesian Skyline plot (mean posterior skyline
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Fig. 3 Bayesian skyline plot estimate of
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value = -123.004) illustrates the dynamics of the effective
number of BBTV infections since 17.324 BP [the mean recon-
structed origin of infection in Hawaii, 95% HPD = (16.0-
19.961); Fig. 3]. We overlaid information provided by the
Hawaii Department of Agriculture on the dates when
BBTYV was first detected, and our estimated dates of infection
on the skyline plot. Pale blue lines indicate uncertainty in
the number of infections as the 95% HPD for population
size at any given time along the x-axis. Effective number of
infections increases little between the origin of BBTV in
Hawaii (~17.3 BP) and the colonization of West Hawaii. At
approximately 10.5 Bp (1994), which corresponds to a West
Hawaii infection, N, exhibits a sharp increase in slope. The
sharp population expansion stabilizes at approximately 8
BP (1997), yielding to more slowly increasing population
growth, during which other islands are colonized. After
these colonization events, another fast increase in N,
occurred (last 2 years), probably due to epidemics in
recently colonized islands, which had large populations of
susceptible hosts. Results obtained with the molecular
data did not completely match the Hawaii Department of
Agriculture’s information regarding the absolute dates of
BBTV introductions to each of the islands. There were two
patterns present in the results: (i) an inferred infection
predating historical documentation (although 95% HPD
covers agricultural detection), and (ii) a lag of the inferred
date behind the documented dates for invasion of some
islands. An inferred invasion date earlier than historical
documentation is expected since the colonizing lineage
itself may show an older age, and the presence of the
disease may have gone undetected for sometime on indi-
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vidual islands. The time lag shown by our inferred dates
may reflect the case that for Kauai eradication efforts were
conducted until the re-emergence of BBTV occurred. In the
case of West Hawaii, eradication efforts may have dramat-
ically reduced disease incidence; however, the disease
seems to have persisted since its origin. Kauai is more
difficult to interpret due to two possible infections of the
island: the initial invasion occurring prior to the agricul-
tural documentation, and the other more than 3 years later.
Support for the reconstructed older lineage is weak, and
interpretation of a single surviving infection, or an incom-
plete eradication effort with a subsequent independent
infection is difficult to discern between. Given the reason-
ably supported (pp = 0.892) nested placement of the younger
Kauai infection, it appears that a multiple infection hypo-
thesis is feasible.

Sequential transfer of BBTV under controlled conditions

To determine an experimental rate of substitution for the
BBTV genome, we conducted a sequential transfer ex-
periment using aphids as vectors of the virus. After 10
generations of individual aphid transfer of BBTV from
banana to banana, we detected one nucleotide substitution
in one of the 14 lineages maintained (noncoding region of
DNA-1; data not shown). Assuming this result to be the
experimental substitution rate for BBTV, we estimated
the rate of substitution under greenhouse conditions to
be 3.91 x 10-4bp/year (1 year to complete 10 passages).
Although the single mutation was double-checked, we
acknowledge that this experimentally derived estimate
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of substitution rate has a large confidence interval. The
substitution rate estimated by the Bayesian analysis was
1.425 x 104 bp/year (Table 1). Both of these substitution
rates fall within the expected range for ssDNA viruses
(Dulffy et al. 2008). Based on these results (and assumptions),
under field conditions in 1 year we would have 0.364 of
the total number of passages compared to the greenhouse
study, or 3.64 infection events (passages) where one new
plant was infected by an aphid. This value can also be
interpreted as an estimated basic reproductive rate for
BBTV in Hawaii, i.e. R, =3.64 (R as the net reproductive
rate for the pathogen in 1 year).

Discussion

We used phylogenetic inference to reconstruct BBTV’s
invasion of Hawaii. BBTV was introduced once into Oahu
and from that island spread throughout the archipelago
(Fig. 1). The lack of biogeographical pattern on pathogen
dispersal (e.g. stepping stone model), and the rapidity of
BBTV spread supports the hypothesis that transportation
of contaminated plant material from Oahu to other islands
was the driving factor in this epidemic. The evidence for
multiple introductions in Kauai and Hawaii (Big Island)
illustrates the difficulty in eradicating invasive species
from new areas if there is a potential for reintroductions.
In our case, approaches used were able to determine the
presence of multiple introductions highlighting the potential
of such tools for disease management. Several studies have
used a similar approach in other invasion systems (Roderick
1996; Tsutsui et al. 2001; Nardi et al. 2005), most typically as
a means to (i) identify the site of origin for a pest species to
find natural enemies for biological control efforts or (ii)
compare and contrast population structure between native
and invading populations.

