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Abstract

Despite recent developments in molecular markers, most forest tree breeding programmes do not
use them routinely. One way to integrate markers would be to use them for pedigree
reconstruction after a simplified mating design through polymix or open-pollinated breeding.
Thanks to the latest developments in the POPSIM simulator, various breeding strategies,
including some based on paternity recovery, were evaluated with specified constraints on the
level of diversity over breeding cycles. These simulations were carried out in two case-studies:
the French Pinus pinaster (Ait.) and the New-Zealand Eucalyptus nitens (H. Dean & Maiden)
breeding programmes.

The Pinus pinaster case-study produced lower genetic gain for the polymix breeding strategy
with paternity recovery, compared to double-pair mating or optimal-contribution strategies.
However, the polymix breeding strategy could be of interest if the mating design is faster to
complete. In the Eucalyptus nitens case-study, pedigree recovery was shown to be a mandatory
step to control the erosion of diversity over breeding cycles. In both cases, the strategies based
on pedigree reconstruction were applicable with a limited level of genotyping. Finally, these
simulations allow some general recommendations to be drawn to help breeders when designing a

strategy for forest tree breeding.

Keywords

forest tree, breeding strategy, simulation, molecular marker, pedigree reconstruction

Résumé
Dans la plupart des programmes d’amélioration forestiers, les marqueurs moléculaires ne sont

pas utilisés en routine malgré les développements récents en génomique. Une des possibilités
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d’intégration des marqueurs serait de les utiliser pour reconstituer les pedigrees aprés des
croisements simplifiés de type polycross ou pollinisation libre. Grace aux derniers
développements du simulateur POPSIM, différentes stratégies d’amélioration, dont certaines
incluant une recherche de paternité, ont été évaluées avec des contraintes spécifiques relatives au
niveau de diversité au cours des cycles de sélection. Ces simulations ont été menées pour deux
cas d’étude : les programmes d’amélioration de Pinus pinaster (Ait.) en France et d’Eucalyptus
nitens (H. Deane & Maiden) en Nouvelle-Zélande.

Le cas d’étude Pinus pinaster révéle un gain génétique moindre pour la stratégie de croisements
polycross avec recherche de paternité en comparaison aux stratégies de croisements double-paire
ou de contributions optimales. Néanmoins, la stratégie de croisements polycross pourrait étre
intéressante si elle permet une réduction de la longueur des cycles de sélection. Pour le cas
d’étude Eucalyptus nitens, la reconstitution de pedigree est une étape obligatoire pour contrdler
I’érosion de la diversité au cours des cycles de sélection. Dans les deux cas, les stratégies basées
sur la reconstitution de pedigree peuvent &tre mises en ceuvre en génotypant un nombre limité
d’individus. Finalement, ces simulations ont permis de formuler des recommandations générales

afin d’aider les sélectionneurs a élaborer des stratégies d’amélioration chez les arbres forestiers.
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Introduction

Forest tree breeding is a slow process due to the late onset of sexual maturity and late expression
of selected traits, generally related to productivity and wood quality. Most tree breeding
programmes were initiated from a base population mass-selected in natural forests or
unimproved stands, and then bred following a recurrent selection scheme with successive cycles
of “crossing-testing-selection” (Namkoong et al. 1988). Currently, the most advanced of them
have completed only a few breeding cycles from the wild state, based on various breeding
strategies, i.e., plan to achieve crossing, testing, selection and deployment activities (Dungey et
al. 2009; Lee 2001; McKeand and Bridgwater 1998; Mullin et al. 2011; Mullin and Lee 2013;
Wu et al. 2007). Development of molecular markers in the 80’s has brought hopes to accelerate
breeding cycles and to facilitate the introduction of new selection criteria through marker-
assisted selection. Despite numerous studies related to QTL detection and association studies, no
application of new breeding strategies based on molecular markers has been reported for forest

trees (Muranty et al. 2014).

Dense marker coverage of the genome with high-throughput genotyping technologies could open
a new area in forest tree breeding with the application of genomic selection to predict the
breeding values without phenotyping (Grattapaglia and Resende 2011; Isik 2014). However,
even if the genomic selection is currently applied successfully for dairy cattle breeding (Wiggans
et al. 2017), several hurdles must be overcome for its application in forest tree breeding. The two
major ones are probably: (1) the difficulty to predict the Mendelian sampling for efficient intra-
family selection (Bouffier et al. 2018; Thistlethwaite et al. 2017) and, (2) the large investments
required for development of genomic resources (if currently not available), which are only

possible for major breeding programmes. No operational implementation of genomic selection in
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forest tree breeding has been reported to our knowledge even if many proof-of-concept studies

have been published (Grattapaglia 2017).

