DE

G

DE GRUYTER
OPEN

Silva et al. - Silvae Genetica (2018) 67, 34 - 40

34

Maintenance of genetic diversity in Eucalyptus
urophylla S.T. Blake populations with restriction
of the number of trees per family

P. H. M. Silva'?3"; A. Brune* S. Pupin® M. L. T. Moraes’; A. M. Sebbenn>5; R. C. de Paula’

'Instituto de Pesquisa e Estudos Florestais (IPEF), Via Comendador Pedro Morganti, 3500, Bairro Monte Alegre, CEP

13415-000, Piracicaba, Sao Paulo State, Brazil.

2 Universidade Estadual de Sdao Paulo (UNESP/Botucatu), Rua José Barbosa de Barros, 1780, CP 237, CEP 18.603-970,

Botucatu, Sao Paulo State, Brazil.

3 Escola Superior de Agricultura “Luiz de Queiroz”, Universidade de Séo Paulo, Avenida Padua Dias, 11, CP 9, CEP 13418-

900, Piracicaba, Séo Paulo State, Brazil.
4 APSD- Ghana, Plot 27, Block 27, Nhyiaeso, Kumasi, Ghana.

> Universidade Estadual de Sao Paulo (UNESP/Ilha Solteira), Av. Brasil Centro, 56, CP 31, CEP 15385-000, Ilha Solteira, Sao

Paulo State, Brazil.

¢ Instituto Florestal de Sdo Paulo (IF), CP 1322, CEP 01059-970, Sdo Paulo State, Brazil.
7 Universidade Estadual de Sao Paulo (UNESP/Jaboticabal), Via de Acesso Prof. Paulo Donato Castellane, km 5, CEP

14.884-900, Jaboticabal, Sdo Paulo State, Brazil.

“Corresponding author: P.H.M. Silva, E-mail: paulohenrique@ipef.br.

Abstract

Our aim was to verify the effect on gain and genetic diversity
through the restriction of the number of trees per family in
selection, in order to compose an elite population of Eucalyp-
tus urophylla in two trials under distinct management levels.
We studied 166 open-pollinated families of E. urophylla in
Anhembi, Sao Paulo State, Brazil under commercial practices,
and the same families in Selviria, Mato Grosso do Sul State, Bra-
zil under lower management level (mainly no mineral fertiliza-
tion). Mortality, height and diameter at breast height (DBH)
were measured. DBH was analyzed by the REML/BLUP to select
the best 25 trees, with four levels of tree restriction per family
(no restriction; 1; 2 and 3 per family). We evaluated heritability;
genetic gain and effective size of number of total and private
alleles; observed and expected heterozygosity; coancestry and
fixation index. A large difference in survival (48 and 83 %) and
productivity (MAI of 26 and 44 m*ha'y") was observed bet-
ween trials due to the different levels of management applied.
The highest restriction in number of individuals per family
caused a small decrease in gain, corresponding to 7 % in the
more productive trial and 3 % in the less productive one.
Observed and expected heterozygosity, coancestry and fixati-
on index were not significantly (lower than 5 %) affected by the
restriction in both sites. The restriction of one tree per family
allowed different alleles to be kept in the selected population
and higher effective population size in order to insure variation
for the next generations.
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Introduction

Eucalyptus urophylla S. T. Blake, or Timor mountain gum, is an
important economic tropical tree species around the world as
a pure species or in hybrid combination (Denison and Kietzka,
1993; Harwood, 2011). In Brazil, the species is one of the most
important exotic planted trees, being introduced for impro-
ving stress tolerance in the 1970’, to which the then usually
planted Eucalyptus grandis was not adapted (Ferreira, 2015).
Recently, commercial plantations in Brazil today yield a mean
of 40 m*hay' (Gongalves et al., 2013), based mainly on highly
selected hybrid clones between the species E. urophylla x E.
grandis.

The focus of tree improvement programs is to increase the
productivity of commercial stands. In order to do that it is
important to select the correct commercial genotypes, while
considering environmental conditions and management
practices (Gongalves et al, 2013). However, high selection
intensity to increase productivity may decrease genetic diver-
sity and effective population size, as observed in individual
selection of E. grandis (Oda et al., 1989) and Eucalyptus bentha-
mii, which already has a narrow genetic base in its natural
occurrence (Costa et al., 2016). It is important to keep a balance
between gain and diversity in selection. Genetic diversity is
needed in order to advance genetic gain and it is a buffer
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against biotic and abiotic stress which strongly decreases
forest productivity (Jurskis, 2005; Wingfield et al., 2008; Braw-
ner et al., 2013; Garcia et al,, 2014; Silva et al., 2016; Silva et al.,
2017). Genotype is one factor influencing tree growth. Other
factors of growth decrease under stress are derived from sil-
vicultural practices and environmental conditions (Brawner et
al., 2011; Silva et al., 2013; Campoe et al., 2016).

