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Abstract Selfing or mating between related individuals in
self-compatible hermaphroditic tree species may lead to
inbreeding depression (ID) due to homozygosis in reces-
sive, identical by descent alleles. In general, studies of ID
in tree species have been based on comparisons of selfed
individuals (produced by controlled pollination) with out-
crossed individuals for quantitative traits in progeny tests.
However, this approach requires a long time to quantify the
extent of ID. Thus, we used an approach based on genetic
markers to estimate coancestry coefficients between
assigned parents from paternity analysis in two populations
of the Neotropical tree Cariniana legalis. Using this
method, we were able to determine which seedlings in a
nursery trial originated from; (i) outcrossing between un-
related trees, (ii) mating between related trees and (iii)
selfing. We detected a low selfing rate (<10 %), but a
substantial quantity of seedlings from mating between
related parents (minimum of 35.7 %). In general, the out-
crossed seedlings from unrelated parents exhibited signif-
icantly greater genetic diversity than those resulting from
selfing and mating among relatives. The extent of ID varied
among traits and populations. Outcrossed seedlings
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originating from unrelated trees generally showed greater
survival than seedlings originating from selfing and related
parents. Inbreeding depression was greater in the selfed
seedlings than in those from mating among related parents.
The results are discussed in terms of implications for
genetic conservation, breeding and environmental restora-
tion using the species.
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Introduction

Tree populations across much of the world have suffered
fragmentation or intensive logging, with associated
decreases in population size and physical isolation. A
consequence may be increased rates of selfing and mating
between related trees, with a higher incidence of inbred
individuals in succeeding generations (Lowe et al. 2005;
Chaves et al. 2011; Manoel et al. 2012; Ismail et al. 2012;
Rymer et al. 2015; Tambarussi et al. 2015). Inbreeding in
plants may lead to inbreeding depression (ID), where
homozygosity increases in identical by descent (IBD)
alleles produce individuals with reduced mean phenotypic
values for reproductive, physiological efficiency and
adaptive traits, compared to those originating from
outcrossing among unrelated individuals (Charlesworth
and Charlesworth 1987; Ritland 1996; Falconer and
Mackay 1997; Byers and Waller 1999; Winn et al. 2011).
As ID may decrease survival, growth and reproductive
fertility, the possibility and extent of ID in tree populations
is of direct practical importance for genetic conservation,
breeding and environmental restoration, in particular for
small isolated ones (Lowe et al. 2005). Use of inbred seeds
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should be avoided in ex situ conservation due to the
decrease in effective population size, while higher mor-
tality and reduced growth increase the costs of conserva-
tion and reforestation.

In natural populations of insect-pollinated tree species,
inbreeding can result from pollinator visitation of flowers
on the same tree (selfing) or on neighbouring trees (mating
among relatives) that show intra-population spatial genetic
structure (SGS) generally resulting from limited seed dis-
persal (e.g. Bittencourt and Sebbenn 2007; Dick et al.
2008). Selfing produces at least 50 % inbreeding
(Fy = 0.5(1 + F,,), where F,, is the inbreeding coefficient
of the mother, while mating between two related individ-
uals produces inbreeding (F,) of similar strength as the
coancestry (0) among the related parents, F, = 0 (Lindgren
et al. 1997). Thus, inbreeding due to mating among related
trees is expected to be less deleterious than that due to
selfing, because mating between full-sibs (0 = 0.25) or an
offspring and one parent (0 = 0.25) will produce a maxi-
mum of 25 % inbreeding.

Inbreeding depression can be expressed at different life
stages of an organism, while also varying across popula-
tions, individuals and traits (Griffin and Cotterill 1988; Wu
et al. 1998; Koelewijn et al. 1999). In the first case, the
genes responsible for deleterious effects at different stages
of life are not necessarily the same. Variation in ID among
individual plants and populations can be expected as they
differ in the numbers and frequency of deleterious alleles
they carry, with mutations differentially accumulated
across populations and progeny (Koelewijn et al. 1999).
Many studies of coniferous and deciduous tree species
comparing selfed with outcrossed progeny in provenance
and progeny tests, have revealed ID for flowering, seed
production and germination, survival, and growth traits, as
well as increases in phenotypic variation among progeny
arrays (e.g. Griffin and Cotterill 1988; Sorensen 1997; Wu
et al. 1998; Koelewijn et al. 1999; Chaves et al. 2011).

