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Microsatellite analysis of population structure in Eucalyptus
globulus!

Joana Costa, René E. Vaillancourt, Dorothy A. Steane, Rebecca C. Jones, and Cristina Marques

Abstract: Eucalyptus globulus subsp. globulus Labill. (Tasmanian Blue Gum), native to southeast Australia, is a benchmark species
for the pulp and paper industry. We genotyped 397 trees from 16 populations of E. globulus representing the native diversity in
Australia using 24 microsatellite loci. Eight genetically distinct groups were detected, consistent with genetic groupings detected
in previous quantitative and molecular studies. A sample of 29 Portuguese individuals was added to help clarify the origin of the
Portuguese landrace. The results suggest a southern and eastern Tasmania origin for the Portuguese landrace. This genetic
framework will enable researchers to investigate the provenance of individuals of unknown pedigree and assess the levels of
representation of E. globulus natural variation in the Portuguese landrace.
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Résumé : L’Eucalyptus globulus ssp. globulus Labill. (gommier bleu), indigéne du sud-est de I’Australie, est une espeéce de référence
pour l'industrie des pates et papiers. Les auteurs ont génotypé 397 arbres, provenant de 16 populations de I'E. globulus et
représentant la diversité présente en Australie, au moyen de 24 microsatellites. Huit groupes génétiques distincts ont été
détectés, une observation conforme aux groupements génétiques établis suite a des études quantitatives et moléculaires
antérieures. Un échantillon de 29 échantillons portugais a été ajouté afin de préciser I'origine d’une variété de pays portugaise.
Les résultats suggerent que cette variété de pays proviendrait du sud ou de ’est de la Tasmanie. Ce cadre génétique permettra aux
chercheurs d’étudier la provenance d’individus de pedigree inconnu et de mesurer le degré de représentation de la variation
naturelle de I'E. globulus au sein de la variété de pays portugaise. [Traduit par la Rédaction]

Mots-clés : amélioration génétique de I’Eucalyptus globulus, microsatellites, diversité génétique, variété de pays portugaise.

ing molecular markers, and the genetic affinities of races were
further clarified (Steane et al. 2006; Yeoh et al. 2012). Using eight
microsatellite loci, Steane et al. (2006) detected that the native
populations of E. globulus in southeastern Australia were geneti-
cally diverse, and that the species had a highly structured genetic
architecture. The genetic relationships among races of E. globulus
correlated well with geographic location, in contrast to relation-
ships previously inferred from quantitative genetic approaches.
Using 16 microsatellite loci, Yeoh et al. (2012) detected five genet-
ically distinct groups, consistent with the geographic distribution
of the samples. Jones et al. (2013) expanded sampling to the re-
lated subspecies E. globulus subsp. pseudoglobulus, E. globulus subsp.
bicostata, and E. globulus subsp. maidenii and found that some of the
intergrade races included in the E. globulus breeding populations,
such as Strzelecki Ranges, were part of a genetic lineage that
included populations classified as E. globulus subsp. pseudoglobulus.

It is believed that the breeding of E. globulus began in Portugal

Introduction

A detailed knowledge of the population structure of a species is
key to understanding its evolutionary history (Slatkin 1987). This
knowledge has a direct impact on species management, ecology,
and conservation in the implementation of genetic improvement
programs (Grattapaglia and Kirst 2008) and in associating genes
and traits (Pritchard et al. 2000).

Eucalyptus globulus subsp. globulus Labill. (Tasmanian Blue Gum)
is native to southeast Australia, occurring naturally in Victoria
and Tasmania, including the islands in the Bass Strait. The com-
mercial value of the species prompted a seed collection in the late
1980s, which was considered representative of the species natural
diversity throughout its area of distribution. Using this collection,
and 35 quantitative traits such as flowering, growth, and leaf
morphology, it was determined that E. globulus has significant
population structure, consisting of 13 races and 20 subraces

(Dutkowski and Potts 1999). However, because many quantitative
traits may be important in adaptation, patterns of relationship
between the E. globulus races inferred from quantitative data may
not accurately reflect the true genetic relationships between
races, owing to selection on the very quantitative traits used to
infer relationships. Therefore, this structure was later studied us-

in 1966, based on phenotypic selections from local populations
(Potts et al. 2004). The Australian origin of E. globulus introductions
is unrecorded and there are concerns that the landrace may have
originated from a narrow genetic base (Eldridge et al. 1993; Potts
et al. 2004). Previous studies suggest that the Portuguese landrace
has affinities with the southeastern Tasmanian race (Lopez et al.
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Table 1. Information on the 45 native localities of Eucalyptus globulus and the number of samples collected
within each population.

