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Use of genetic markers to build a new generation
of Eucalyptus pilularis breeding population
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Abstract

Tree improvement generally proceeds by
incremental gains obtained from recurrent
selection in large diverse populations but is
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slow due to long generation times and delay till
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ductions wused to found landraces when
reinstating modern breeding programs. The
value of such resources, however, may be
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degraded due to a lack of records on germplasm
origins, pedigrees and early performance, but
DNA technology may help recoup some of this
value. Eucalyptus pilularis (subgenus Eucalyp-
tus) is regarded as a premier hardwood planta-
tion species for saw log and poles in Australia,
but has not been used extensively despite early
introductions and testing in many countries
overseas. Here we use DNA fingerprinting to
assess genetic diversity and inbreeding in his-
toric introductions of E. pilularis to evaluate
this resource in advance of a reinvigorated
breeding effort for this species in Brazil. As
expected, based on the available documentation
for the introductions, genetic diversity relative
to Australian reference populations does not
appear to be compromised, and there was
unlikely to be excessive inbreeding. Also, favor-
able, was the likelihood that further selections
should not unduly increase the relationship in
the next generation. Interestingly, we note the
importance of testing widely adapted sources of
germplasm when making introductions, as
provenances which performed poorly in tests on
productive sites in Australia, may have value
when matched with lower fertility sites over-
seas.

Key words: Blackbutt, genetic diversity, relatedness,
growth, pedigree information.

1. Introduction

The majority of eucalypt plantations world-
wide are based on nine species that belongs to
subgenera Symphyomyrtus: E. camaldulensis,
E. dunnii, E. globulus, E. grandis, E. nitens,
E. pellita, E. saligna, E. tereticornis e E. uro-
phylla (HARWOOD, 2011), due to high productiv-
ity, vegetative propagation, plasticity and wood
traits quality for specific utility (GONCALVES et
al., 2013). However there are others species of
eucalypts with high potential for commercial
plantation that belongs to different subgenera,
like E. pilularis. Classics studies indicate that
the species has good growth and has wide
potential for sawing (PASZTOR, 1974; ALCORN et
al., 2008).

Eucalyptus pilularis (blackbutt), belongs to
subgenus Eucalyptus (subgenus FEucalyptus)
and Renantheria section and occurs in New
South Wales in the coastal plains, the moun-
tainous areas near the coast, extending to south
of Queensland (BROOKER and KLEING, 2006). In
Brazil the species was investigated in the end of
70’s and begins of 80’s, when a few breeding
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populations by different institutions were set
up, however the reasons for non-use intensively
are: i) inability to hybridize with widely used
species (E. urophylla and E. grandis); ii) inabil-
ity to resprout (no coppice management); and
iii) the wood quality, which is not interesting for
some purposes (e.g. pulp and charcoal produc-
tion).

The most important aspect for selection of
commercial genotypes is the productivity rela-
tive to environmental conditions (STAPE et al.,
2008), due to the effects the environment has on
growth, biomass production and harvestable
yield (JALEEL et al., 2009). Another important
aspect that affects productivity is the prove-
nance. For E. pilularis, the highest productive
provenances are related with good environmen-
tal conditions of the origin (BURGESS, 1975).
Eucalyptus pilularis in natural area shows low
regional genetic differentiation, high but uni-
form genetic diversity (SHEPHERD et al., 2010).
In E. pilularis populations there is substantial
genetic variation which will allow for the possi-
bility to select for breeding. (CARNEGIE et al.,
2004).

To compose a breeding population it is neces-
sary to select plus trees with desired traits and
high genetic variability. Normally, high inten-
sity selection to find productive genotypes will
decrease the genetic base. Therefore, it is
important to know the genetic diversity of the
breeding population, to avoid further genetic
loss and buildup of inbreeding. Managing these
aspects of breeding is challenging in situations
where there is a need to use early introduc-
tions of trees which have been archived in
germplasm resource collections without
detailed records of the seed parent sources or
tree identities. In some cases, the degree of
relationship among trees is unknown, therefore
use of genetic markers may be valuable in
identifying the natural origins (provenance)
of trees, the degree of diversity and the relation-
ships among trees in a population (KUMAR and
RICHARDSON, 2005; EL-KASsABY et al., 2011).

The aim of the present study was to evaluate
the potential of genetic markers (microsatel-
lites) to aid in the selection of trees to form a
new population for breeding of E. pilularis in
Brazil. We genotyped a total 126 trees using 21
microsatellite loci from 9 populations estab-
lished in Brazil during the 1970s and 80s, that
are the base of a new breeding population.
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2. Material and Methods

2.1. Materials, sampling and growth
measurements

The study uses a collection of nine E. pilularis
populations planted by Brazilian forestry com-
panies and the University of Sdo Paulo in the
States of Sdo Paulo and Minas Gerais in Brazil
during the 1970’s and 1980, except for the
Feena population which was planted in 1919.
These trials were established across a range of
years and at different locations and climatic
conditions (Table 1). The number of prove-
nances represented in each trial ranged from 1
to 13 and are documented in the Supplemen-
tary materials (Tables 1, 2 and 3). For trials
Anh-82, Anh-103, Ital-67 and Ita-498 it was
known that material was sourced from multiple
provenances and that several trees per family
were planted in the trials, however, the prove-
nance identity of individual trees in the trials
was not retained and is currently unavailable.
The experimental design of trials was also lost
over time and locations of trees was lost due to
undocumented thinning, so the relationships
amongst the trees is unknown. All populations
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studied are first generation introductions into
Brazil, except for two seedlots in both Anhembi
multiple provenances populations (from Mogi-
Guacu, BR and Zimbabwe) and for the Feena
population, which is thought to be from seed
introduced around 115 years ago, and a 2" gen-
eration population.