In the present study, we used a different approach to
estimate ID in a large tree of the Atlantic rain forest, i.e.,
Cariniana legalis L. (Lecythidaceae), using seven codom-
inant nuclear microsatellite loci, paternity analysis and
estimates of pairwise coancestry between seed trees and
pollen donors assigned by paternity analysis. Paternity
analysis permits the detection of selfed seeds and the father
of outcrossed seeds where the seed tree is known. Out-
crossed seeds are not inbred if they result from mating
between unrelated parents and inbred if from related par-
ents. The degree of relatedness among seed trees and
assigned pollen donors (seed parents) of sampled seeds can
be inferred from pairwise coancestry coefficient estimates
(0). Seed parents can be non-relatives (0 < 0) or relatives
(60 > 0). Thus, the combination of paternity analysis and
estimates of the pairwise coancestry coefficient between
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seed parents permits estimation of the rate of mating
among relatives. If genotyped open-pollinated seeds used
in the paternity analysis are established in a progeny test,
quantitative and qualitative traits can be measured. Thus,
each plant can be grouped as originating from selfing,
mating among related individuals or outcrossing among
non-relatives, and the means of traits can be estimated for
each of these three groups. Consequently, ID from selfing
and mating among relatives can be estimated for a phe-
notypic trait, as the relative performance of inbred indi-
viduals in relation to the performance of outcrossed
individuals from unrelated parents. Using this approach, we
investigated the extent of ID due to selfing and mating
among relatives, for survival, growth in height (H) and
root-collar diameter (RCD) in 8 month old seedlings
originating from seed collected in three fragmented C.
legalis populations and established in a nursery provenance
and progeny test. We addressed the following questions:
(i) Which of the study traits was most strongly affected by
ID? (ii) Are there differences in the levels of ID between
populations? (iii) What are the differences in ID among
seedlings that originated from selfing compared to mating
among relatives? (iv) Are there differences in the levels of
genetic diversity between seedlings produced by selfing,
mating among relatives and outcrossing among non-rela-
tives? (v) Based on random samples of seedlings from
these populations, what is the expected level of ID in the
offspring generation?

Materials and methods
The studied species

Cariniana legalis Mart. O. Kuntze (Lecythidaceae) is an
endemic, upper canopy tree of the Atlantic forest that
occurs between latitudes 8° and 23° S, generally at low
density (<1 tree/ha), reaching 60 m in height and 4 m in
diameter at breast height (Carvalho 2003). The species is
semi-heliophytic and evergreen, with hermaphroditic
flowers pollinated by bees of the genera Melipona and
Trigona (Prance and Mori 1979), and seed dispersed by
gravity and wind (Carvalho 2003). The wood is light and
used in civil construction and furniture. The species is
considered endangered (Sebbenn et al. 2000), and a better
understanding of ID will provide useful information for
effective in and ex situ conservation measures.

Study sites and sampling

The study was performed using open-pollinated seeds
collected from three remnant C. legalis populations. The
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first site was the Ibicatu State Forest (22°46’S and
47°43'W, mean altitude of 542 m) located in Piracicaba,
Sao Paulo State, Brazil, which has a total area of 72 ha.
The second site was the Mata da Figueira (MGI), a small
fragment (7.2 ha) of riparian forest on a semi-deciduous
plateau within the Ecological Station Mogi-Guagu, Farm
“Campininha” of the Forestry Institute of Sdo Paulo
(22°16'S and 47°11’W, mean altitude of 600 m). Approx-
imately 2.9 km from MGI and within the same Ecological
Station are four C. legalis trees (MGII). For our analysis,
we pooled MGI and MGII, and refer to the combined
population as MG. Ibicatu is isolated from other C. legalis
populations by at least 2.5 km, while MGI and MGII are
3 km apart and approximately 75 km from Ibicatu. We
mapped all trees using a GPS III (Garmin, USA) and col-
lected stem bark tissue for microsatellite analysis of all
individuals at Ibicatu (65 trees) and MG (26 trees). More
than 50 open-pollinated fruit were collected from different
parts of the canopy of 15 randomly selected seed trees in
Ibicatu, five in MG1 and two in MGII. Sampling was
limited at the MG sites, owing to a lack of fruit production
in some trees. After harvesting, fruits were packaged in
plastic bags separately by seed tree and left in the shade for
about 15 days to facilitate DNA seed extraction.