Furthermore, molecular markers have also been used with success in various forest tree studies
for pedigree reconstruction to monitor genetic diversity and level of pollen contamination in seed
orchards (Dering et al. 2014; Lai et al. 2010) or to improve accuracy of genetic parameters and
breeding values (Doerksen and Herbinger 2010; El-Kassaby et al. 2011; Klapsté et al. 2017;
Vidal et al. 2015). Only a limited number of markers are required for such studies, which makes
the approach applicable to most forest tree species. Besides, pedigree reconstruction could
enhance the development of new breeding schemes as proposed by Lambeth et al. (2001) with
the “polymix breeding with paternity analysis” strategy, then by El-Kassaby and Lstiburek
(2009) with the “breeding without breeding” concept and similarly by Hansen and McKinney
(2010) with the “quasi-field trial” approach. In all cases, the traditional bi-parental mating design
is substituted by a two-step process: first, a designed mating scheme using polycross or open-
pollination, then parental reconstruction allowing the completion of incomplete pedigree,
subsequent breeding values calculation and selection. Breeding schemes based on pedigree
reconstruction have several advantages such as a simplification of the crossing process,
generation of a large number of families with a timely mixing of the breeding population and
verification of identities for selected genotypes. However, the attractiveness of such breeding
strategies based on pedigree reconstruction depends on the specifics of the breeding programme
under consideration (current breeding strategy, biological constraints of the species, annual

investments, technical skills available, etc.).

The objective of this study is to evaluate the efficiency of breeding strategies based on partial
pedigree reconstruction in two contrasting breeding programmes: Pinus pinaster (Ait.) in France

and Eucalyptus nitens (H. Deane & Maiden) in New-Zealand. The first is characterised by
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forward selection in bi-parental control-cross trials associated with a large investment (Bouffier
et al. 2008), whereas the second is managed by forward selection in open-pollinated trials with a
low level of investment (Klapste et al. 2017). For each case-study, alternative strategies based on
pedigree reconstruction were proposed, and genetic gains achieved in the deployment population
were compared with those from the current strategy through stochastic simulations. Quantifying
and tracking the genetic variability in forest tree breeding populations is vital in order to keep
enough variability for further breeding cycles (sustainable generation of long-term genetic gain)
and to avoid inbreeding in the seed orchards (Stoehr et al. 2008). That is why, for a fair
comparison, the same level of genetic variability was considered, regardless of the strategy.
Finally, the advantages and limits of breeding strategies based on pedigree reconstruction are

discussed in the context of forest tree breeding.
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Material and methods

1. Stochastic simulations

Breeding strategy simulations have been carried out with the POPSIM software based on
stochastic samplings through a parametric genetic model (Mullin and Park 1995). This simulator,
freely available (Mullin 2018), has been developed to evaluate forest tree breeding strategies and
is well suited to handle a wide range of mating designs including polymix breeding with
paternity recovery. POPSIM’s main simulation steps, illustrated in Figure 1, are: breed unrelated
founders (base population) according to a specific mating design, generate a recruitment
population (RP) of a given size, evaluate BLUP estimated breeding values (EBVs), make
selections for the new breeding population (BP) and generate a production population with a
seed orchard (SO). In addition, paternity testing can be applied on a subset (RP’) of the RP if the
full pedigree is unknown. BLUP evaluation is performed using an internal call of ASReml v.3
software (Gilmour et al. 2009) based on pedigree and simulated phenotypes. Specific diversity
constraints can be applied to both the BP and SO selection. More specifically, the recent
development of a new selection tool, OPSEL (Mullin 2017a) allows to maximize genetic gain at
a predetermined level of genetic diversity, either for equal (Mullin and Belotti 2016) or unequal
(Yamashita et al. 2018) genetic contributions of each genotype to the selected population. The
main outputs of these simulations are the genetic gain and genetic diversity in the BP and SO
over a defined number of breeding cycles. Genetic gain is expressed as a percentage in
comparison to the mean of the base population. Genetic diversity is expressed with the status

number, Ns (Lindgren et al. 1996):

Ns = ﬁ where 0 is the group coancestry (Cockerham 1967).