Therefore, balancing selection intensity for high producti-
vity with the size of the population being improved is a chal-
lenge to breeders in order to compose an elite population with
a minimum of inbreeding. In such situations, a quantitative
approach and genetic markers can be useful to estimate gene-
tic variation, heritability, genetic gains, and effective number
of parent trees (Kumar and Richardson, 2005; Steane et al,,
2006; Payn et al., 2008; Resende, 2016). Thus, the aim of this
study was to evaluate the effects of selection on the number of
families and trees per family. We specifically wanted to deter-
mine how the restriction in number of trees selected per family
affects genetic gain, effective size and genetic diversity.

Materials and Methods

Sites and families’ trials

Two trials with 166 open-pollinated families of E. urophylla
from several Brazilian provenances were evaluated (Table 1).
Both trials were established, using a randomized complete
block design, with 166 treatments, four blocks and linear plots
of six trees at 3 x 2 m spacing. Trial 1 was planted in Anhembi,
Séo Paulo State (22° 28'S, 48° 07" W, altitude of 472m, Climate:
Aw; annual mean temperature of 21.8° C and annual mean pre-
cipitation of 1300 mm) under commercial Brazilian plantation
practices as described by Gongalves et al. (2013). It was done
with minimum soil cultivation, mineral fertilization (during
planting and after planting), leaf-cutting ant (baits application)
and weed control (herbicides). Trial 2 was established in Selvi-
ria, Mato Grosso do Sul State (20° 21 S, 51° 24’ W, altitude of
375 m, Climate: Aw, annual mean temperature of 24.8° C, and
annual mean precipitation 1300 mm) under lower level of sil-
vilcultural practices, such as no fertilization with weed and ant
control only at planting. Survival, tree height (H) and DBH were
measured in order to calculate stem volume using a form fac-
tor (f) of 0.5 at half the rotation age (close to three years) and at
the harvest age (between five and six years) in both trials.

Vol = (DBH /2)* Hf

Analysis of variance and estimates of genetic
parameters

Our estimates were based on the selection of 25 trees with
high DBH at four different levels of selection among and within
families: i) no restriction in the number of trees per family; ii)
selection of 1 tree per family; iii) selection of up to 2 trees per
family; iv) selection of up to 3 trees per family. Variance compo-
nents and genetic parameters were estimated for DBH by the
method of maximum restricted likelihood and best unbiased

Table 1
Description of provenances, origins and breeding level

Provenance n Origin Generation

1 Turmalina and, Timéteo, MG 4 Flores and Timor ~ SSO 2 to 4° generation
2 Ipatinga, MG 50 Flores and Timor ~ SSO 2 and 3° generation
3 Avarg, SP 14 Flores and Timor ~ SSO 2 and 3° generation
4 Lengois Paulista, SP 15 Remexio -Timor ~ SSO 2 and 3° generation
5 Altinopolis, SP 13 Flores and Timor $S0 3° generation

6 Itamarandiba, MG 15 Flores SS0 2° generation

7 Teixeira de Freitas, BA 15 Timor SPA 1° generation

n is the number of families; SSO is Seedling Seed Orchard; SPA is Seed Production Area

linear prediction (REML/BLUP), using the Selegen-REML/BLUP
software (Resende, 2016). In the analysis, the open-pollinated
families were assumed to be half-sib families. We used the
mixed model that considers the effect of replications (r) and
measurement(age)-repetition-trial (environment) (m) as fixed;
and additive genetic variance (a), plot variance (p), environ-
ment (s), genotype x environment interaction (i) and error (e),
as random (Resende, 2016):

Individual analyses:
v=Xr+Za+Wp+e
Joint analyses:
y=Xm+Za+ Wp +Ts+ Qi +e

Where capital letters represent the incidence matrixes for repli-
cations (X), family (2), block (W), trial (T) and GxA (Q) effects
(Resende, 2007). Estimazted variance components were: additi-
ve genetic variance (O, ), environmental variance (G, ), phe-
notgpic variance %Nithinzplots (va ) and phenotypic variance
(0, =0, +0, +0,). The estimated genetic parameters

)4
were:

Narrow sense individual heritability:

2
h =2
a — 27
p
Genetic gain:

’

g= bIYijk +(b, _b3)ylz, +(bs _bl)Yij. _bj/, +(b, _bz)ym

where Yl-jk is the individual value of the trait; Y, is the mean
of the family in the trial; Y<_ :is the mean of family in a determi-
ned block (mean plot); )_;;j is the block mean, and Y is the
general mean of trait in the trials; b, = h‘i is the narrow sense

heritability within family.