Nursery provenance and progeny test

In August of 2011, a nursery provenance and progeny trial
of C. legalis was established at the University of Sdo Paulo
(ESALQ/USP), Piracicaba, Sao Paulo State, Brazil, using a
sub-set of the collected seeds, owing to space limitations.
The trial was established in a randomized complete block
design at 10 x 10 cm spacing with 22 families (15 and 7
families from Ibicatu and MG, respectively), five replicates
(blocks) and six trees per plot, totalling 30 plants per
family (seed tree), and 450 (n;5) plants from Ibicatu and
210 (ny) from MG (total in the trial: ny = 660 plants).
The total number of germinated seeds (n,) in the trial was
553 of 660 (83.8 %), being 378 (84.0 %) from Ibicatu and
175 (83.3 %) from MG. Seedlings were evaluated indi-
vidually for total height (H), root-collar diameter (RCD),
and survival (SUR) 8 months after germination. Total
height and RCD were measured using an IDF Digital
Caliper IP67 (IDF Metrology, Pontoglio, Italy) with a
resolution of 0.01 cm. The SUR trait presented a binomial
distribution as individuals may be living (1) or dead (0),
with percentage survival rate calculated as = (7, ival
ng)100 %, where ng,yivq 1S the number of surviving seed-
lings. As we could not determine if seeds did not germinate
due to inbreeding from selfing or mating among relatives,
or from stochastic causes, such as disease and predation,
we estimated the realized level of seedling survival from
outcrossing among unrelated individuals, related parents

and from selfing, based on the genotypes of germinated
seedlings from each population (Table 1).

DNA extraction and microsatellite analysis

For all adult trees, DNA was extracted from 100 mg of
stem bark tissue per individual using AnalytikJena DNA
isolation kits. Seeds were germinated in vermiculite until
the cotyledons emerged, and DNA was then extracted from
the first true leaf pairs using the method of Doyle and
Doyle (1990). Germinated seeds (seedlings) were geno-
typed for seven microsatellite loci as follows: Ibicatu 600
seeds (from eight fruits of each seed tree, five seeds per
fruit, totalling 40 seeds per tree), MGI 250 seeds (50 seeds
from ten fruits of each seed tree; five seeds per fruit) and
MGII 200 seeds (100 seeds from 20 fruits of each seed tree,
five seeds per fruit). We used seven specific microsatellite
loci developed for C. legalis (CleO1, Cle04, Cle05, Cle08,
Cle09, Clel0, and Clel2), with details on DNA amplifi-
cation and genotyping for these loci described in Tam-
barussi et al. (2013a). These microsatellite loci were
selected because they exhibited Mendelian inheritance,
with high levels of polymorphism and were unlinked
(Tambarussi et al. 2013b). The amplification products were
separated on a Fragment Analyzer'™ Automated CE Sys-
tem (Advanced Analytical Technologies, Inc. [AATI],
Ames, Iowa, USA) using dsDNA Reagent Kit, 35-500 bp.
The raw data were analyzed using the software PROSize
version 2.0 (AATI). Samples with questionable or missing
alleles (peaks), or for which there were mismatches
between mothers and progeny, were genotyped a second
time.

Paternity analysis

Paternity analyses were performed using a categorical
likelihood method implemented in the Cervus 3.0 program
(Marshall et al. 1998; Kalinowski et al. 2007). The power
of our seven loci to correctly detect putative pollen donors
in the populations was estimated by the non-exclusion
probability of a second parent when the first parent is
known (P,), using Cervus. Paternity analyses for the Ibi-
catu and MG populations were conducted with the geno-
types of adult trees, seed trees and the seeds from each
population. To determine putative pollen donors, all adult
trees of each population were considered as candidate
pollen donors. In the paternity analyses, the most likely
pollen donor was determined using the reference allele
frequencies from the two adult populations, as suggested
by Meagher and Thompson (1987). The paternity of each
seed was determined based on the A statistic (Marshall
et al. 1998), which is defined as the difference between the
“LOD score” of the most likely candidate father and the
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Table 1 Results of the mating

system, mean coancestry
coefficient, pollen dispersal

- Ibicatu n, = 378
distance between parents,

genetic diversity and inbreeding Assigned n, [(n,/ng)100 %] 223 [59.0 %] 135 [35.7 %] 20 [5.3 %]

of the Ibicatu and Mogi-Guagu Coancestry between parents 0 (95 % CI) 0.08 (0.07/0.09)* 022 (0.20/0.23)* -