No. of
Locality Region (race) individuals Latitude Longitude
1 Cannan Spur Western Otways 8 -38.7639 143.5461
2 Lavers Hill 7 -38.7461 143.2833
3 Otway State Forest 7 —-38.7745 143.4239
4 Parker Spur 8 -38.8435 143.5410
5 Cape Patton Eastern Otways 7 -38.6731 143.8582
6 Jamieson Creek 8 -38.6021 143.9179
7 Lorne 7 -38.5327 143.9700
8 Phillip Island Phillip Island 13 -38.4836  145.2618
9 Unnamed Strzelecki Ranges 2 -38.44714  145.84682
10 Bowden-Carrajung 1 -38.3663  146.7012
11  Jeeralang 15 -43.1918 146.8960
12 Alberton West-Welshpool-Hedley  South Gippsland 9 -38.6662  146.4407
13 Fish Creek 6 —-38.6990 146.1047
14  Toora 8 -38.6722  146.2803
15  Tidal River Tidal River 20 —39.0212 146.3356
16  Wilson’s Promontory Lighthouse = Wilson’s Promontory 23 -39.1269 146.4246
17  Cape Barren Island Furneaux 25 —40.3408 148.2334
18  Flinders Island central 14 —40.0605 148.0562
19  Flinders Island north 1 -39.8449  147.8362
20 Flinders Island south 3 —-40.2097 148.2388
21  Cape Tourville Dwarf Northeastern Tasmania 1 -42.1231 148.3422
22 Cape Tourville Tall 7 —42.1214 148.3371
23  Humbug Hill 9 -41.1912 148.2424
24  Jericho 6 -42.4268 147.2618
25 Mayfield north 7 -42.0173 147.9681
26 Mayfield south 5 -42.2115 148.0375
27  Pepper Hill 8 -41.6376  147.8450
28 Maria Island north Southeastern Tasmania 5 —42.5861 148.0638
29  Maria Island south 10 -42.7171 148.0721
30 Tinderbox 8 -43.0338 147.3202
31 Triabunna 8 —42.4572 147.8932
32 Mt. Dromedary (Tas) Dromedary 10 —42.6988 147.1237
33 Platform Peak 2 -42.6915 147.0300
34 Dover Southern Tasmania 5 —-43.3002 147.0772
35 Geeveston 8 -43.1918 146.8960
36 South Bruny Island 8 -43.1918 146.8960
37  Recherche Bay Recherche Bay 25 -43.5283  146.8959
38 Port Davey Port Davey 19 -43.2918 145.9199
39 Badgers Creek Western Tasmania 7 -42.0017 145.2761
40 Little Henty River 6 —41.9416 145.1980
41  Macquarie Harbour 16 -42.3439  145.3359
42 Central King Island King Island 10 —-39.9429  144.0278
43  Central North King Island 4 -39.7579 143.9792
44  North King Island 6 -39.6499  144.0249
45  South King Island 5 —-39.8729 143.9949
Total 397

Note: Each region corresponds to the 16 populations used for analysis, reflecting the 13 races determined by Dutkowski
and Potts (1999) and some new populations (Tidal River, Phillip Island, and Port Davey).

2001; Freeman et al. 2007). Eucalyptus globulus landrace material is
now a major component of the breeding and deployment popula-
tions in Portugal (Eldridge et al. 1993; Aratjo et al. 1997; Costa e
Silva et al. 2005), together with introduced germplasm of known
Australian origin (Eldridge et al. 1993). The area of origin within the
native gene pool is an important issue as E. globulus is highly
variable, and races have different traits of interest (Apiolaza
et al. 2005).

The aim of this study was to study the genetic structure of
E. globulus, sampling populations from throughout its entire nat-
ural distribution, using SSR markers. Based on the results, the
origin of individuals collected in Portugal and introduced in ge-
netic improvement programs can be investigated, relative to the
diversity and structure of the Australian population.