The potential to reliably reconstruct and time the his-
torical spread of pathogens using molecular tools can
provide valuable insights on disease ecology and pathogen
evolution (Biek et al. 2006, 2007). However, can we use
similar approaches to gain information on the temporal or
spatial patterns of host-to-host pathogen spread? To address
this question, we simulated a series of host infections under
greenhouse conditions using aphid vectors. A similar
approach, but with in vitro-based data, has been previously
used for Yersinia pestis (Girard et al. 2004). Our goal was
to determine the rate of nucleotide substitution of BBTV
genomic DNA mirroring its natural mode of dispersal. We
obtained an experimental substitution rate (based on a
single mutation) only three times higher than that estimated
by the phylogenetic analyses, which can be hypothesized
to be affected by the shorter disease incubation period and
potentially larger number of plant-to- plant transfers within
1 year in a greenhouse when compared to field conditions.
After correcting for that difference, we estimated the growth

rate of new infections caused by one infected host would be
R, = 3.64. This rate is very similar to BBTV-spread infection
rate based on epidemiological data. Allen (1987) estimated
the rate of new BBTV infections per infected plant per day
to be r = 0.014, that is an R, = 5.11/year. Although an ideal
study to estimate rates of mutation should be conducted in
the field to better mimic environmental conditions, it is
notable that our experimental rate was similar to that esti-
mated by the molecular analyses and an epidemiological
variable (i.e. number of new infections per plant). It must
be emphasized that the rate obtained here was based on a
single mutation and consequently has a large confidence
interval. Much larger experimental studies would be
required to obtain a robust estimate of the substitution rate
for BBTV. Regardless of pathogen-specific ecological differ-
ences and other limitations, our study provides support
for the use of molecular clocks in the reconstruction of
epidemics and the use of such data in conjunction with
experimental substitution rates to determine variables of
epidemiological importance. Despite concerns on the
reliability of molecular clocks (Bromham & Penny 2003),
they have been successfully used to reconstruct pathogen
epidemics (Biek et al. 2007) and determine their origin
(Stukenbrock et al. 2007).

The results we obtained were reasonably consistent
with dates obtained in surveys conducted by the Hawaii
Department of Agriculture. In our work, the rate of
nucleotide substitution, the existence of eradication efforts
and second colonization events may have impacted our
conclusions. However, results indicate that most invasions
occurred 1-2 years prior to their detection. In that case,
with an R, = 3.64, the introduction of one BBTV-infected
banana would result in ~4-13 infected hosts at a new island
prior to detection (no. of infected hosts, = R X no. of infected
hosts, _,, with ¢ = time; as discussed in Madden et al. 2007).
As expected, this plant pathogen was not detected imme-
diately after the first introduction, but its slow rate of
spread allowed for detection when the epidemic were
likely starting on each island.

Zuckerkandl & Pauling (1965) first proposed the idea that
evolutionary events can be dated by assuming a constant
rate of change over time. Since then, evolutionary biolo-
gists have inferred divergence times using either fossils
or biogeography as calibration points. Computational
advances have allowed for more realistic date estimation
by relaxing the requirement of a constant rate across the
focal group (Sanderson 1997, 2002; Thorne & Kishino 2002;
Ho et al. 2005; Drummond et al. 2006; Ho & Larson 2006;
Yang & Rannala 2006). A major criticism, however, has
been the lack of incorporating error in either calibration or
divergence time estimates (Graur & Martin 2004; Pulquerio
& Nichols 2006; see also Hedges & Kumar 2004). Incor-
poration of error in fossil or biogeographical calibration
points can be addressed with Bayesian approaches (Thorne
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& Kishino 2002; Yang & Rannala 2006) that use soft calibra-
tion points. BBTV in Hawaii provides a good model system
for applying the molecular clock to an agricultural system;
it combines good calibration points with a wealth of
sequence data in an analytical framework that allows for
hypothesis testing and the incorporation of error.

Our results show that the main driving factor behind the
Hawaiian BBTV epidemic was most likely the transporta-
tion of contaminated plant material originated from Oahu
to other islands in the archipelago. The total number of
established interisland invasions observed in less than
20 years highlights the difficulty in controlling the move-
ment of infectious hosts if those are cultivated plants that
remain asymptomatic for many weeks after infection.
Although molecular inference provided means to interpret
this epidemic, those results had to be interpreted carefully
as banana is a cultivated crop subject to disease control
management practices, and quarantine and eradication efforts
that may have introduced noise into phylogenetic signals.
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shown in ancestral state reconstruction). Specific country of origin
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state reconstructions of geographical distribution. When available
(i.e. Hawaiian clade, gaps) location data was included. GenBank
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set
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