(MG) populations of Cariniana Distance between parents D (m) (min/max) 378 (322/434) 268 (176/360) -

legalis Total number of alleles k 99 80 50
Allelic richness for five individuals R 6.1A 5.3B 4.3C
Observed heterozygosity H, 0.85A 0.76B 0.52C
Fixation index F' 0.02A 0.06A* 0.26B*

Mogi-Guagu n, = 175

Assigned n, [n,/ng)100 %] 82 [46.9 %] 77 [44.0 %] 16 [9.1 %]
Coancestry between parents 0 (95 % CI) —0.02 (=0.03/=0.01)*  0.12 (0.12/0.14)* -
Distance between parents D (m) (min/max) 144 (1/288) 28 (12/44) -
Total number of alleles k 83 86 38
Allelic richness for five individuals R 5.8A 5.8A 4.4B
Observed heterozygosity H, 091A 0.73B 0.34C
Fixation index F —0.08A* 0.14B* 0.58C*

t,, t, and s are the rate of outcrossing among unrelated individuals, outcrossing among related individuals,
and selfing, respectively; n, and n, are the number of germinated and assigned seedlings for pollen donors,
respectively; 95 % Cl is the 95 % confidence interval; min—max is the minimum and maximum values. The
different letters indicate significant differences at the 5 % level by the unpaired ¢ test

* P < 0.05

“LOD score” of the second-most likely candidate. Sig-
nificance was determined with paternity tests simulated by
the Cervus program, with the A statistic determined to a
confidence level of 80 %, as suggested by Marshall et al.
(1998), using 10,000 repetitions. As we did not detect any
mismatches between mother and sibs, suggesting no (or
very few) genotyping errors, the Cervus default was used
for the ratio of genotyping errors (0.01). The proportion of
pollen donors sampled was held at 70 %, due to the high
degree of isolation of the Ibicatu (at least 2.5 km) and MG
(3 km) populations and the fact that in insect pollinated
trees, pollen dispersal generally occurs among near-
neighbors, following a pattern of isolation by distance
(Dick et al. 2008; Degen and Sebbenn 2014), decreasing
the probability of pollen immigration into stands. The
minimum number of loci examined to determine the
paternity of a seed was fixed at six; thus, one single mis-
match among the trio of seed, tree-seed and putative pollen
donor was accepted. If a seed had no potential pollen donor
within the population, that seed was considered to have a
pollen donor located outside the population (pollen immi-
gration). We estimated the selfing rate (s), outcrossing rate
(1), outcrossing rate between unrelated parents (#,) and
from related parents (#,) based on genotypes of the ger-
minated seedlings (n,). The selfing rate (s) was estimated
as the proportion of seeds determined to have the same
seed tree as the pollen donor (n) in relation to n, by s = ny/
n, and the outcrossing rate was calculated ast = 1 — s. To
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determine seedlings originating from mating among related
parents we estimated the relatedness of seed trees and
fathers (assigned by paternity analysis) using the
coancestry coefficient (f) calculated by the method
described in Loiselle et al. (1995), and implemented in the
Spagedi 1.3 program (Hardy and Vekemans 2002). Fol-
lowing Ismail et al. (2014), if the coancestry between
parents (0) was > 0.1, we assumed the seedling was inbred
due to mating between related parents with ¢, = n,/ng,
while mating between unrelated trees was calculated by
t, = n,/n,, where n, and n, are the number of seedlings
that originated from unrelated parents and related parents,
respectively. As all sampled adult trees in the populations
were genotyped and their spatial position known (x and y
coordinates), the seedlings assigned to a pollen donor were
used to determine the mean pollen dispersal distance (D),
and the standard deviation calculated according to the
Euclidean distance between the two points. The 95 %
confidence interval (95 % CI) was estimated as
= 2(SD/+/n), where SD is the standard deviation.

Analyses of genetic diversity and inbreeding

Genetic diversity and inbreeding were characterized by
combining individuals within the populations into three
classes: (i) outcrossing between unrelated individuals (z,),
(i1) mating among related individuals (¢,), and (iii) selfing
(s). The estimated indices were the total number of alleles
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(k), allelic richness (R), and observed heterozygosity (H,).
Inbreeding was estimated by the fixation index (F), and
significance tested by permuting the alleles among indi-
viduals. These analyses were performed using the FSTAT
program (Goudet 1995). To investigate if the indices R, H,
and F were significantly different between seedlings orig-
inating from ¢,, ¢,, and s an unpaired ¢ test (Sokal and Rohlf
1995) was used based on single-locus data.