In 2013 seed capsules were collected from
most of trees (with the exception of the Rio
Claro population where no seed was available)
to allow the development of a new base popula-
tion for breeding of E. pilularis in Brazil. Cap-
sules were air dried and seed extracted and
stored under controlled conditions (T=10°C and
humidity=50%). Seed collections were made
from individual trees (progenies) that were con-
sidered plus trees because of their phenotypic
performance (growth and shape). In addition,
leaves from each tree were sampled to allow
genetic characterization and its diameter at
breast height (DBH) and height were also
measured (Table 1).

In addition to the nine Brazilian collections,
DNA from 22 trees sampled in natural stands

Table 1. — Description of Eucalyptus pilularis Brazilian and Australian provenances and climatic charac-

teristics of Brazilian provenances.

Population [nstitution City Planted  Code Provenance Sample
1 Anh-82 UspP Anhembi, SP 1982 TI3082 Multiprovenace*** 16
2 Anh-103%* USE Anhembi, 8P 1985 70103 Multiprovenace*** f
3 Anh-145 usp Anhcmbi, SP 1989 70145 Frascr [sland 15
4 Feena* FEENA Rio Claro, SP 1919 15a Comp. Paulista 3
) Ita-176 Aperam Ttamarandiba, MG 1984 176 Beerburrum 15
6 lta-49% Aperam  ltamarandiba, MG 1985 498 f‘q’ﬁigﬁ)’ﬁf&?ﬁf&ﬂ%& 22
7 Ita-167 Apcram [tamarandiba, MG 1984 167 Multiprovenacc*** 17
8 Bir-K Suzano Biritiba Mirim, SP 1976 [ERY:N Kiwarrak NSW 135
9 Bir-C Suzano Biritiba Mirim, SP 1976 G3A Coopernook, NSW 15
10 S-Aus SCuU South Australia Natural ~ ND Multi 16
11 N-Aus SCU North Australia Natural ~ NI> Conglomerat 6
Koppen Mean Rainfall Altitude
City Lat$§ Long W
classification temperature (mm) (m)
Rio Claro, SP Cwa 216°C 1366 020 2214 47° 18
Anhembn, SP** Aw 22.3°C 1307 480 22728 48" 04
Biritiba Mirim, SP Cwa 19.8°C 1364 780 2320 46" 01
Itamarandiba, MG Cfa 20.1°C 1295 1097 17°51 42°51

“Small populations (less than 45 lives trees); “Place that will be set up the new breeding population;

sesesk
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Supplementary Table 1. — Provenance of 7B082 — Anhembi Experimental Station.

Provenance Lot Lat (8) Long (E) AlL{m)

Gl Nambucca SF/NSW 9457 300397 133°00° 20
(2 Wallingat/NSW B57-01 - - -

03 Broken Bago SE/NSW 618y 31°31° 1527407 180 a 390
04 Dorrigo/NSW 10845/138 30°09° 1520427 750
a5 Woolgolga/NSW 10718 2948’ 153°00° 120
06 Buladelah/NSW 9453 320257 153°13° 73
a7 Mt. Glorius/QLD 6183 27°15° 152°40° 600
08 Frascr Island/QL.D 9490 25°00° 153°007 60
Go Gallagowan/QLD 949072 26°30° 152°20° 580
10 Bellthorpe/QLD 10699 269527 152°42° 325
11 Mogi (uagu - 28718 47°17 600
12 Fraser Island/QLD 12803 25°00° 153°00° 60

13 Zimbabwe -

Supplementary Table 2. — Provenances of the 7B103 — Anhembi Experimental Station.

Provenance

Lote Lat (5) Long (F) Alt(m) Seed trees

1 Queens Lake SF 13317 31°34° 15247 90 10
2 Black Mountain Road Kangaroo SF NW Moleton 13324 30°08° 1527507 350 10
3 Gallangowan SF QLD 13451 26°27° 152"22° 610 7
4 RBlackrock SF 16 Km Beerburrum 13537 26°577  152%52 30 5
5 Pt. 93 Zimbabwe 6933 - - - -
6 NW Cascade Dorrigo District NSW 10845/138 30°09° 152"42° 750 -
7 7,60 Km S-SE Ungoria S Yankee Jack Fraser [sland QLD 12803 239320 1530007 80 10
8 Gallagowan QLD 9492 26°307  152°20° 580 3

Supplementary Table 3. — Provenance of 167 — Itamarandiba population.