Materials and methods

Plant material sampling

The sample size of 397 individuals of Australian origin aims to
be representative of E. globulus natural diversity and its races. Original
localities (1-45, Table 1 and Fig. 1) were grouped into 16 popula-
tions reflecting the 13 races determined by Dutkowski and Potts
(1999), as well as some new populations (Tidal River, Phillip Island,
and Port Davey, Fig. 1). Sample locations and DNA extraction pro-
tocols are given in Steane et al. (2006) and Jones et al. (2013). A
sample of 29 individuals collected throughout Portugal was added
for later analysis, representing a 17th population of unknown
Australian origin. Four samples of known Australian origin (Fur-
neaux region) were included in the Portuguese sample and
treated as blind controls.
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Fig. 1. Sampling locations across the Eucalyptus globulus species’
range (grouped in the 16 populations considered) and the eight
clusters resolved from STRUCTURE and GENELAND analyses. Each
symbol matches a colour in Fig. 2, as follows: O refers to the colour
grey (Port Davey), @ refers to red (eastern Victoria), B refers to
yellow (Furneaux), % refers to blue (Tidal River), A refers to green
(western Victoria), X refers to pink (western Tasmania and King
Island), > refers to orange (southern and eastern Tasmania), and

® to the colour purple (Wilson’s Promontory).
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Twenty-four microsatellite (SSR) markers were selected to cover
the linkage groups in the Eucalyptus genome (Table 2) and amplified
to provide genotypes for the 397 samples using the conditions de-
scribed in Glaubitz et al. (2001), Steane et al. (2001), and Brondani
et al. (2006).

Amplified DNA fragments were separated by electrophoresis
on 0.25 mm 65% polyacrylamide gels and visualized using a DNA
sequencer (Gene Readir 4200; LI-COR). RFLP Scan analysis software
(Scanalytic, Fairfax, Va., USA) was used for measuring SSR allele
size. Manual editing of allele size was performed for increased
accuracy.

Data analysis

Population-level genetic parameters were estimated. Allelic
frequencies were generated using GENALEX v6.5 (Peakall and
Smouse 2012). The number of alleles per loci (A), the number of
effective alleles per loci (A.), and allelic richness (A,) were calcu-
lated using FSTAT v2.9.3 (Goudet 1995, 2001). The observed (H,)
and expected (H,) heterozygosity, the inbreeding coefficient (F),
and the Hardy-Weinberg equilibrium (HWE) were calculated us-
ing the software FSTAT and GENEPOP v4 (Rousset 2008). The poly-
morphism information content (PIC) of SSR markers was calculated by
POWERMARKER v3.25 (Liu and Muse 2005). The null allele fre-
quencies were estimated following the Brookfield method, imple-
mented in MICRO-CHECKER v2.2.3 package (Van Oosterhout et al.
2004). The population differentiation indices Fg (fixation index)
and Dygyp (Jost’s D) were also calculated. The global Fg; was calcu-
lated using GENEPOP and pairwise Fg; measurements (Weir and
Cockerham 1984) for the 16 populations were estimated using
ARLEQUIN v3.5 (Excoffier and Lischer 2010, 10 000 permutations),
as well as the significance levels for the registered Fg; values.
SMOGD v1.2.5 (Crawford 2010) was used to measure the actual
differentiation among populations (Dygy) (Jost 2008; Meirmans
and Hedrick 2011).

Genome Vol. 60, 2017

The genetic structure was investigated using a Bayesian model-
based clustering method implemented in the software STRUCTURE
v2.3:4 (Pritchard et al. 2000). All the analyses were conducted using a
discarded burnin of 300 000 steps, followed by 800 000 Markov Chain
Monte Carlo (MCMC) steps. Ten independent runs were performed
for each cluster K (K =1 to K = 16). All the analyses were based on
the “admixture” and “correlated allele frequencies” models and
the outputs were consistent in all iterations. STRUCTURE HARVESTER
v0.6.92 (Earl and vonHoldt 2012) was used to extract the results.
The optimum number of genetically distinct clusters was deter-
mined based on the maximum value of mean posterior probabil-
ity across replicates (Pritchard et al. 2000) and also on the Evanno
test (Evanno et al. 2005). Software CLUMPP v1.1.2 (Jakobsson and
Rosenberg 2007) was used to obtain the average of the permuted
individuals and Q matrices, throughout the several replicates for
each K. Final results were visualized using DISTRUCT v1.1 (Rosenberg
2004), used to obtain the bar plots where each individual is repre-
sented as a segment, divided in K colours. Population analyses
were repeated with the same parameters for 17 populations after
adding the Portuguese samples to the data matrix. The POPFLAG =
1 parameter was also explored with the same result.