Inbreeding depression

Differences in survival and mean growth traits between
classes (1,, t,, and s) were tested using ANOVA and Tukey
procedures in the SAS program (SAS 1999). Mean
inbreeding depression (ID) was estimated for SUR, H and
RCD at 8 months of age from seedlings in the progeny test,
in terms of mating among relatives (ID,), selfing (IDy) and
the total for mating among relatives and selfing (/D7)
according to the following expressions:

ID, = 100% [1 — (%/%2)],
ID; = 100 % [1 — (%;/%,)], and
IDr = 100 % [1 — (%; /%)),

where X, X, X, and X; are the means of traits for individuals
that were from mating between unrelated trees, between
relatives, those that were selfed, and all inbred individuals
(i.e. selfed + mating among relatives), as determined by
paternity analyses and the coancestry coefficient between
parents.

Results
Paternity analysis and mating system

The non-exclusion probability of a second parent (P,)
across seven microsatellite loci in adults was very low in
Ibicatu (0.00215) and MG (0.00045), indicating that this
set of loci have good power to detect the pollen donors of
seedlings in the populations. The paternity analysis
assigned one putative pollen parent for all germinated
seedlings (Table 1) and detected one pollen immigrant in
MG, assigned from a MGII tree, indicative of 2 % pollen
immigration. Of 378 germinated seedlings from Ibicatu, 20
were assigned to the same seed tree, indicating a realized
selfing rate (s) of 5.3 % (Table 1). In MG, of 175 germi-
nated seedlings, 16 were assigned to the same seed tree,
indicating a selfing rate of 9.1 %. Thus, the realized
outcrossing rate was 94.7 and 90.9 % in Ibicatu and MG,
respectively. Assuming that seedling parents with
coancestry coefficient >0.1 are related (95 % CI), the

mean pairwise coancestry coefficient () among seed trees

and assigned unrelated pollen donors was significantly
lower [Ibicatu = mean 0.08 (95 % CI 0.07/0.09);
MG = —0.02 (—0.03/—0.01)] than that of the seed trees
and assigned related pollen donors that resulted in mating
among relatives [Ibicatu = mean 0.22 (0.20/0.23);
MG = 0.12 (0.11/0.14)], which suggest that mating among
relatives occurred between full-sib parents in Ibicatu
(0 = 0.25) and half-sib parents in MG (6 = 0.125). The
outcrossing rate among unrelated individuals (z,) was 59.0
and 46.9 % in Ibicatu and MG, respectively and the mating
among relatives rate (,) was 35.7 and 44.0 % in Ibicatu
and MG, respectively. Pollen dispersal distances (D) were
significantly longer for mating resulting in outcrossed
seedlings (z,) than for those produced by mating between
relatives (¢,.). These results also show that the survival of
seedlings originating from ¢, was higher than from ¢, and s.

Genetic diversity and inbreeding

Outcrossed seedlings (#,) of the Ibicatu population exhib-
ited significantly greater mean allelic richness per locus
(R) and observed heterozygosity (H,) than seedlings from
mating among relatives (z,) and selfing (s, Table 1).
Additionally, seedlings that originated from mating among
relatives exhibited significantly greater R and H, than
selfed seedlings. In the MG population, outcrossed seed-
lings exhibited significantly greater R than seedlings orig-
inating from selfing and significantly greater H, than
seedlings from mating among relatives and selfing. Seed-
lings that originated from mating among relatives showed
significantly greater H, than selfed seedlings. In both
populations, the fixation index (F) was lower for out-
crossed seedlings than for seedlings from mating between
related individuals and selfed seedlings. The F values were
also lower for outcrossed seedlings from related individuals
than selfed seedlings. Thus, the genetic diversity indices
were always higher and inbreeding lower in seedlings
originating from mating among unrelated parents than for
seedlings from mating between related individuals or
selfing.

Survival and growth rate at 8 months

Total survival at 8 months after planting of germinated
seedlings was high (479 of 553 = 86.6 %), being lower in
Ibicatu (81.7 %) than in MG (97.1 %) population
(Table 2). The ANOVA detected significant differences
(F test) among classes (7, t, and s) for all traits in Ibicatu.
Survival of outcrossed seedlings from Ibicatu (93.7 %) was
significantly higher than seedlings originating from mating
among related individuals (65.2 %) and selfing (60.0 %).
Outcrossed seedlings from Ibicatu were significantly taller
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Table 2 Survival (SUR), total height (H) and root-collar diameter
(RCD) at 8 months of the Ibicatu and Mogi-Guagu (MG) populations
of Cariniana legalis