Provenance Lote Lal (8) Long (F) Al {m)
1 NW Gratlon, QLD 6184 - - -
2 N. Grafton, NSW 61806 - - -
3 S. Moruya, NSW 6195 310310 152°40° 180-390
4 Dorrigo D., NSW 10845 300097 152°42° 730
5 9490
6 Fraser Island, QLD 6178 25%007 153°00° 60
7 12227
8 Gallagowan, QLI 9492 26"30° 1527207 580
9 Bellthorpe, QLD 10699 26°52° 152°42° 525

in Australia was included for genotyping in this
study as a reference population (Table 4 Supple-
mentary materials). Trees were sourced from 5
geographically diverse provenances of E. pilu-
laris. The 22 trees were classified into either a
Northern (n=6) or Southern (n=16) region for
some analyses (e.g. PCoA) based on an earlier
study of population structure in E. pilularis
(SHEPHERD et al., 2010).

2.2. Microsatellite analysis

The DNA was extracted from 100-150 mg of
leaves of 150 individuals, using the DOYLE and
DoyLE (1987) method. The microsatellite loci
were amplified as described by FARIA et al.
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(2010). The analyzes were carried out using 21
microsatellites loci previously optimized for
multiplex amplification systems for the genus
Eucalyptus: EMBRA11, EMBRA63, EMBRA12,

EMBRA204, EMBRA219,  EMBRA333,
EMBRAS3S, EMBRA210, EMBRAS37,
EMBRA1071, EMBRA179, ES-157,
EMBRA1349, EMBRA175, EMBRA915,
EMBRA2000, EMBRA1851, EMBRA1800,
EMBRA6, EMBRA104 and EMBRAS.

Microsatellite loci developed for E. grandis have
been used successfully with E. pilularis in stud-
ies of genetic diversity in natural populations
(SHEPHERD and RAYMOND, 2010; SHEPHERD et al.,
2010).
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2.3. Population genetic diversity

Genetic diversity indexes, fixation index and
coancestry coefficients were estimated for each
population as well as a mean for all the Brazil-
ian and all Australian populations. Allelic
frequencies, mean number of alleles per locus
(A), allelic richness (R), observed (H, and
expected heterozygosity (H,) and fixation index
(F) were estimated using the FSTAT program
(GouDET, 2002). To test if the values were
significantly different from zero, we used
Monte Carlo permutation of alleles among indi-
viduals, and applied a Bonferroni correction for
multiple tests. The mean individual fixation
index (F) and pairwise coancestry coefficient
(6;;) between trees of the same provenance was
estimated as in LOISELLE et al. (1995) using
SPAGEDI 1.3 program (HARDY and VEKEMANS,
2002). The genetic differentiation among pair-
wise populations was calculated using the
method of HEDRICK (2005) for microsatellite
data:

Da Silva et. al.-Silvae Genetica (2015) 64-4, 170-181
_ G (14 )

ST E]
1-H,
where Ggr is the genetic differentiation among
populations and Hg is the mean genetic diver-
sity within populations, estimated using the
FSTAT program.

2.4. Principal coordinates analysis
and Mantel tests

Principal coordinate analysis (PCoA) was per-
formed in GenAlex (PEAKALL and SMOUSE, 2006)
using the data for all loci and based on NEI's
(1973) unbiased genetic distance matrix. The
Mantel test (in GenALex) was used to test for
inter-matrix correlations between the pairwise
measure of coefficient coancestry (r), or rela-
tionship, and absolute pairwise differences in
growth (DBH), for individuals within a popula-
tion. Pairwise differences in r values were cal-
culated in Excel to check relationship between
growth within pairwise related trees.

Supplementary Table 4. — Natural origins for 24 Eucalyptus pilularis individuals of the reference
population. Trees originated from five natural provenances. All provenances other than Conglom-
erate belong to the Southern Region. Two samples (10954 and 10960) from the Conglomerate
provenance failed to re-amplify reliably therefore were left out of final genetic diversity estimates.

Individual Lote Tree Origin Lat (%)  Long (T)
1 10728 bbmi07 AUS NSW SE Moruya - Sth Batemans Bay 35747 150704
2 10732 bbb AUS NSW ST Bodalla - Narooma 36" 08 130°04°
3 10735 bbb004 AUS NSW SF Bodalla - Narooma
4 10736 bhh003 AUS NSW ST Bodalla - Narooma
5 10737 bbb AUS NSW SI' Bodalla - Narooma
6 10738 bbb0(07 AUS NSW SF Bodalla - Narooma
7 10742 en001 AUS NSW SI' Nullica W of Eden 36" 597 149" 54°
8 10744 cnlU3 AUS NSW SF Nullica W of Eden
9 10746 en003 AUS NSW ST Nullica W ol Eden
10 10747 en006 AUS NSW SF Nullica W ol Eden
11 10750 en009 AUS NSW SI" Nullica W of Eden
12 10931 bby 001 AUS NSW SF Yerriyong Blackrange Rd Sth Nowra 35°01° 150° 34
13 10933 bhy005 AUS NSW ST Yerriyong Blackrange Rd Sth Nowra
14 10936 bby 006 AUS NSW SF Yerriyong Blackranpe Rd Sth Nowra
13 10937 bby007 AUS NSW ST Yerriyong Blackrange Rd Sth Nowra
16 1093% bby 008 AUS NSW SF Yerriyong Blackrange Rd Sth Nowra
17 10953 conpyr3 AUS NSW SI' Conglomerate 357070 133703
18 10954 conpyrd AUS NSW SF Conglomerate
19 10959 conpyr9 AUS NSW SF Conglomerate