The degree of population subdivision was also explored using
the R-package GENELAND v4.0.2 (Guillot et al. 2005b). This pro-
gram, as well as STRUCTURE, is based on Bayesian clustering
model, executed in a MCMC scheme, attributing individuals to
subpopulations based on its genetic information. However,
GENELAND also uses the spatial coordinates as prior information
at an initial stage of the simulation, which may provide a better
estimation of the number of clusters (Guillot et al. 2005a). Ten
replicates were performed, with the following parameters: the
number of subpopulations (clusters, K) varied from 1 to 16 with
1500 000 MCMC iterations and a thining of 100. The Dirichlet
model was used as the alternative model, and it was verified to
have a tendency to overestimate the number of clusters (Guillot
et al. 2005a). The 10 replicates were ordered by the values of mean
logarithm of posterior probability and the three best analyses
were processed and visually verified for consistency.

Nei et al. (1983) DA distance implemented in POWERMARKER
was calculated for pairwise populations/races. Bootstrapping
over loci with 1000 replications was carried out to assess the
strength of the evidence for the branching patterns in the re-
sulting neighbor-joining tree. A consensus tree with bootstrap
values was reconstructed by the consensus program of PHYLIP
(Felsenstein 2006) and displayed by FigTree v1.3.1 (Rambaut 2014).

To estimate the proportion of genetic variability explained by
the subpopulations inferred by GENELAND and STRUCTURE, an
analysis of molecular variance (AMOVA) was conducted in ARLEQUIN.
The analysis examines the hierarchic proportion of total genetic
variability among groups (F.p), among populations within groups
(Fsc), among individuals within populations (F), and within indi-
viduals (F). The robustness of the frontiers between clusters
was evaluated by comparing the proportion of variance among
groups.

Results

Diversity analysis

The 24 SSR markers were tested for several coefficients (Table 2)
in the Australian populations. The PIC values ranged from
0.6347 (EMBRA19) to 0.9378 (EMBRA37), with an average of 0.8456.
All loci were considered very informative (PIC > 0.5; Botstein et al.
1980). The number of alleles (A) varied between 10 (EMBRA213) and
42 (EMBRA42), with an average of 22.5 alleles/locus. The effective
number of alleles (A.) was considerably lower than A (Table 2),
suggesting many alleles were relatively rare. The observed
heterozygosity (H,) was high in most loci (Table 2), with an average
value of 0.76. The expected heterozygosity (H.) showed an average
value of 0.79. The native Australian populations in this study did
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Table 2. Information of the 24 microsatellite markers used in this study, with repeat motif, number of alleles observed, size range of amplification
product, and linkage group.