The narrow sense heritability within family:
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b2 = h; is the narrow sense mean family heritability:
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where n_is the mean number of trees per family and b is the
number of blocks,

b3 = h; is the narrow sense heritability within plots:
n - (3/4n,)o’

’ol(oi/n,)

The effective population size is:

4nfnw

3+n,+(c2/n)’

e

where n_ is the number2 of families, n_ is the mean number of
trees per family and O, is the variance in the number of trees
per family. Genetic gain was estimated by: g(%)=100 (g/x),
where x is the mean of the trait in the sites.

Analyses of microsatellite loci

DNA extraction and genotyping were carried out at Genomax/
Heréditas (Tecnology in DNA Analysis, Brasilia Federal District,
Brazil). DNA was extracted from 100-150 mg leaf material from
72 (40 in Anhembi + 32 in Selviria) selected trees using the
method of Doyle and Doyle (1987). Nineteen microsatellite loci
were amplified based on Faria et al. (2010): EMBRA2, EMBRA3,
EMBRA10, EMBRA11, EMBRA12, EMBRA21, EMBRA28, EMB-
RA32, EMBRA38, EMBRA45, EMBRA63, EMBRA128, EMBRA157,
EMBRA204, EMBRA210, EMBRA681, EMBRA915, EMBRA1144
and EMBRA1349. One locus (EMBRA333) showed some indivi-
duals that did not amplify, so the locus was not considered in
the analysis. The loci EMBRA2, EMBRA3, EMBRA10, EMBRA1T,
EMBRA12, EMBRA28, EMBRA38, EMBRA63, EMBRA128,
MBRA157, EMBRA204, EMBRA210, and EMBRA681, present
regular Mendelian segregation and are not genetic linked
(Pupin et al., 2017).

Analyses of genetic diversity

Genetic diversity was characterized by the total number of alle-
les (k); mean number of alleles per loci (A); observed (H ) and
expected (H) heterozygosity and fixation index (F), using
FSTAT software (Gouded, 1995). The statistical significance of F
values was determined through the permutation of alleles
among individuals, associated to a Bonferroni correction for
multiple test (95 %, o= 0.05). Estimates of gene frequencies
were used to determine the number of private alleles (P) for
the selected populations in the simulated scenarios. Group co-
ancestry was estimated by:

L YL0SU+E) 33T 0,
n2

where n is the number of selected trees (25), F, is the individual
fixation index (F) and Gl,jis the pairwise co-ancestry coefficient

’
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(Lindgren et al., 1996). The indices F, and 9;] were estimated
using the SPAGEDI 1.3 software (Hardy and Vekemans, 2002).
Negative values of F, and 6,.1. were assumed as being zero,
because ® was derived based on the inbreeding coefficient
and the true co-ancestry coefficient between pairwise indivi-
duals (both indices range from zero to 1), and estimate of F and
GU using a correlation coefficient (ranging from -1 to 1). The
effective population size was calculated following Cockerham
(1969) with base in the sample variance in gene frequencies by,
N_=0.5/® (Sebbenn, 2002; Gonzaga et al., 2016).

Results

Survival and mean annual increment (MAI) were higher in
Anhembi than in Selviria . The MAl was 2.4 (36/15) times higher
for the rotation age and 1.7 (44/26) times higher at harvest age
in Anhembi. The individual heritability was higher in Selviria
and increased from the middle of rotation to the harvest age.
Sites genotypic correlation was 0.67 and the coefficient of
determination of GXE was low (Table 2).

Table 2

Survival, mean annual increment volume (MAI) and narrow
sense individual heritability ( haz) in Anhembi, Selviria at half
the rotation age and at harvest age. Narrow sense individual
heritability ( haz ), coefficient of determination for G x E (C?)
and genotypic correlation (rg X ) injoint analysis in both sites

site’

and ages
Anhembi Selviria

Half rotation Harvest age Half rotation Harvest age
Survival (%) 86 83 53 48
MAI (44 m’ha'y) 36 44 15 26
1 (SE) 0.15 (0.04) 0.16 (0.04) 0.18 (0.05) 0.22(0.06)