2. Simulation process
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Simulations were performed on a single trait, which can also be considered as a selection index.
Typical genetic parameters for traits related to forest tree growth were considered (Cornelius
1994). The additive coefficient of variation was fixed at 15% and heritability at 0.2 (i.e., trait
mean = 100, additive variance = 225, environmental variance = 900). The BP size was fixed at
150 trees in accordance with the two case-studies considered (Pinus pinaster and Eucalyptus
nitens), and various mating designs specific for each case-study (see below) were applied to
generate a RP of 15 000 trees. For each breeding cycle, a first selection step was carried out
through BLUP evaluation (based on phenotypes and pedigree information) to form the next-
generation BP of 150 trees. A second selection step was performed in this new BP to select
genotypes according to their BLUP EBVs for the establishment of a SO. The selected proportion
is thus 1% for the BP, which is the order of magnitude currently considered in the Pinus pinaster
and Eucalyptus nitens breeding programmes. Some diversity constraints, detailed below for each
case-study, were applied for these two selection steps on N if the full pedigree is known or, if
not, on the maximum number of trees per family. For each simulation, 5 successive breeding
cycles were generated with the same BP size, mating design and diversity constraints. When the
full pedigree of the RP was not known, paternity testing was applied on a subset (RP’) created
through balanced within-family selection. In that case, the selection carried out to generate the
new BP and the SO was realised only within the subset where paternal identity was recovered.
This selection was based on a BLUP evaluation integrating the recovered pedigree information.
A paternity-testing factor was defined as the ratio between the RP’ size and the BP size. For
example, with a BP size of 150, a paternity testing factor of 20 means that 3000 trees (out of the
15 000 trees of the RP) were genotyped for paternity testing. This step carried out with POPSIM
simulates a partial paternity recovery based on molecular markers (no error or unknown parents
from pollen contamination were considered in the paternity recovery process).

In this study, a breeding scenario, illustrated in Figure 2, will be defined as a combination of a

breeding strategy (a specific mating design eventually associated with partial paternity recovery)
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and a set of diversity constraints applied on the BP and SO. Each scenario was simulated over 5

breeding cycles with 100 iterations, producing a mean (and a standard deviation) for the genetic

gain and diversity in the 5 successive BP and SO. The breeding scenarios are identified and

summarized in Table 1 for Pinus pinaster and Eucalyptus nitens case-studies.

3. Pinus pinaster case-study

Breeding scenarios Pinus_A and Pinus_B

Three main breeding strategies were considered to generate the RP of 15 000 trees:

1.

ii.

Double-pair mating (DPM) in Pinus_ A1

Each of the 150 parents of the BP was involved in two crosses (random mating avoiding
crosses between half-sibs) with 100 progenies per full-sib family (i.e. 150 full-sib
families in total). Selection of the 150 trees in the next BP was performed under the
diversity constraint by Mixed Integer Quadratically Constrained Optimization (MIQCO)
methodology in OPSEL (Mullin and Belotti 2016), to optimize the selection of 150
individuals that would contribute equally as breeding parents.

Polycross mating (PCM) in Pinus_ A2 and Pinus B

The best 50 trees of the BP were selected based on their BLUP EBVs and each was
crossed with three different polymixes of 50 pollen parents to generate 100 progenies per
polycross mating. Each tree of the BP was randomly assigned to one, and only one, of the
three polymixes, which means that all 150 trees of the BP contribute as a pollen parent in
the mating design. This design produced 50 half-sib families (same seed parent) with 300
progenies each. Paternity testing factors varying from 0 to 50 (0, 5, 10, 25, or 50) were
applied to genotype the trees with the highest BLUP EBVs within each half-sib family.
The strategy is designated by PCM followed by the paternity testing factor. For example,
the breeding scenario Pinus A2 involves the PCM_5 strategy which corresponds to the

genotyping of 750 trees (i.e., 5 x 150) selected as the best 15 trees from each of the 50

10
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half-sib families. The best 150 trees in the RP were then selected under a diversity
constraint using the MIQCO option in OPSEL.