Linkage

Locus Repeat group A Size range A. A, PIC H, H, Fig Fgr Dgst Null
EMBRA10 (CCT)3(AG) 10 22 115-165 6.31 11.65 091 0.84 0.85 0.01 0.08 0.49 0.02
EMBRA11 (AG),GG(AG),5 1 28 93-165 5.34 9.86 0.85 0.82 0.81 0.00 0.07 0.31 0.00
EMBRA12 (AG),, 1 20 108-174 6.90 11.98 091 086 0.86 -0.01 0.07 0.47 0.00
EMBRA18 (AG);GG(AG),o 9 29 97-167 6.42 12.38 092 0.88 0.85 -0.03 0.09 0.57 0.02
EMBRA19 (AG),3 4 1 146-176 2.70 4.89 0.64 0.36 0.62 0.44**  0.08 0.15 0.22
EMBRA23 (AG);¢ 8 24 96-168 7.02 11.90 091 0.83 0.87 0.05* 0.05 0.35 0.02
EMBRA30 (AG),, 8 30 98-166 6.49 10.88 0.89 085 0.82 -0.02 0.08 0.46 0.00
EMBRA37 (AG);6 5 31 114-188 9.47 13.88 094 093 0.89 -0.03 0.05 0.47 0.00
EMBRA38  (AG),(TA), 10 25 100-158 6.08 10.87 0.88 0.81 081 0.02 0.09 0.45 0.02
EMBRA42 (AG);5 7 42 107-197 744 13.67 092 0.86 0.87 0.02 0.06 0.44 0.00
EMBRA63  (AG),, 2 22 171-233 3.74 7.03 074 071 073  0.03 0.06 0.19 0.00
EMBRA120  (TC),, 5 25 118-168 717 12.84 093 0.86 0.87 0.03 0.07 0.49 0.00
EMBRA210  (TC),s 9 25 189-249 6.94 12.04 092 0.89 0.86 -0.05 0.07 0.48 0.00
EMBRA213  (CT),, 4 10 204-224 2.74 4.65 0.64 0.56 0.60 0.09* 0.16 0.29 0.01
EMBRA362  (TC);TT(TC),4(AC)5 6 19 108-166 477 8.29 0.82 0.80 0.79 -0.01* 0.06 0.27 0.00
EMBRA645 — 4 28 182-238 495 10.49 0.87 0.65 0.80 0.16™*  0.10 0.46 0.07
EMBRA712 — 1 18 160-226 4.00 8.27 0.79 0.71 0.74 0.03 0.09 0.29 0.00
EMBRA747 — 1 21 242-288 491 9.57 0.85 0.76 0.79 0.04* 0.09 0.40 0.00
EMCRC6 (CT)11(CA),5 8 20 147-203 456 9.46 0.81 0.70 0.74 0.05* 0.09 0.30 0.00
EMCRC7 (TG);5(AG)g 3 19 265-317 3.83 8.37 0.79 0.66 0.71 0.08* 0.10 0.33 0.01
EMCRC8 (CT)45(CA),, 2 25 223-279 6.26 12.34 092 0.79 0.82 0.03 0.12 0.61 0.00
EMCRC11  (TC);o(AC);0 6 18 223-267 5.38 9.32 0.85 0.78 0.80  0.03 0.09 0.39 0.06
Egb61 GAAH(GAT)4(1 T to A) 7 16 300-360 346 7.74 0.75 0.65 0.70 0.08* 0.10 0.29 0.02
Egi31 TTC,,(CTC), 3 13 108-147 522 8.34 0.86 0.74 0.82 010 0.07 0.34 0.04
Average 22.54 10.03+2.51 0.85 0.76 0.79 0.08"*  0.36™*

Note: Diversity indices are presented as A, number of alleles; A,, effective number of alleles; A,, allelic richness; PIC, polymorphism information content; H,/H.,
observed/expected heterozygosity; Fg, inbreeding coefficient. ***, p < 0.001; **, p < 0.01; *, p < 0.05 indicate significant deficit or excess of heterozygosity in comparison
with the expected under Hardy-Weinberg equilibrium. Fg (fixation index) and Jost’s D (Dygy) values for each locus and overall are highly significant (p < 0.001). Null

refers to null alleles frequency estimates.

not deviate significantly from Hardy-Weinberg equilibrium (HWE),
with most of the loci in balance, or just slightly deviated from the
expected values. The most significant deviations from HWE were
in markers EMBRA19, EMBRA645, and EG131, and all presented pos-
itive values for the inbreeding coefficient (Fs). F; positive values
may be a sign of null alleles, but only EMBRA19 tested positive for
null alleles (Table 2).

Overall Fg; (fixation index, 0.08 with 95% CI equal to 0.074-0.092)
and Jost’s D (Dggrp, 0.36) values indicated significant (p < 0.001) popu-
lation differentiation. The Fg; values in the native populations, al-
though relatively low to moderate (0.02-0.2), were highly significant
for all pairs of populations (p < 0.001) (supplementary data, Table S1?).
The Dygp values were, in most cases, higher than the Fq values
(0.1-0.5, Table S12.

Population structure

STRUCTURE outputs analysed using the AK method of Evanno
et al. (2005) indicated that there were five main genetic clusters
(K =5, Fig. S1?) in the Australian populations. The clusters/groups
compositions were as follows: Group A (green) is composed of
populations from eastern Otways, Phillip Island, south Gippsland,
Strzelecki Ranges, and western Otways; Group B (blue) comprised
genetic material from Tidal River and Wilson’s Promontory;
Group C (yellow) is formed by individuals from Furneaux; Group D
(orange) composed of genetic materials from Dromedary, north-
east Tasmania, Port Davey, Recherche Bay, southeast Tasmania,
and southern Tasmania; and Group E (pink) clustered individuals
from King Island and western Tasmania (Fig. 2).