Joint analysis (ages and trials)
= 0.19(0.02) = 0.024 Fexsie=0.67

The number of selected families (n), genetic gain in percenta-
ge (g(%)) and the effective population size (N_) with no restric-
tion and 3, 2 and 1 selected individuals per family were higher
in Selviria than in Anhembi. In Selviria, g(%) ranged between
78.5-91.8 % and N, were up to 10.2 % higher than in Anhembi.
The effect of restriction was stronger in Anhembi for number of
families (n, : 13-25) and for N, (18.7-25) than for Selviria (n;:
18-25; N 20.6-25). The coincidence of families in Anhembi
selection with those in Selviria ranged from 44-47 %. Coinci-
dence in the selection of Selviria with those in Anhembi impro-
ved from 33 % without restriction to 44 % with 1 tree selected
per family restriction (Table 3)

In Anhembi the total number of alleles (k = 226 to 253) and
mean number of alleles per loci (A = 11.9 to 13.3) increased
with the increase of the restriction level (Table 4). The observed



Table 3

Results of the number of families (n), family coincidence (fc),
genetic gain (g), effective size (N ), co-ancestry ( ®) for selec-
tion with and without restriction of individuals per family in
Anhembi and Selviria

Anhembi Selviria Difference

nw & 0 N @ g 6 N f 8 N

e

(%) (%) (%) o

No restriction 13(46%) 149 00267 187 18(33%) 266 00242 206 6 785 102
3 trees selected 15(d6%) 146 00242 206  18(39%) 266 00232 215 7 822 44
2 trees selected 17@47%) 139 00225 222 19(42%) 205 0024 224 8 906 0.9
1 tree selected 25(44%) 134 00200 250 25(44%) 257 00200 250 12 918 0

Percent of relative difference of g and N, between Selviria and Anhembi:

g :IOq(gmamm; 'gun/mm)/ guuhmnm,] and
N e~ 100[(N, e(Sehiria) N e Anhembi) )/ N, z(.r!nlyznzh:)] .

Table 4
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Discussion

The difference in survival and productivity between the sites is
mainly due to differences in silvilculture practices, since both
sites are suitable for E. urophylla (Flores et al., 2016). For the pro-
per development of eucalypts, it is mandatory to use the cor-
rect pest and weed control and fertilizer (Gongalves et al., 2013;
Ferreira Filho et al.,, 2015). In Anhembi, the test was established
using commercial Brazilian plantation practices, such as mine-
ral fertilization during and after planting; leaf-cutting ant (use
of bait) and weed control (herbicides). In Brazil, eucalypt plan-
tations are very productive and one of the reasons is the ade-
quate use of fertilizer (Silva et al,, 2013a; Laclau et al., 2013;
Melo et al,, 2015). Mineral fertilization was not done in Selviria.

The absence of soil fertilization probably resulted in high
selection in Selviria due to worse growth conditions, so indivi-
duals and families more adapted to this condition were favor-
ed, yielding higher additive genetic variance between

Results of genetic diversity in Eucalyptus urophylla under different restriction of the number of individuals per family in Anhem-

bi and Selviria.

No restriction 3 trees selected 2 trees selected 1 tree selected
Anhembi Selviria Anhembi Selviria Anhembi Selviria Anhembi Selviria
Total number of alleles: k 226 235 225 235 236 234 253 234
Mean number of alleles: 4 11.9 124 11.8 124 124 12.3 13.3 12.3
95%CL: R 10.3-13.5 10.6-14.2 10.2-13.4 10.6-14.2 10.7-14.1 10.5-14.1 11.5-15.2 10.4-14.2
Number of private alleles: P, 2 0 0 0 0 0 9 4
Observed heterozygosity: 1, 0.77 0.73 0.78 0.73 0.79 0.73 0.78 0.73
95%CL H, 0.72-082 065081  0.73-0.84  0.65-0.81  0.73-0.85  0.64-081  0.71-0.85  0.66-0.80
Expected heterozygosity: H, 0.84 0.85 0.85 0.85 0.86 0.85 0.87 0.85
95%CL: H, 0.81-0.88  082-089  0.82-0.89  0.82-0.89  0.83-090  0.82-089  0.84-090  0.82-0.89
Fixation index: F 0.09* 0.15* 0.08* 0.15*% 0.08* 0.15* 0.10* 0.15*%
95% CI: F 0.03-0.14 0.06-0.24 0.02-0.14 0.06-0.24 0.02-0.15 0.06-0.24 0.03-0.18 0.07-0.22
95% Cl is the 95% confidence interval; * P<(.05.
(H) and expected heterozygosity (H) and fixation index (F) Table 5

were weakly affected by the restriction of the number of indivi-
duals in both sites. Fixation index was significantly higher than
zero in both sites, regardless of restriction; slightly higher
means were observed in Selviria (0.15) when compared to
Anhembi (0.10). Private alleles (P) were observed with the
most restricted selection in both sites, nine in Anhembi and
four in Selviria (Table 4). However, in Anhembi with no restric-
tion selection, P, were found in four trees from three distinct
families (Table 5). The highest numbers of loci with P, were
found with the highest restriction in Anhembi, where a single
individual presented nine P .