20 10960 conpyrl0)  AUS NSW SF Conglomerale
21 10901 conpill ATJS NSW SF Conglomerate
22 10962 conpil2 AUS NSW SF Conglomerate
23 10963 conpil3 AUS NSW SF Conglomerate
24 10966 conpilt AUS NSW St Conglomerale

See SHEPHERD et al. (2010) for more details on localities.
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Table 2. — Summary of measurement grow of Brazilian populations (H is the total height; DBH is the diam-

eter at breast height; Vol is the volume).

Provenanee mean

Biggest tree

Provenance Plantced Logging - Age
Density I DBII Vol I DBH Vol
{ycar) (times)  (trectha)  (m) (m) (m’ hay (m) {(m) (m*) (ycars)
1 Anh-82 1982 3 297 47 042 1008 55 (.64 89 31
2 Anh-103 1985 3 161 45 (.45 591 55 60 72 28
3 Anh-145 1989 2 350 34 .34 709 49 (.50 4.5 24
4 Feena 1919 NI 232 57 11L86 3500 60 1.51 48 94
5 lta-176 1984 3 219 29 030 33 34 042 24 29
6 Tta-498 1985 3 228 28 0L30 239 38 052 41 28
7 lta-167 1984 3 281 24 028 281 27 040 1.8 20
g Bir-K 1976 O 300 51 048 2356 62 0.82 167 38
9 Bir-C 1976 ¢ 500 56 057 3300 063 (.88 182 3¥
2. Results Ita-498 population. The number of private alle-

2.1. Genetic diversity and inbreeding levels
in Brazilian populations were similar
to the Australian reference populations

Compared to the reference population of trees
sampled directly in native stands in Australia,
the levels of genetic diversity and inbreeding in
the Brazilian populations were similar (Table
3). The total number of alleles (k) ranged
between 68 and 173, depending on the popula-
tion; the highest number was detected in the

les for the Brazilian populations ranged from
zero to 11. Ita-167, a multi-provenance trial,
exhibited the highest number of private alleles.
The two regional reference samples from natu-
ral stands in Australia were at the higher end of
this range, 11 and 12 for the N and S, respec-
tively. The allelic richness (R) ranged among
population from 3.1 to 4.4, with a mean of 3.9.
Observed heterozygosity (H,) ranged from 0.50
to 0.58 (mean of 0.57) and expected heterozygos-
ity (H,) ranged from 0.60 to 0.75 (mean of 0.66).

Table 3. — Results of genetic diversity in the Eucalyptus pilularis populations.

Samples K k P A+8D RESD H_+8D H_ =sD
Anh-82 16 142 7 68136 4015 0351032 0691024
Anh-103 6 101 1 48125 39118 0531031  0.66L033
Anh-145 15 135 6 6.4+£32  3.8+1.5 056030  0.64=0.28
Feena 5 68 0 32415 31130 0772038 0.60£0.26
Tlta-176 15 122 3 58433 3.6+1.6 034034 0.61+=0.32
1ta-498 22 173 9 8247  4.0x1.7 054031  0.67£0.26
lta-167 17 154 11 73442 39+1.6 057030 0.64+0.28
Bir-K 15 138 8 6.6£3.5  3.8+1.5 056030  0.65£0.28
Bir-C 15 131 7 62436  3.7+£1.5  030£032  0.64£0.27
Brazil mean 126 282 - 13.4=1.6 8840 0.55£0.27  0.70£0.05
S-Aus 16 150 12 70435 40415 0544025 0.69+0.24
N-Aus 8 125 11 60128 44116 058031  0.75:0.21
Ausl mean 24 1 - 9.041.1  &7+44.0 0554022 0.72+0.05
Overallmean 159 131 48 6.2 3.9 0.57 0.66

n = sample size; k£ = total number of alleles; P, = number of private alleles;
A = mean number of alleles; R = allelic richness; H, = observed heterozygosity;

H, = expected heterozygosity; SD = standard deviation.
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The population fixation index (F) ranged
from —0.11 to 0.81 (mean of 0.22), and was sig-
nificantly larger than zero in all populations
except Feena (Table 4). The mean of samples for
the two Australian reference populations (0.29)
was higher than the mean of all the Brazilian
populations (0.21). These relatively high F val-
ues for the Australian multi-provenance refer-
ence populations, was in contrast to earlier
studies of samples from natural provenances
that were analyzed on a single provenance basis
(SHEPHERD et al., 2010).