GENELAND analysis consistently revealed K = 8 for all repli-
cates. Although this was a higher number of clusters, these eight
groups were congruent with the structure found with K = 5 in

STRUCTURE and were also nearly identical to the STRUCTURE
solution at K = 8. The structure of eight populational clusters was
as follows (Figs. 1 and 2): Group A (green) composed of individuals
from eastern Otways and western Otways; Group B (red) consti-
tuted by genetic materials from south Gippsland, Strzelecki
Ranges, and Phillip Island; Group C (blue) composed of individuals
from Tidal River; Group D (purple) formed by genetic materials
from Wilson’s Promontory; Group E (yellow) formed by individu-
als from Furneaux; Group F (orange) is composed by Dromedary,
northeast Tasmania, Recherche Bay, southeast Tasmania, and
southern Tasmania; Group G (grey) constituted by genetic mate-
rials from Port Davey; and Group H (pink) by King Island and
western Tasmania. The most important difference between the
STRUCTURE K = 8 and K = 5 solutions was that the group contain-
ing most of the Victorian races was split into eastern Victoria
(south Gippsland and Strzelecki Ranges) and western Victoria
(eastern and western Otways) groups. This splitting was also ap-
parent in the dendrogram (Fig. 3) with 65% bootstrap support. One
other difference was the splitting of the Port Davey race from the
group that contained most of the Tasmanian races. The last dif-
ference was the splitting of the group joining the adjacent Tidal
River and Wilson’s Promontory races. In general and in both the
K=8and K =5 solutions, the attribution of populations to clusters
coincided with geographic distribution (Figs. 1 and 2).

Most clusters were very homogeneous and showed little admix-
ture apart from northeast Tasmania and Phillip Island (Fig. 2).
Some individuals from Humbug Hill (locality 23, Table 1 and
Fig. 1), the northernmost locality in the northeastern Tasmania
race, presented a strong influence (10%-40%) of Group E (Furneaux),
or even a complete genetic constitution equivalent to that of

2Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-2016-0218.
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Fig. 2. STRUCTURE clustering results obtained for the Eucalyptus globulus Australian populations. Each individual is represented by a thin vertical
bar. Each colour represents an estimated population group (cluster, K). The colours in each individual represent the estimated proportion of its
presence in each of the K groups. (a) K = 5; (b) K = 8, which was similar to the GENELAND analysis.
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Fig. 3. Neighbor-joining tree of 16 Australian populations of
Eucalyptus globulus, based on Nei’s genetic distance (DA, Nei et al.
1983). The symbols represent the different groups inferred by the
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Group E (Fig. 2). The Phillip Island population appeared as a region
of genetic admixture, with most individuals belonging to Group B
(south Gippsland and Strzelecki Ranges), but a strong genetic in-
fluence from other clusters, particularly from Group H (King Is-
land and western Tasmania).

AMOVA results were used to study the partitioning of the ge-
netic variation at both values of K obtained (K = 5 and K = 8,
Table 3). The analysis showed that most of the diversity was found
within individuals (F;; = 87% in both K). All other partitions of the
genetic variances were small. There was also no difference in the
proportion of the variation among individuals within populations
(Fis = 3.6%) between K = 8 and K = 5. However, there were small
differences between K = 8 and K = 5 in the proportions of the
variance groups (F.r) and among populations within groups (Fs).
The major proportion of difference between groups (F.y) was ob-
tained when the populations were classified in eight groups
(5.94% vs. 3.63%).

The neighbor-joining phenogram illustrates the relationship
among the 16 E. globulus populations based on Nei et al.’s (1983)
genetic distance with bootstrap values (Fig. 3). The genetic distance-
based cluster analysis also grouped populations according to
geographic locations that agreed closely with the clustering of
populations based on the Bayesian method. All populations from
the Otway Ranges formed a group with bootstrap support of 100%.
The closest cluster to the Otway group consisted of populations
from south Gippsland and Strzelecki Ranges (100%), with a boot-
strap support of 65%. Populations from western Tasmania and
King Island formed a cluster that links to the previous popula-
tions (and Phillip Island). The next clear group is between Wilson’s
Promontory and Tidal River (100%). Data suggests that the Furneaux
population is an outgroup of the Gippsland/Strzelecki, Otways,
King Island/west Tasmania, and Tidal River/Promontory groups,
with a strong bootstrap support (87%). All of the populations in
southern and eastern Tasmania, together with Dromedary, Re-
cherche Bay, and Port Davey grouped together but with poor boot-
strap support. Recherche Bay tended to group with Port Davey, in
contrast to the results from the Bayesian analysis.

Portuguese landrace

The Portuguese population was highly polymorphic, with a
mean of 28.92 alleles per locus, a value within the range of the
observed for the Australian populations (average A = 22.54). Sim-
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Table 3. AMOVA design and results considering the 16 populations defined and the degree of population subdivision
detected (K=5and K = 8).

