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INTRODUCTION infect diverse myrtaceous hosts elsewhere in South
Puccinia psidii (Basidiomycota, Uredinales) is a America, Central America, the Caribbean, Mexico, the
biotrophic rust fungus that was first reported in United States (California, Florida, and Hawaii), Japan,

Brazil from guava (Psidium guajava) in 1884 (Winter ~ Australia, China, and most recently South Africa and
1884) and later from nonnative eucalypt (Eucalyptus New Caledonia (Carnegie et al. 2010; Giblin 2013;
capitelata and Corymbia citriodora, syn. Eucalyptus Kawanishi et al. 2009; MacLachlan 1938; Marlatt and
citriodora; Joffily 1944). Considered to be of Kimbrough 1979; Mellano 2006; Pérez et al. 2011;
Neotropical origin, the rust has also been reported to Roux et al. 2013; Uchida et al. 2006; Zambino and
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Table 1—Geographic origin and host of confirmed Puccinia psidii genotypes.

Origin Host Cluster®
Australia Pilidiostigma glabrum Pandemic
Backhousia oligantha Pandemic
Rhodomyrtus psidioides Pandemic
Brazil Eucalyptus spp. Eucalypt
Eugenia uniflora Guava
Myrciaria cauliflora Guava
Psidium guajava Guava
Psidium guineenese Guava
Syzygium cumini Guava
Syzygium jambos Eucalypt
Costa Rica Callistemon lanceolatus Pandemic
Syzygium jambos Pandemic
Jamaica Pimenta dioica Allspice
Syzygium jambos Pandemic
Mexico Syzygium jambos Pandemic
Paraguay Eucalyptus grandis Eucalypt
Puerto Rico Syzygium jambos Pandemic
Uruguay Psidium guajava Guava
Eucalyptus grandis Eucalypt
Eucalyptus globulus Eucalypt
Myrrhinium atropurpurea Guava
United States Eugenia koolauensis Pandemic
Melaleuca quinquenervia Pandemic
Metrosideros excelsa Pandemic
Metrosideros polymorpha Pandemic
Myrcianthes fragrans Pandemic
Myrtus communis Pandemic
Rhodomyrtus tomentosa Pandemic
Syzygium jambos Pandemic

(1) Allspice = collections from Pimenta dioica from Jamaica; (2) Pandemic = collections from diverse hosts
from Australia, the Caribbean, Mexico, and the United States; (3) Eucalypt = collections from Eucalyptus spp.
and Syzygium jambos from Brazil, Paraguay, and Uruguay; (4) Guava = collections from Psidium guajava,
Psidium guineense, Syzygium cumini, Myrciaria cauliflora, Eugenia uniflora, and Myrrhinium atropurpureum var

octandrum from Brazil and Uruguay.

Nolan 2011; Zhuang and Wei 2011). Given the rate

at which the pathogen is spreading and its wide host
range, the objectives of this study are to determine
how much genetic diversity exists within populations
across the species’ putative native range as well as
areas of recent introduction, evaluate possible path-
ways of spread, and predict the geographic area that is
climatically suitable for the species to determine areas
at risk of invasion.
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METHODS

Six microsatellite loci were scored for P. psidii
samples derived from diverse hosts and geographic
locations (table 1). Samples were assigned to genetic
clusters using a Bayesian genetic clustering algorithm
implemented in STRUCTURE v2.3.4 (Pritchard

et al. 2000). Posterior probabilities were estimated
for K=1 to K =12 assuming an admixture model.
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Table 2—Summary of genetic variation among clusters of Puccinia psidii.

Allspice® Pandemic Eucalypt Guava

Alleles per locus 2.50 (0.43) 3.50 (0.67) 2.33 (0.21) 4.83 (0.60)
Effective alleles per locus 2.26 (0.35) 2.91 (0.45) 1.97 (0.25) 3.40 (0.39)
Private alleles 4 9 1 11

Shannon’s index 0.78 (0.18) 1.07 (0.16) 0.70 (0.12) 1.35(0.12)
Number of MGs 5 9 6 6

Observed heterozygosity 0.77 (0.16) 1.00 (0.00) 0.69 (0.19) 0.61(0.13)
Expected heterozygosity 0.49 (0.10) 0.62 (0.05) 0.44 (0.08) 0.69 (0.04)
Fixation index -0.62 (0.16) -0.67 (0.13) -0.39 (0.31) 0.14 (0.16)

Clusters of Allspice, Pandemic, Eucalypt, and Guava are described in Table 1.