In addition, an alternative PCM breeding strategy was considered in the breeding scenario
Pinus B where the 50 trees in the BP used as seed parents were assigned randomly.
Pinus_B differs from Pinus A2 only by the selection process (random selection for
Pinus_B vs. the 50 best trees for Pinus_A?2).

iii.  Optimal contribution (OC) in Pinus_A3

The contribution from each parental selection to a controlled cross mating design was
optimized with OPSEL, based on second-order cone programming (SOCP) methodology
(Yamashita et al. 2018) to maximize the genetic gain at a given diversity level. The
mating design for the optimized contributions was then generated with XDesign (Mullin
2017b), avoiding coancestry between mates greater than 0.01. A total of 150 crosses were

generated in the OC strategy with 100 progenies per cross.

These three breeding strategies were evaluated under identical constraints on genetic diversity.
When full pedigree was known (DPM, OC or PCM associated with paternity testing), an
increase of group coancestry of maximum 0.00267 per generation was allowed in the BP (i.e., Ns
> 30 after 5 cycles) and the genetic diversity of the SO was fixed at Ns > 10 (i.e., group-
coancestry < 0.05), this was accomplished using the SOCP option in OPSEL to optimize unequal
numbers of ramets to a grafted orchard. For the PCM 0 strategy (in the breeding scenario
Pinus A?2’), as the paternal identity was not known, the three best trees per half-sib family were

selected for the BP and a maximum of one progeny per seed parent was selected for the SO.

Breeding scenarios Pinus_C and Pinus_D
In order to estimate the sensitivity of the ranking among the three breeding strategies evaluated

in Pinus_ A, RP size and diversity constraints were modified. The breeding scenarios Pinus C

11
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and Pinus D involved the same breeding strategies evaluated in Pinus A, but the RP was
increased by three times in Pinus_C (i.e., RP =45 000 instead of 15 000, Ns >30 after 5 cycles in
the BP, and Ns >10 in the SO) and the diversity constraints were relaxed in Pinus D (i.e., RP =

15 000, Ns > 15 instead of 30 after 5 cycles in the BP, and Ns > 5 instead of 10 in the SO).

4. FEucalyptus nitens case-study
Two main breeding strategies were considered for the Eucalyptus nitens case-study to generate
the RP of 15 000 trees:
i.  Open-pollination with seeds collected from all the trees (OP_all)
OP all was simulated considering a polymix of all 150 pollen parents from the BP
applied on the same 150 trees, to generate 100 progeny per half-sib family.
ii.  Open-pollination with seeds collected from 50 of the trees with the highest BLUP EBVs
(OP_best)
OP best was simulated considering a polymix of all 150 pollen parents from the BP

applied on the 50 best trees, to generate 300 progeny per half-sib family.

For each main breeding strategy, two paternity testing factors (0 and 10) were considered. When
genotyping was performed, an identical number of trees per family was genotyped (10 trees /
family for OP all, 30 trees / family for OP best), i.e., the paternity testing factor in each case
equals 10. The strategies are designed by OP all or OP best followed by the paternity testing
factor (0 or 10). Thus, four breeding strategies were considered for Eucalyptus nitens: OP_all 0,

OP_all 10, OP_best 0 and OP best 10.

These breeding strategies were evaluated under the same diversity constraints as for the breeding
scenarios Pinus A, i.e., Ns > 30 after 5 cycles in the BP and Ns > 10 in the SO when the full

pedigree of the selection candidates was known (OP_all 10 and OP_best 10). When the pollen

12
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parent identity was unknown, 1 tree (OP_all 0) or 3 trees (OP_best 0) per half-sib family were
selected based on BLUP EBVs for the BP, and a maximum of one progeny per parent was
selected for the SO in both cases. The Eucalyptus breeding scenarios, designated Eucalyptus A

(no paternity testing) and Eucalyptus B (paternity testing), are summarized in Table 1.

5. Complementary simulations

The evaluation of open-pollination and polymix breeding strategies raises the question of the
optimal number of families and the optimal number of trees per family in the RP as, contrary of
bi-parental mating designs, these strategies can easily generate a very large number of families.
To tackle this issue, two simulation series were carried out, both under the genetic diversity
constraints considered in the two case-studies (i.e., Ns > 30 at cycle 5 in the BP and Ns > 10 in

the SO).

In the first series, a DPM strategy (random mating with two crosses per parent, i.e., 150 crosses
or families in total) was considered with 5 levels of full-sib family size (10, 50, 100, 200 and 300
trees per family). This means a decreasing selected proportion (from 10% to 0.3% for the BP
selection) as the BP size was constant (BP = 150) and the RP size varied from 1500 to 45 000

trees.