Among populations Among individuals
Among groups within groups within populations Within individuals
% Fer % Fsc % Fis % Fyr
Five clusters (K =5) 3.63 0.03627"* 5.28 0.05477*** 3.63 0.03986™* 87.46 0.12537"*
Eight clusters (K = 8) 5.94 0.05939*** 2.97 0.03153** 3.63 0.03986* 87.46 0.12536**

Note: **, p < 0.001.

Fig. 4. STRUCTURE clustering results obtained for the Eucalyptus globulus Australian populations and the Portuguese landrace. Each individual
is represented by a thin vertical bar. Each colour represents an estimated population group (cluster, K). The colours in each individual represent

the estimated proportion of its presence in each of the K groups. The last four samples in the Portuguese population represent the blind
control, samples with an Australian origin in the Furneaux region (yellow cluster).
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ilar to that observed in the Australian populations, the mean
effective number of alleles per locus was considerably lower than
the observed number of alleles per locus (A, = 10.88). The high
number of alleles was reflected in the high observed and expected
heterozygosity (H, = 0.83 and H, = 0.84, respectively), and the
values were similar to, but higher than, those found in the Aus-
tralian populations (H, = 0.76 and H, = 0.79).

The addition of the Portuguese samples to the population struc-
ture analysis revealed a similar result with five main genetic clus-
ters (K = 5). The Portuguese samples merged with samples from
southern and eastern Tasmania (Fig. 4). The four blind control
samples demonstrated the power of the analysis as they grouped
with the Australian race of origin (i.e., Furneaux).

Discussion

The study investigated the genetic diversity and population
structure of native E. globulus using 24 SSR markers. This is signif-
icantly more SSR markers than previously used in this species
(81in Steane et al. (2006); 16 in Yeoh et al. (2012); and 9 in Jones et al.
(2013)). More power in analysing the architecture of genetic diver-
sity is expected from using more markers (Luikart et al. 2003). The
level of genetic diversity, as measured using heterozygosity statis-
tics (H, and H,) as well as those measuring allele diversity was
high, which agrees with similar results reported previously in
E. globulus (Steane et al. 2006; Ribeiro et al. 2011), but also in other
eucalypt species (Arumugasundaram et al. 2011; Faria et al. 2011).
However, genetic diversity was not as high as in eucalypt species
with more continuous (connected) distribution, such as E. obliqua
and E. pauciflora (Bloomfield et al. 2011; Gauli et al. 2014).

Meirmans and Hedrick (2011) defended the use of measures
other than Fg; when highly polymorphic markers such as SSR
are used. In a meta-analysis of 34 published studies, Heller and
Siegismund (2009) determined that Dyg; seemed to be more ap-
propriate to estimate populational differentiation and was a bet-
ter measure for allelic differentiation between populations.
However, Fg; is still useful as a fixation index and is largely used,
so it is presented as a comparative measure, as the values obtained
are similar to those presented by Steane et al. (2006) and Yeoh
et al. (2012) for E. globulus. Nevertheless, E. globulus populations
showed more genetic differentiation (overall Fg; = 0.08) than re-
ported for other eucalypt species, such as E. pauciflora (Fg; = 0.03,
Gauli et al. 2014) and E. obliqua populations (Fs = 0.02, Bloomfield
et al. 2011).

Although most of the variation in E. globulus is found within
individuals, significant but small proportions of the variation can
be ascribed to various levels of tree groupings (locality, race, or
STRUCTURE groups). Similar results were found using different
types of markers (i.e., RAPD, Nesbitt et al. 1995) and other SSR
studies of this species (Steane et al. 2006; Yeoh et al. 2012; Jones
et al. 2013). Species with large population and that are more con-
tinuous in their distribution have smaller proportions of their
variation between individuals, populations, and groups (Bloomfield
et al. 2011; Gauli et al. 2014).