STRUCTURE analyses were performed with clone-
corrected data (unique multilocus genotypes, MGs).
Fifty thousand burn-in generations were employed for
each of 10 replicate runs of 1,000,000 generations of
the Markov chain Monte Carlo (MCMC) sampler for
each K. The optimal value of K was inferred using the
method of Evanno et al. (2005). Population genetic
analyses of all samples grouped by genetic cluster
were performed using GenAlEx v6.501 (Peakall

and Smouse 2006). To examine relationships among
MGs, a minimum spanning network was estimated
using the genetic distance measure of Bruvo et al.
(2004). Bioclimatic modeling was performed using
all documented rust occurrences and reduced sets of
the eucalypt, pandemic, and guava biotypes coupled
with 19 bioclimatic variables in MaxEnt (Maximum
Entropy Species Distribution Modeling) v3.3.3K.
Cross-validation was used to verify results among 10
replicate runs. Quantum GIS was used to create the
final output in a cumulative format according to pre-
diction probability.

RESULTS AND DISCUSSION

Among the P. psidii samples collected from Australia,
Brazil, Costa Rica, Jamaica, Mexico, Paraguay, Puerto
Rico, Uruguay, and the United States, 26 unique MGs
were found. A Bayesian clustering analysis and a mini-
mum spanning network revealed four major genetic
clusters among the MGs: (1) Allspice = collections
from Pimenta dioica from Jamaica; (2) Pandemic

= collections from diverse hosts from Australia,

the Caribbean, Mexico, and the United States; (3)
Eucalypt = collections from Eucalyptus species and
Syzygium jambos from Brazil, Paraguay, and Uruguay;
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and (4) Guava = collections from Psidium guajava,
Psidium guineense, Syzygium cumini, Myrciaria cau-
liflora, Eugenia uniflora, and Myrrhinium atropurpu-
reum var. octandrum from Brazil and Uruguay (table
1; figs. 1 and 2).

All loci were polymorphic, with 5 to 11 alleles de-
tected per locus. Genetic diversity was highest within
the guava cluster, followed by the pandemic, the
allspice, and finally the eucalypt clusters (table 2).
Similar to previous attempts to assess the geographic
invasive potential of the species (Booth and Jovanovic
2012; Booth et al. 2000; Elith et al. 2013; Glen et al.
2007; Kriticos et al. 2013; Magarey et al. 2007), the
model using all records of occurrence projects many
areas throughout the world as having some degree of
probability of suitable climate for P. psidii (fig. 3).
Models using reduced sets of the eucalypt, pandemic,
and guava biotypes show predictions of different
distributions (figs. 3 and 4). Inoculation tests can also
help to assess threats posed by different pathogen
biotypes. For example, Silva et al. (2014) showed that
the eucalypt biotype was highly virulent on Hawaiian
’ohi’a lehua (Metrosideros polymorpha) plants (fig. 5),
and Zauza et al. (2010) showed that diverse myrta-
ceous species from Australia varied greatly in their
resistance/susceptibility to one race of the eucalypt
biotype.

When bioclimatic modeling is coupled with inocula-
tion tests, it suggests that different biotypes pose
different risks to various global regions, should they
be introduced. This work builds on previous research
that shows that diversity must be considered when
assessing the invasive threat posed by this pathogen
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Figure 1—A Population structure inferred using a Bayesian clustering algorithm implemented in STRUCTURE at K = 4
(estimated In probability = -418.9).

0.46

Figure 2—Minimum spanning network of multilocus genotypes represented by red for collections from Pimenta
dioica (Jamaica), blue for collections from Eucalyptus spp. and Syzygium jambos (Brazil, Paraguay, and Uruguay),
green from the pandemic cluster (which includes collections from diverse hosts from the Australia, the Caribbean,
Mexico, and United States), and yellow from other hosts (collections from Psidium guajava, Psidium guineense,
Syzygium cumini, Myrciaria cauliflora, Eugenia uniflora, and Myrrhinium atropurpureum var octandrum). Sizes of
circles are proportional to MG frequency and connections are labeled with Bruvo genetic distances if different from
0.06, which corresponds to one mutational step at one locus. Loops in the network indicate multiple tied minimum
spanning trees.
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Figure 3—Maxent models of suitable climate space (potential distribution) for
Puccinia psidii based on 19 global bioclimatic variables derived from the WorldClim
(worldclim.org) database for A all biotypes (245 occurrence points); B eucalypt
biotype (88 occurrence points); C pandemic biotype (89 occurrence points); and D
guava biotype (65 occurrence points).
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Figure 4—Assessment of Brazilian strain virulence to Hawaiian 'Ohi'a (Metrosideros polymorpha) (Silva et al.
2014). The Brazilian Puccinia psidii eucalypt biotype was highly virulent on Hawaiian 'ohi'a plants.

Figure 5—Maxent models of suitable climate space (potential distribution) for Puccinia psidii in Hawaii
based on 19 global bioclimatic variables derived from the WorldClim (worldclim.org) database for A all
biotypes; B eucalypt biotype; C pandemic biotype; and D guava biotype.
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to myrtaceous hosts worldwide (Graga et al. 2013).
Future studies that include P. psidii genotypes from
additional geographic areas will allow a better predic-
tion of global geographic areas that are climatically
suitable for P. psidii and for subspecies-level genetic
clusters, which will provide a more robust assessment
for pathways of spread and areas at risk of invasion.
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