g RAgyvivar SUR H (cm) RCD
(%) (cm)
Ibicatu
Assigned for ¢, 223 209 93.7A 16.49A 3.17A
Assigned for 1, 135 88 65.2B 14.40B  3.09A
Assigned for s 20 12 60.0B 16.46A 3.28A
Mean 81.7 1593 3.5
Patue 0.001 0.004  0.001
Assigned for 155 100 65.0 1476  3.11
t,+ s
Total 378 309
MG
Assigned for ¢, 82 80 97.6A 10.76A 2.30A
Assigned for ¢, 77 75 97.4A 10.66A 2.18A
Assigned for s 16 15 93.7A 1041A 2.38A
Mean 97.1 10.69 225
Pyaiue 0.438 0.886  0.697
Assigned for 93 90 96.8 10.62 221
.+ s
Total 175 170

t,, t, and s are the rate of outcrossing among unrelated individuals,
outcrossing among related individuals, and selfing, respectively; n,
and 7, are the number of germinated seedling and survival
seedlings at 8 moths, respectively. The different letters indicate sig-
nificant differences at the 5 % level by Tukey test. P, is the
probability of F value of the ANOVA be significant among trait for
groups (t,, t, and s)

(16.5 cm) than those from mating between related indi-
viduals (14.4 cm).

Inbreeding depression

We observed greater ID in the selfed seedlings in terms of
SUR in both populations and H in MG population than in
the seedlings produced by mating among relatives, but
greater ID in the seedlings produced by mating among
relatives than produced from selfing for H in Ibicatu and
RCD in both populations (Table 3). Comparisons of the

populations revealed that the total ID in terms of SUR and
H was greater in Ibicatu than MG. However, the MG
population exhibited the greatest ID in terms of RCD.

Discussion

To our knowledge this is the second study of ID in a tree
species based on results from paternity analyses and esti-
mates of coancestry between seed trees and assigned pollen
donors. Ismail et al. (2014) used this method to investigate
ID in the tree Viferia indica. In general, ID studies are
based on hand pollination, selfing trees or performing
matings between individuals with different levels of relat-
edness and comparing the performance for heritable traits
between inbred and non-inbred individuals established in
provenance and progeny tests. By contrast, we recon-
structed the pedigrees of open-pollinated seeds of C. legalis
collected in three forest fragments and used a nursery
provenance/progeny test to determine which seeds were
produced by outcrossing among unrelated trees, selfing and
mating between relatives. The approach was efficient in
showing that ID in C. legalis varied between populations at
an early stage of development (8 months of age) in terms
of SUR and H.

However, we note that our estimates of mating among
relatives may be biased because pairwise relatedness esti-
mates using genetic markers are not straight forward, as
some individuals may be related but heterozygous for
different alleles at a locus (A;A, and AzA,). Assuming that
the frequency of each of four alleles (A, A5, A3 and A,) in
parental (FO) population is 0.25, using Loiselle et al. (1995)
method for estimating the coancestry coefficient for pair-
wise genotypes AjA, and AzA4 (F1) with no IBD alleles
will result in a coancestry coefficient of —0.33. Conse-
quently, the pairwise estimate will be biased, in compar-
ison to the expected coancestry between full-sibs (0.25).
However, this represents an extreme case for one locus,
where related parents (F1) present no IBD alleles in a
locus. In other loci, both parents may present the same
alleles, producing estimates of pairwise relatedness close to
the true relatedness. To discriminate unrelated individuals

Table 3 Inbreeding depression (ID) in percent (%) due to mating between relatives (ID,), selfing (ID;) and total (/D7) for survival (SUR), height
(H), and root-collar diameter (RCD) in the Ibicatu and Mogi-Guagu (MG) populations of Cariniana legalis

Ibicatu MG

SUR (%) H (%) RCD (%) SUR (%) H (%) RCD (%)
ID due to mating between relatives ID, 30.4 12.8 3.9 0.2 1.0 55
ID due to selfing ID; 36.0 0.0 —-3.2 3.9 33 -32
Total ID IDy 31.2 11.5 3.1 0.8 1.3 4.1
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from half- and full-sibs, requires about 20 polymorphic loci
(Blouin et al. 1996).