The genetic structure of E. globulus uncovered in this study is
congruent with that found in previous studies using SSRs (Steane
et al. 2006; Yeoh et al. 2012; Jones et al. 2013) and consistent with
geography. Differences between studies appear to result from dif-
ferences in sampling. For example, the populations at Wilson’s
Promontory, Phillip Island, and Port Davey were not included in
Yeoh et al. (2012), and Steane et al. (2006) had a small number of
trees from Phillip Island and Port Davey and none from Wilson’s
Promontory. All analyses agree that the more or less continuous
populations on the east coast of Tasmania, although sub-divided
into a number of races based on quantitative traits, form a cohe-
sive genetic group. Yeoh et al. (2012) pointed out that the popula-
tions at the northeastern extreme of Tasmania have an influence
from the Furneaux Islands, but not vice-versa. This is consistent
with unidirectional pollen dispersal through migrating birds,
while a barrier to seed dispersal was discovered between the Fur-
neaux Island and Tasmania through studies of cpDNA (Freeman
et al. 2001). The small remnant population of E. globulus on the
west coast of Tasmania (Port Davey, western Tasmania) has affin-
ities with southern Tasmanian east coast populations (Recherche
Bay) at their southern extreme and King Island (in Bass Strait) at
their northern extreme. Interestingly, King Island and Phillip Is-
land in eastern Victoria appear to have closer genetic affinities
than would be expected considering their geographic separation.
The population on Phillip Island may be a remnant of a larger
population, which inhabited the Bassian plains at times of low sea
level during past ice ages, when Tasmania was connected to the
mainland (Mckinnon et al. 2004). The populations of E. globulus in
western Victoria (the Otways) are clearly connected to those in
eastern Victoria (south Gippsland and Strzelecki Ranges), as shown
in the K = 5 results. However, the populations in eastern and
western Victoria form separate groups in the K = 8 analysis, con-
sistent with their geographic separation. Wilson’s Promontory
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and Tidal River each have their own group in K = 8, but they are
grouped together in K= 5. The separation of the disjunct and small
population at Wilson’s Promontory may be due to drift as evi-
denced by its low genetic diversity (Jones et al. 2013), which may
also be the case for Port Davey. The studies of cpDNA (Freeman et al.
2001, 2007) have shown strong connections, through sharing of
haplotypes between the populations in Bass Strait (King Island
and Furneaux) and those on the mainland.

A relatively high level of genetic diversity was found in the
Portuguese landrace. Molecular evidence suggests that the Portu-
guese landrace is dominated by genetic material from southern
and eastern Tasmania. The high levels of genetic diversity contra-
dict the suggestions that the Portuguese landrace may have been
derived from a very narrow original collection (Eldridge et al.
1993; Potts et al. 2004), and this is supported by a previous molec-
ular study (Freeman et al. 2007) that used seven nuclear SSR and
one cpDNA marker. Freeman et al. (2007) found that the Portu-
guese landrace had a level of genetic diversity intermediate be-
tween that of an average race and that found in the species as a
whole. In this study, the samples of the Portuguese landrace dis-
played a higher level of diversity than found overall in the species.
The difference between studies may be due to differences in sam-
pling of the landrace. The predominantly southern and eastern
Tasmanian origin of the Portuguese landrace is consistent with
evidence from quantitative data (Lopez et al. 2001) and previous
molecular study (Freeman et al. 2007). However, Freeman et al.
(2007) found that a few samples of the Portuguese landrace had
affinities to other races, such as the Furneaux Islands, King Island,
and mainland Australian races (e.g., Otways and south Gippsland).
This discrepancy may again be due to differences in sampling or
because Freeman et al.’s (2007) use of chloroplast markers in-
creased their ability to detect genetic contributions from other
origins. Typically, selections for pulpwood breeding purposes de-
rived from E. globulus native populations have preferred germ-
plasm from Strzelecki Ranges, Otways, and Furneaux (Potts et al.
2004), which are races that appear to have a diminished represen-
tation in the Portuguese landrace and might have to be imported
by breeding programs.

In conclusion, several studies have demonstrated that traits of
economic value, such as wood density or disease resistance, vary
between E. globulus Australian races (Dutkowski and Potts 1999;
Borralho et al. 2007; Stackpole et al. 2010), and better understand-
ing of the genetic structure of the species will help quantitative
genetic analyses in breeding programs as well as association ge-
netic analyses (Thavamanikumar et al. 2014). Understanding the
genetic structure of ecologically important species such as E. globulus
is crucial as it informs management of the native populations,
helps provide evidence of natural selection in the study of quan-
titative traits (e.g., Fsy vs. Q ¢y comparisons; Steane et al. 2006), and
provides a native database to allow discovering the origin of un-
pedigreed material including landraces from countries such as
Argentina, Chile, Ecuador, India, Peru, and Spain (Potts et al.
2004).
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