Da Silva et. al.-Silvae Genetica (2015) 64-4, 170-181

2.2. Relationships among populations tended
to reflect collections [experiments rather than
natural origins

The most striking feature of the PCoA analy-
sis was the tendency for introductions from the
same institution to cluster together (Fig I1). In
some cases the uniqueness (indicated by this
distance in Eucalidan space to other popula-
tions) and clustering of populations held by the
same organization, for example the two Biri
populations, may have been explained by com-

Table 4. — Results of fixation index (F) and coancestry coefficient (®) of Eucalyptus pilularis popu-

lations.

Samples ) F £1.968E Median  Min/Max n (D +196SE Median  Min/Max
Anh-82 16 0.24=0.08%  0.21 0.00/0.50 120 0.0420.02¢ 006 -0.14/0.40
Anh-103 6 0.26=0.15% 020 0.01/0.53 15 0.08=0.04%  0.03 -0.05/0.29
Anh-145 15 0.15=0.06%  0.15 -0.03/0.41 105 00420015 0.04  -0.11/0.22
Feena 5 -0.04£0.04  -0.06  -0.10/0.02 10 0.26x0.04% 003 0.18/0.35
Ita-176 15 020-0.06% 020 011037 105 0.10+0.02%  0.03  -0.11/0.38
Tta-498 22 022=0.06% 021 -0.05/0.50 231 0.02:0.01%  0.14  -0.13/0.22
lta-167 17 0.15=0.06%  0.16  -0.07/036 136 0.04=0.01%  0.08  -0.12/0.39
Bir-K 15 0.23=0.07* 023 0.03/0.44 105 0.10£0.02% 024 -0.06/032
Bir-C 15 0.35:.0.06% 03] 0.24/0.62 105 0.1500.02%  0.04  -0.05/041
Brazil mean 126 0.21=0.03* 020  -0.1140.62 7875 0.07x0.01*  0.05 -0.14/0.41
S-Aus 16 026=0.08* 026 0.02/.58 120 0.0520.0%  0.09  -0.13/0.35
N-Aus § 035-0.17¢  0.21 0.13/0.81 28 0.04:0.03%  0.01  -0.19/0.25
Aust mean 24 029=0.07%  0.26 0.02/0.81 276 0.0520.01% 003 -0.19/0.35
Overallmean 150 g20-0.02¢ 021  -0.1L081 11175 0.06+0.01* 005  -0.19/0.41

n = sample size; SE = standard error. “P<0.05.

Principal Coordinates (PCoA)
4 Anh-103
® Ita-176 4 Anh-82
4 Anh-145
~ ¢ 1ta-167 |ta-498
b=
2 € S-Aus
- ¢ N-Aus
4 Biri -k .
4 Biri-C Feena
Coord. 1

Figure 1. — Cluster analyses of population by PCoA via Covariance matrix.
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Table 5. — Pairwise P, (@above diagonal) and genetic divergence (G g7, below diagonal) between 11 Euca-

lyptus pilularis populations.

Sample  Anh-82 Anh-103 Anh-145 Feena [a-176  la-498 [a-167 BirK  Bir-C  $-Aus  N-Aus
Anh-82 - 0.094 0001 0001 0001 0001 0001 0001 0.001  0.001  0.010
Anh-103  0.031 - 0.001 0005 0001  0.001 0001 0001 0001 0000 0037
Anh-145 0079 .08 - 0.061 0001  0.005 0001 0001 0001 0.001 €006
Feena 0298 (261 (.295 - 0001 0.000 0001 0001 0001 0001 0.043
Ita-176 0212 o219  0.196 0500 - 0.001  0.001  0.001 00001  0.000  €.007
1ta-498 0079 g.120 0048 0290 0.184 - 0001 00801 0001 0.001  0.003
Ita-167 0139 0198 (082 0353  0.127  0.048 - 0.601  0.001  0.001  ©.004
Bir-K 0266 0344 0269 0446 0226 0202 0.195 . 0001 0.001  $.010
Bir-C 0355 p423 0.331 0.548 0265 0279 0274 0.139 - 0.001  0.010
S-Aus 09073 049 0028 0 0236 0269 0.105 0079 0216 0286 - 0.006
N-Aus 0183 po2n; 0.205 0362 0227 02001 0218 0244 0300 0.141 -
0,5
0,4

o o
N w

Coefficient of relationship
o
-
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Figure 2. — Pairwise coefficient of relationship within 11 populations of blackbutt.

monality in the sources of the materials. For
example, these two Biri populations are single-
provenance trials (based on Coopernook or
Kiwarrak provenances), which is an example
where the natural origins of the trees are
known to have come from neighbouring prove-
nances. Two multi-provenance Anhe popula-
tions, share some common provenance origins
(and the same seedlots), thus again they might
be expected to be related (Tables 1 and 2 of the
supplementary material). All three Anhe popu-
lations contained trees from the Frazer Is
provenance (The anhe 145 population was all
derived from the Frazer island provenance)
thus again commonality in geographic origins
may be causing clustering in these cases.