In the second series, seven levels of bi-parental cross size were randomly generated (50, 75, 150,

500, 1000, 2500 and 5000 crosses) with an equal contribution from each parent. The number of

progenies per family was adjusted in order to keep a RP of 15,000 trees.

As these simulations were time-demanding, 50 iterations were run within each series. One

scenario (150 crosses with 100 progenies per family) was performed with both 50 and 100

13



291 iterations and no significant difference in genetic gain was found (gain in SO is 80.3% =+ 2.9 with

292 50 iterations and 79.5% =+ 3.5 with 100 iterations).
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Results

Genetic gain (percentage of the additive genetic effect relative to the base population mean) in

the SO and genetic diversity (Ns) in the BP at cycle 5 are reported in Table 2.

Pinus pinaster case-study

Results from scenarios Pinus_A are illustrated in Figure 3 (scenarios Pinus_Al, Pinus A2 and
Pinus_A3). The OC strategy achieved greater genetic gain in the SO at cycle 5 (86.6%) than the
DPM strategy (79.5%) and PCM 5 strategy (70.1%), which means that the DPM and OC
strategies outperformed the PCM_5 strategy by a margin of 13.4% and 23.5%, respectively.
Genetic gains for the PCM_5 strategy were associated with a larger standard deviation (4.3) than
for the OC (3.6) and DPM (3.5) strategies. As genetic diversity was constrained, the three
strategies had Ns > 10 in the SO regardless of the cycle and showed similar diversity decrease in
the BP to reach Ns > 30 after 5 breeding cycles. Various paternity testing factors (from 5 to 50)
were considered for the PCM strategy, but these had no significant impact on the results. Thus,
only the PCM_5 (scenario Pinus A2) was reported in Figure 3. When a paternity testing factor
below 5 was considered, it was not possible to meet the constraints for genetic diversity. A
paternity testing factor greater than 50 was not considered because the simulations were too time
consuming to be realized with 100 iterations. PCM_100 was run over one iteration (simulation
time = 11 hours) and achieved a genetic gain in the SO of 74.0%. However, as it was considered
unrealistic to genotype more than 50% of the BP (7500 trees) as well as excessive simulation
time, PCM strategies with a paternity testing factor greater than 50 were not evaluated. The
genetic diversity constraints could not be applied for the PCM_0 strategy due the unknown
pollen parent identity. Even considering the stronger diversity constraint that can be applied on
to this breeding strategy (i.e., selection of the 3 best trees for each of the 50 half-sib families), Ns

fell below 30 after 2 generations and reached 12.4 at cycle 5.
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Scenario Pinus B (PCM_5 with a random selection of the 50 seed parents) showed a non-
significant reduced genetic gain in the SO when compared to scenario Pinus A2 (67.2% with

sd=4.1 vs 70.1% with sd=4.3).

In the Pinus_C scenarios, where the recruitment population was inflated from 15 000 to 45 000
trees for the three breeding strategies, genetic gain in the SO increased whatever the strategy, but
the differences between strategies slightly decreased compared with a RP of 15 000 trees: gain

for PCM_5 was 77.6%, 87.8% for DPM (+13.1%) and 94.7% for OC (+19.5%).

In the Pinus_D scenarios, where the diversity constraints were relaxed, greater genetic gain in
the SO and lower differences between strategies were found: gain was 88.4% for PCM_5, 95.8%

for DPM (+8.4%) and 98.9% for OC (+11.0%).

Eucalyptus nitens case-study

When no paternity testing was performed, OP best 0 (scenario Eucalyptus A2) exhibited a
greater genetic gain in the SO than did OP_all 0 (scenario Eucalyptus Al) (85.0% vs. 71.0%),
but genetic diversity in both the SO and BP decreased more rapidly for OP best 0 than
OP_all 0 (Figure 4). As paternity identity was unknown, the genetic diversity was controlled
only based on the seed parent identity and both strategies were below Ns = 30 in the BP at cycle
5. Ns in the SO was greater than 10 for OP_all 0 up to cycle 5, but dropped below 10 at cycle 5
for OP_best 0 (data not shown). When a paternity testing factor of 10 was considered, diversity
constraints on Ns can be fulfilled, and thus both strategies were compared at a given diversity
level (Ns > 30 in the BP at cycle 5 and Ns > 10 in the SO). In that case, OP all 10 (scenario
Eucalyptus B1) outperformed OP best 10 (scenario Eucalyptus B2) for genetic gain in SO

(77.2% vs. 70.4% at cycle 5) as illustrated in Figure 5.
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Complementary simulations
In these complementary simulations, the genetic gain achieved in the SO after 5 breeding cycles
was evaluated for various numbers of progenies per cross (under a constant number of crosses)

and for various numbers of crosses (under a constant RP size).