Number of families (n) and trees (n, ) selected, and loci (n)

with private alleles (P)

a

Mean min - max
Population ny n, A
k,
Anhembi: No restriction 3 4 5 13 1 2
Anhembi: 1 tree selected 8 8 A 35 1 9
Selviria-1: tree selected 6 6 14 23 2 3

Note: other populations (selection restriction) had no private alleles



individuals and increasing the values. As the same selection
intensity was applied in both trials, the difference in genetic
gain between trials was due to the lower heritability in Anhem-
bi (0.16) than in Selviria (0.22), resulting in largest genetic gains
in Selviria. In spite of growth discrepancy between individuals
in Selviria, some trees from several families ranked higher than
the mean. Genetic gain was measured in percentage points
above the mean of the population traits; the mean being low,
trees with higher values for the traits resulted in high genetic
gains.

Productive and stable families across sites and age in the
joint analyses were found; there was only a change in the scale
due to the good correlation between the trials, as already dis-
cussed about the same families of E. urophylla across six trials
(Pupin et al., 2015).

Restriction in the number of individuals per family caused
a decrease in genetic gain. It corresponded to 1.5 % (14.9-13.4
%) of total gain in Anhembi and 0.9 % (26.6-25.7 %) in Selviria.
A decrease in genetic gain was expected when applied at
lower selection intensity (Borralho et al., 1992). In our study,
the decrease was due to small difference among individual
additive genetic values of individuals belonging to different
families. On the other hand, the effective population size (N ) in
Anhembi was 25.2 % and in Selviria was 16.8 % higher with the
restriction of one individual selected per family than under no
restriction. This is clearly a result of the numbers of families and
individuals within family. The coincidence of families in the
selection in Selviria with no restriction had the smallest value
of family coincidence, showing a specific behavior of the selec-
ted families. The estimates are based on the final selection of
25 plus trees; with no restriction, the number of families was
lower, causing some individuals to be selected in the same
family.

After the selection, there were some related offspring in
the same family. As N, is determined by the co-ancestry among
individuals and inbreeding within individuals; and since wit-
hout restriction some related individuals were selected, this
resulted in a higher group of co-ancestry and lower N, than
when selecting one tree per family. Maintenance of a high N is
important to avoid the loss of genetic diversity and allele fixa-
tion, which permits advancing genetic gain and is a buffer
against stress (Lande and Barrowclough, 1987; Jurskis, 2005;
Brawner et al., 2013; Bertoncini et al., 2017).

The selection of more than one tree per family may result
in mating among related individuals and inbreeding in the
improved seed produced. Inbreeding in eucalypt species cau-
ses negative effects due to inbreeding depression; such as
decrease in survival, seed production, and growth under field
conditions and in tree stem form (Hardner and Potts, 1995;
Costa e Silva et al,, 2011; Hedrick et al., 2016).

The indices H and H, were higher than reported in Euca-
lyptus pilularis (H, = 0.57, H, = 0.66) in a Brazilian breeding
population (Silva et al., 2015). The estimation of fixation index
(F) indicates inbreeding for all selections in both sites, espe-
cially in Selviria, as well as non-significant differences between
restrictions in the selection. This result suggests that the selec-
ted trees are inbred. However, this inbreeding may be
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eliminated by mating among non-related individuals. This
result indicates also that some inbred individuals do not pre-
sent inbreeding depression in the present population up to 3
years of age. Inbreeding has been observed in progeny trials of
E. grandis open-pollinated seeds from two landraces in Brazil
(Bertoncini et al., 2017), and in Eucalyptus globulus the effect of
self-pollination was observed under field conditions months
after planting (Hardner and Potts, 1994).

The higher restriction generated an increase in the num-
ber of private alleles in both trials that decrease the population
genetic bottlenecks effect caused by changes in allelic fre-
quencies through selection (Luikart et al., 1998). However the-
re was one exception: the population no restriction in Anhem-
bi (Anhembi-No restriction), in which private alleles appeared;
these must have arrived with foreign pollen (open pollination).

Conclusion

The restriction of one tree per family, resulting in a slight decre-
ase in the genetic gain, still allowed for different alleles to be
kept in the selected population and higher effective populati-
on size; which insures variation for the next generations. This
was more pronounced in the more productive trial.
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