In other cases, for example when the individu-
als from the Australian reference population
were classified into a northern and southern
region, the two populations still tended to clus-
ter relatively close together. This was unex-
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pected given that this regional difference was
the strongest degree of genetic structuring evi-
dent in E. pilularis (SHEPHERD et al., 2010). In
addition other expected relationships among
populations sharing commonality in geographic
origins were also not evident. For example the
Northern Australian population was expected to
show affinity with Bir-Coop and Bir-K popula-
tions, which are geographically more proximal
than the Southern Australian population. Thus
in general it was thought that the relationship
evident by PCoA did not reflect relationships in
the provenance origins that might be expected
where populations exhibit isolation by distance
(IBD). To some degree, the lack of evidence for
IBD in the study may be due to the overall low
levels of genetic structure evident in this
species (SHEPHERD et al., 2010a; 2010b), but
may also reflect difficulty in estimating meas-
ures of genetic differentiation based on small
sample sizes, or that due to the shared parent-
age among trees in the introduced populations
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(due to common seedlots) which may be con- also useful in identifing populations that tended
founding and masking subtle differences among  to be more distinct, such as the Ita-176 popula-
geographic sources. The PCoA, however, was tion, which was quite distinct from the other

Supplementary Table 5. — Coancestry coefficient (below diagonal) and diameter at breast height
(DBH) growth difference in cm (above diagonal) between trees from Anhembi 82 (A) and Itama-
randiba 498 (B) populations.

A - Anhembi

Trees | 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 - -1257 923 -1146 -732 -10.50 -10.50 -10.82 -13.85 -14.96 -14.64 -17.51 -7.96 -17.83 -2037 -16.39
2019 - 334 111 525 207 207 175 -127 239 207 -493 462 -525 -7.80 -3.82
3 040 0.6 - 223 191 127 -127 -159 -462 -573 -541 -828 127 -859 -l11.14 -7.16
4 007 012 007 = 414 095 095 064 -239 350 318 -605 350 -637 -891 -493
5 003 -005 009 001 - 318 318 350 653 764 732 -10.19 -0.64 -10.50 -13.05 -9.07
6 004 -002 006 007 001 = 000 -032 334 446 -414 700 255 -732 987 -5.80
7 021 001 013 004 -001 004 = 032 334 -446 -414 700 255 -732 -987 -5.89
§ 013 001 017 -009 -003 008 023 - 302 -4.14 38 668 286 -7.00 -9.55 -557
9 006 -001 006 015 003 000 -003 001 . 414 -38 366 589 -398 -653 -255
10 -0.12 -006 -0.03 040 -002 008 010 005 0.17 3 032 -255 700 -286 -541 -143
11 008 006 001 022 -003 012 011 003 014 020 " 286 668 -318 -573 -L75
12 004 014 000 014 -005 004 -005 -003 -0.01 005 005 5 955 032 28 L1l
13 -009 -005 -0.06 009 -007 004 004 011 002 030 015 -004 - 987 -1241 -8.44
14 010 -008 -011 013 001 015 -006 -0.06 004 0I5 006 001 004 . 255 143
1S 019 -003 026 -006 008 001 013 011 001 -007 001 -0.09 -0.08 0.00 = 3.98

16 005 004 000 007 -004 014 005 -005 008 -001 000 -001 -009 001 0.05 -

Note: Anh-82 is a main multiprovenance Eucalyptus pilularis population in the Anhembi Experimen-
tal Station, where will be set up the new generation breeding population of the specie with the plus-
trees harvested in this study.

B -Itamarandiba

Trees 1 2 3 4 5 6 7 -] 9 10 11 12 13 14 15 16 17 18 19 20 21 22
1 X 063 413 420 524 572 588 6.04 652 667 747 795 827 0954 970 986 1113 1161 1177 1352 14.10 1450
2 0.19 X 343 359 454 502 518 534 6582 597 677 725 757 884 900 916 1043 1091 11.07 1282 1340 13.80
3 0.09 -0.08 X 017 112 160 176 192 240 255 335 383 415 542 6558 6574 701 749 765 940 998 10.38
4 005 0.06 -0.01 X 094 142 158 174 222 237 317 365 397 524 6540 556 683 731 747 922 980 1020
] 0.02 010 004 -0.01 x 047 063 078 127 142 222 270 302 429 445 461 588 636 652 827 885 925
6 016 -0.02 020 0.15 -0.07 x 016 032 080 085 175 223 255 382 398 414 541 589 605 780 838 878
7 014 -002 009 010 003 013 X 032 080 085 175 223 255 382 398 414 541 589 605 780 838 878
8 014 020 010 -0.02 020 003 007 X 064 079 159 207 239 366 382 398 525 573 589 764 B22 862
9 009 013 018 -004 009 005 -008 0.11 X 063 143 191 223 350 366 382 509 557 573 748 BO06 846