Realized mating system

We detected the pollen parent for all seedlings established
in the provenance/progeny test. However, as we assigned
seedling pollen donors using an 80 % confidence level in
the paternity analysis, our results may include some false
positive pollen donor assignments (Ismail et al. 2014). At
the same confidence level, not all seedlings were assigned
in fathers in a pollen flow study based on all seeds sampled
from these populations, with 8 and 4 % of pollen flow
detected into the Ibicatu and MG populations, respectively
(Tambarussi et al. 2015).

We detected higher outcrossing between unrelated
individuals in both populations (minimum ¢z, of 47 %)
relative to the crossing rate between relatives (minimum ¢,
of 36 %) and selfing (minimum s of 5 %), which gave total
outcrossing rates (t; = t,, + t,) of 95 % in Ibicatu and 91 %
in MG. Thus, the majority of seedlings were produced by
outcrossing. These results confirm those of a previous
study in three populations of the same species, which
revealed that reproduction occurs predominantly by
outcrossing, but a portion of mating occurs among related
individuals due to intra population spatial genetic structure,
with a small amount of selfing (Sebbenn et al. 2000;
Tambarussi et al. 2015). However, as our mating system
results were estimated using seedlings in a nursery prove-
nance and progeny test, the results represent the realized
mating system and probably not that which occurred during
fertilization due to the occurrence of ID and the resultant
mortality of some inbred individuals between fertilization
and the nursery stage. Decreases in outcrossing rates due to
ID have been reported for the tropical trees Platypodium
elegans (Hufford and Hamrick 2003) and Neobalanocar-
pus heimii (Naito et al. 2005). Our study detected greater
inbreeding due to mating between relatives than from
selfing (Table 1). Levels of inbreeding depression varied
between seedlings originating from outcrossing among
unrelated individuals (z,) and selfing (s), among traits and
among populations.

Which study trait was most strongly affected by ID?

Our results revealed differences between traits in ID levels
due to mating among relatives (ID,) and selfing (ID;)
(Table 3). Generally, SUR showed the greatest ID (ranging
from 0.2 to 36 %), and RCD the lowest (ranging from —3.2
to 5.5 %), with the ID for SUR influenced by the trait’s
binomial distribution (presence or absence) rather than a
continuous distribution. Differences in levels of ID
between heritable quantitative traits (H and RCD) may be

due to dominance and over-dominance effects, with the
highest dominance or over-dominance deviations showing
the greatest ID (Falconer and Mackay 1997). Variation in
ID between traits has also been reported in other tree
studies. For example, height, diameter at breast height
(dbh) and volume of outcrossed Eucalyptus regnans pro-
geny at 45 months of age were on average 11, 18 and 37 %
of greater, respectively, than values for selfed progeny
(Griffin and Cotterill 1988).

Are there differences between populations in ID?

Inbreeding depression was highest for SUR in the Ibicatu
progeny resulting from selfing and mating among relatives,
and for H in the Ibicatu progeny from mating among rel-
atives. The MG population exhibited the greatest ID due to
selfing in terms of H and in RCD due to mating between
relatives. The greater ID in Ibicatu was probably due to a
higher frequency of deleterious alleles or genetic load. For
example, Kiérkkdinen and Savolainen (1996) studied geo-
graphic variation in ID of Pinus sylvestris and observed
variation between regions in the mean rate of seed abortion
and the number of lethal embryos among progeny derived
from selfing, suggesting that different populations may
have different genetic load levels.

What is the difference in ID between individuals
originating from selfing and mating among relatives?

The effects of ID due to selfing and mating among relatives
were variable across the studied traits with differences
between H and RCD compared to SUR partly due to the
first two being continuous variables, whereas SUR presents
a binomial distribution. For SUR, ID was greater among
selfed seedlings (ID,) than in seedlings originating from
mating between related individuals (ID,). By contrast, for
H and RCD, selfed individuals exhibited lower ID than
those resulting from mating between relatives, with the
exception of H in the MG population, which showed the
opposite pattern. Selfing produced the minimum of 50 %
homozygosity for IBD alleles in heterozygous loci of the
seed trees, and mating between relatives produced
inbreeding equal to the coancestry among the parents.
Thus, selfing is expected to produce greater ID than mating
between related individuals, as was observed for SUR in
both populations and H in the MG population. The con-
trasting results for H in the Ibicatu population and RCD in
both populations can be linked to the greater ID observed
for SUR. As SUR was lower among the selfed seedlings
than those resulting from mating between relatives, it is
probable that only selfed individuals with low genetic
loads, and consequently low ID due to selfing, survived to
be measured for H and RCD 8 months after germination.
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Thus, ID for these traits was higher among seedlings
resulting from mating between relatives, possibly because
these seedlings exhibited greater survival than those orig-
inating from selfing, due to the low combination likelihood
of homozygous IBD alleles. Furthermore, some embryo
mortality may occur before germination, and our estimate
represents a rate of realized selfing and mating among
relatives, not the rate at fertilization. However, our results
do represent an early effect of ID. Inbreeding depression
may act at various stages of seedling development, and it is
possible that ID that results from both selfing and mating
among relatives will continue to act on these traits. For
example, Sorensen and Miles (1982) found that ID for
survival in Pseudotsuga menziesii, Pinus ponderosa and
Abies procera, was greatest within the first 2 years of
planting (range of 3-16 %), whereas these values were
0.4-3 % 10 years after planting.