o

008 012 019 -0.02 007 013 005 014 017 X 095 143 175 302 318 334 4861 509 525 700 758 798
1" 001 009 011 -009 012 001 000 013 016 015 X 127 159 286 302 318 445 4983 509 684 742 782
12 002 -004 004 -0.04 002 003 002 006 006 -003 -0.04 X 077 204 220 236 363 411 427 602 660 7.00
13 -0.04 -004 -005 006 002 -006 -0.04 -001 -009 -0.13 -0.02 0.8 X 159 175 191 318 366 382 557 615 655
14 010 007 005 -0.02 010 001 006 009 010 -004 000 022 -0.03 x 140 156 283 331 347 522 580 620
15 0.09 -008 009 -005 -001 006 002 -001 002 -003 -0.03 004 0.00 005 032 159 207 223 398 456 496
16 011 -007 -00¢8 -0.09 -002 -003 -0.11 -009 016 -0.01 001 -0.02 -002 -0.10 0.13 X 189 207 223 398 45 4696
17 004 -009 018 -0.01 002 0.08 004 0.00 -0.01 -006 -002 016 -003 021 008 -0.07 X 207 223 398 456 496
18 0.03 -005 007 000 -002 0.07 010 -006 -0.03 -001 -0.10 -0.02 -006 008 0.00 -0.13 0.10 X 191 366 424 464
19 0.05 -0.098 007 -0.04 000 0.07 004 0.00 000 -004 000 008 001 002 006 005 -002 007 X 238 296 336
20 0.00 -008 007 -0.03 -003 0.02 -0.02 -006 -0.03 -002 -0.07 0.09 -0.05 011 -008 -0.04 021 011 -0.04 X 058 0.98
21 005 -008 -007 013 -012 008 008 -0.08 -0.03 -001 -0.09 015 -0.03 014 -004 -0.01 0.09 -0.01 006 006 X 0.40
22 -007 010 005 000 005 -001 -005 002 000 -0.02 003 -007 006 -009 -005 006 -005 -007 -0.09 005 -0.09 X

Note: Ita-498 was the multiprovenance Eucalyptus pilularis population that showed lower number of
related plus trees in our study.
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two populations from Itamarandiba. The Feena
population was an outlier and quite distinct
from all other populations. Such information
may be useful for stratifying sampling when
trying to manage inbreeding.

Pairwise G’gy values were also used to quan-
tify the degree of genetic differentiation among
populations. The pairwise genetic differentia-
tion (G'qy) among populations ranged from
0.031 to 0.548 and were significantly different
to zero in all but one case (two Anh populations
Table 5).

2.3. Better performing trees in an experiment
did not tend to be related

The lack of experimental design information
or tree identities precluded comparison of per-
formance of provenances, nonetheless we note
that within an experiment, the selected plus
trees were 20% and 54 % higher in H and DBH
than the population means. Again, the Feena
population tended to be different as its biggest
tree was only 5% taller than the average of
selected plus trees, but its DBH was 75%
higher (1.5 m versus 0.86 m of the average of
trees inside Feena).

Several plus-tree are related in two Brazilian
populations, and in general, plus-trees tended
to show degrees of relationship to other trees in
the same population (Fig. 2). Ita-498 experi-
ment was an exception as the plus trees
selected here did not tend to be more related
than the population average.

The pairwise coancestry coefficient (@) was
significant higher than zero in all populations
and ranged from —0.19 to 0.41 (mean=0.06). In
the Feena population, all ® values were higher
than zero (mean of 0.26, ranging from 0.18 to
0.35).

The degree of correlation between the pair-
wise ancestry coefficient and the difference in
growth performance for pairs of trees was
tested in a Mantel test on a population basis.
The test was not significantly different from
zero for the populations Anh-82 and Ita-498,
two multi-provenance populations, with con-
trasting results regarding the degree of related
between selected plus trees (Table 5 Supple-
mentary material). This suggested that related
plus trees did not tend to show similar growth
performance in the field.
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3. Discussion

3.1 Genetic diversity and interpretation
of F from admixtures

Genetic diversity of introduced Brazilian pop-
ulations was similar to the broad-based refer-
ence population from native stands in
Australia. This was positive news from the
point of view of providing a broad genetic base
for reinvigorating breeding of E. pilularis in
Brazil.

The fixation index (F'), however, was signifi-
cant higher than zero in all except one popula-
tion analyzed in this study. This included the
two Australian multi-provenance reference pop-
ulations which when analyzed previously as
single provenances, did not exhibit high fixation
indices (SHEPHERD et al., 2010). This suggests
the high F values detected in this study are a
consequence of studying population admixtures
i.e. due to a Wahlund effect where substructure
causes lower frequencies of heterozgyotes than
expected for a random mating population
(HARTL, D.L., 2000). This effect may be evident
where populations that have been isolated come
back in contact, or where populations are com-
bined artificially. Most of the Brazilian popula-
tions studied here are multi-provenance
collections thus combine across populations that
are unlikely to be panmixtic. The lower F value
for the Freena population probably reflects its
single-provenance origins. The Feena popula-
tion is believed to be a second generation popu-
lation (seeds from Campania Paulista in
accordance with the records), but its low value
suggests little inbreeding has occurred among
the selections from the first generation. The
relatively high F' values for the reference popu-
lations in this study, also multi-provenance pop-
ulations, but which did not exhibit large F' when
analyzed as single-provenance populations, was
also consistent with a Wahlund effect.