Are there differences in genetic diversity
between seeds produced by selfing, mating
between relatives and outcrossing?

Our results revealed clear associations of mating system
indices (t,, 1, and s), survival, allelic richness (R), observed
heterozygosity (H,) and fixation index (F). Generally, in
both populations, the greater survival of seedlings resulting
from outcrossing among unrelated individuals gave greater
R and H, and lower F compared to seedlings from mating
among related trees, and from selfing. As expected, we also
detected that seedlings from mating between relatives
exhibited significantly higher R and H, and lower F' than
those from selfing (Table 1). As already mentioned, selfing
and mating between relatives result in increases in
homozygosity in IBD deleterious alleles, and decreases in
genetic diversity relative to outcrossing between unrelated
trees. Furthermore, selfing increases IBD to a level greater
than that resulting from mating between relatives, as only
maternal IBD alleles are present in selfed individuals.

What are the expected levels of ID in offspring
generations based on random seedling samples
from these populations?

The probabilities of observing ID in seedlings from Ibicatu
(IDr) were higher than in the MG seedlings for SUR, with
the reverse pattern for RCD. Rates of selfing and mating
between relatives, inbreeding (estimated from the fixation
index), and mean homozygosis for seedlings originating
from selfing were lower in Ibicatu than in MG, leading to
the expectation that ID would be greater in the MG pop-
ulation. As this expectation was not met, a lower genetic
load is the probable explanation due to different
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frequencies of deleterious alleles for these traits in each
population. As such it is likely that other fragmented
populations of C. legalis will also show ID, but may well
vary in ID levels for different variables.

This study shows the effectiveness of combining paternity
analysis and relatedness estimates with a progeny trial for
studying ID, as part of a broader study on gene flow and
mating system, and without the complication and cost of
conducting controlled pollinations. The approach is likely to
be most effective in tree species without a self-incompati-
bility mechanism, where human disturbance (e.g. fragmen-
tation, logging) produces sufficiently large increases in
inbreeding (selfing and mating among related individuals) to
produce adequate numbers of inbred seedlings to compare in
field trials. Our results show the importance of studying ID
over a number of populations and traits, while it is also
necessary to study a population over many years to under-
stand the temporal dynamics of ID.

Implications

The detected levels of ID from selfing and mating between
related individuals in C. legalis populations have practical
implications for genetic conservation, breeding and envi-
ronmental restoration in terms of their impacts on survival
and growth. The collection of open-pollinated seed from
trees in fragmented populations is common practice and it
is impossible to stop inbreeding in open-pollinated seeds as
the species is self-compatible and intra-population spatial
genetic structure also leads to some bi-parental inbreeding
(Tambarussi et al. 2015). However, the following measures
can be applied to minimize the use and establishment of
inbred seedlings and ensure genetic diversity in ex situ
genetic conservation, breeding and environmental restora-
tion. (1) Keep seedlings identified by mother tree in the
nursery—it will become evident which families show
higher mortality and thus higher levels of inbreeding. This
will also allow equal numbers of seedlings from each seed
tree to be used in planting, ensuring both genetic balance
and diversity. (2) In the nursery, eliminate seedlings with
indications of inbreeding i.e. those with diseases, chlorosis,
stunted growth or other abnormalities. This will ensure that
survival and growth in the field will not be greatly con-
strained by inbreeding impacts. (3) Collect from a large
number of mother trees across a range of fragments—this
will ensure that sufficient genetic diversity is maintained
even while eliminating inbred material. These strategies
decrease the likelihood of inbred seedlings becoming
established in ex situ gene banks, breeding programmes
and at restoration sites, thus ensuring that the fitness of
established seedling populations is higher than that of the
seed population and increasing the evolutionary adaptive
potential of such programmes.
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