Given the lack of evidence of inbreeding in
natural populations of E. pilularis (SHEPHERD et
al., 2010), it seems likely that the relatively
high fixation indices evident in the current
study are a consequence of studying derived
admixtures. Although inbreeding cannot be
ruled out at this stage, generally where seed
collections were made according to appropriate
rules and there has not been regular mating
schemes applied, as for this first generation of
trees introduced into Brazil, inbreeding should
not be large. Overall, from this we conclude
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there is little evidence for inbreeding in current
populations introduced into Brazil.

3.2 Genetic relationships among
Brazilian populations

As expected, genetic relationships among
introduced Brazilian populations did not accord
with the geographic origins. Instead relation-
ships tended to cluster by source organization.
This suggests the subtle geographic based
structure due to isolation by distance evident in
natural populations has been masked in this
study by the similarly in populations as a conse-
quence of the overlap in seedlots introduced
into Brazil by the same organization, and the
admixture caused by the introduction of multi-
ple provenances in the introductions by the
same organization. These findings suggest it
will be important to stratify sampling for the
new breeding population across collections from
the different institutions to maximize genetic
breadth in the next generation. This analysis of
the relationship amongst introductions also
identified outlier populations such as Feena and
Biri, which can help with sampling designs.

The lack of structuring along geographic ori-
gins suggested that it will be unlikely that the
provenance origins for individual trees can be
recovered where they are unknown. Given the
subtle genetic structuring evident broadly
across E. pilularis in microsatellite markers
(SHEPHERD et al., 2010), this was always going
to be challenging. Much larger numbers of indi-
viduals in reference populations and many
more genetic loci would appear to be required to
have any hope of reconstructing provenance ori-
gins.

Mantel tests were used to test for inter-corre-
lation amongst a matrix of within-population
pairwise r values and pairwise differences in
DBH. Such a correlation may be evident assum-
ing growth is largely additively genetically con-
trolled, and therefore a function of heritability
and relatedness (KUMAR and RICHARDSON,
2005), however no relationship was evident in
our study for our multi-provenance populations.
Therefore, despite the lack of pedigree informa-
tion for many of the selected plus trees in the
current study to help manage inbreeding, the
results suggest potential inbreeding effects aris-
ing from mating between relatives have been
largely avoided (HARDNER and Ports, 1995;
Kumar and RICHARDSON, 2005).
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All sampled populations had related individu-
als, but in the Brazilian populations, the relat-
edness measured by mean pairwise coancestry
coefficient (®) was in general higher than in
Australian populations. The cause of higher
coancestry may be the family structure in the
Brazilian material, thus in these cases the min-
imum expected coancestry coefficient is 0.125
(half-sibs). The highest coancestry values were
detected in Feena population, where all ® val-
ues were all higher than zero (mean of 0.26),
suggesting that these six trees originated from
the same seed tree and may be related as full-
sibs (®=0.25). The presence of related individu-
als among progeny from a selected plus tree in
the breeding programs have strong implications
for next generation of selections. As already
mentioned, eucalypt species exhibit inbreeding
depression, and mating among relatives may
result in individuals with low performance for
economical important traits such as growth,
survival, adaptation and resistance to disease
(HARDNER and Portts, 1995). Thus, it is impor-
tant to increase the number of selected plus
trees or effective population size of breeding
populations to decrease the relatedness within
these populations and, consequently decrease
the probability of inbreeding occurring in next
generations of selection.

3.3 Selecting adapted sources of E. pilularis
for planting in Brazil

In general E. pilularis grew well across a
range of sites in Brazil. It was clear that given
sufficient time (i.e. some trees were 94 years of
age), trees could be of similar stature to those
found in native forests (BROOKER and KLEINIG,
2006). Large trees were obtained from a range
of provenances, including provenances such as
Frazer Island (DBH of 0.5 m at 24 years of age)
which was regarded as a poor performing prove-
nance on more productive trial sites in Aus-
tralia (BURGESS, 1975; CARNEGIE et al., 2004).
These trees were found in the Anhembi experi-
mental station trial, where the initial result of
old multi-provenance populations (Anh-82 and
Anh-103) drove the genetic improvement pro-
gram to install a new population (Anh-145)
with only progenies from Frazer Island (per-
sonal comments of Prof. Mario Ferreira).
Anhembi Experimental Station has a sand soil
and the populations were planted without
intensive silviculture (i.e. no fertilization, weed
control, etc), as is current practice in Brazil



(GONCALVES et al., 2013; SILVA et al., 2013). Pop-
ulations in Biritiba Mirim showed good growth,
(provenances Coopernook and Kiwarrak), which
is in accordance with the general observation
that trees adapted to more productive natural
environments, are able to take advantage of
good conditions at a planting site (BURGESS,
1975; CARNEGIE et al., 2004). However due to
the differences among trials (age, climatic con-
ditions, etc) in our study, it was not possible to
compare Coopernook with other provenances
like Frazer Island where poor growth was
expected.
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