For a given number of crosses (150 crosses considered here), the number of progenies had a
strong impact on the genetic gain in the SO (Figure 6). As expected, the more progenies that
were evaluated (from 10 to 300 per cross, i.e., an increasing RP size from 1500 to 45 000 trees),
the more genetic gain was achieved. The gain increase was strong from 10 to 100 progenies per
family: genetic gain was 56.9% with 10 progenies per cross and 80.3% with 100 progenies per
cross. However, with over 100 progenies per cross, the gain increase was moderate (87.8% for

300 progenies per cross).

On the contrary, for a given RP size (15 000 trees considered here), the number of crosses had
only a small impact on the genetic gain in the SO (Figure 7). A non-significant gain increase was
found from 75 to 150 crosses (genetic gain was 76.1% with sd=3.6 for 75 crosses and 80.3%
with sd=2.9 for 150 crosses). Over this number of crosses, the gain in the SO reached a plateau.
When only 50 crosses were considered, the diversity constraints (Ns > 30 at cycle 5 in the BP

and Ns > 10 in the SO) could not be fulfilled.
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Discussion

Genetic diversity management is of fundamental importance in tree breeding (Rosvall 1999),
first to limit inbreeding which induces inbreeding depression (Durel et al. 1996), and, second, to
keep enough genetic variation for long-term genetic gains for the current selection criteria or for
traits of interest in the future (Bouffier et al. 2008). Genetic diversity constraints are a key
component when designing a breeding strategy. In the present study, when no diversity
constraints were applied in the simulated breeding strategies, Ns in the BP dropped rapidly below
20 (data not shown) regardless of the breeding strategy considered (at the latest in the second
generation for the Pinus pinaster case-study and in the third cycle for the Eucalyptus nitens case-
study). This erosion of genetic diversity is clearly not compatible with the management of a
breeding programme for the long-term, where an effective population size in the order of 20 to
80 is recommended (Danusevicius and Lindgren 2006; Ruotsalainen 2002). Diversity constraints
were here considered in accordance with the current requirements of the two case-studies under

study (Ns > 30 after 5 cycles in the BP and Ns > 10 in the SO).

It is difficult to compare breeding strategies when the genetic diversity levels in the breeding and
deployment populations are not fully controlled. This is why the simulation tool POPSIM, with
its options for selection constrained on diversity with OPSEL, has been used in this study,
allowing a given level of genetic diversity in both the BP and SO to be fixed and thus making
breeding strategies readily comparable. The Pinus pinaster case-study deals with the polymix
breeding with paternity recovery as an alternative to bi-parental breeding schemes. The
Eucalyptus nitens case-study highlights the potential of adding a paternity recovery step in an
open-pollination breeding scheme to better manage genetic diversity over time. Identical genetic
parameters and population size were considered for both case-studies, as it was relevant to the

characteristics of these two breeding programmes. It is also helpful for easy comparison,
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enabling the formulation of some general conclusions on the use of paternity recovery in tree

breeding strategies.

Paternity testing

The simulations performed in this study are based on the hypothesis that each genotype of the
polymix (PCM or OP design) contributes equally and at random to the RP. Paternity recovery in
two polycross trials of the French Pinus pinaster breeding programme (Vidal et al. 2015) broadly
confirms this hypothesis, as only a few genotypes contribute more or less than expected.
Paternity recovery carried out in open-pollinated Eucalyptus nitens seed orchard (Grosser et al.
2010) exhibits a larger variation in pollen contribution, partially due to the variation in the umbel
number per tree. If the pollen contribution is unbalanced, the optimal level of genotyping could
be underestimated in these simulations. However, in both case-studies, paternity testing rate does
not significantly impact the genetic gain in the SO. This can be explained by clear identification
of the best performers with a low paternity testing rate which did not change with a higher
paternity testing rate. The advantage of scenarios using higher paternity rates is not to generate
an additional genetic gain but rather to identify genotypes to meet genetic diversity constraints
even if they do not perform quite as well. Therefore, paternity testing has to be sufficient to fulfil
diversity constraints, but once this threshold is achieved, there is no gain from increasing the
genotyping rate. Based on our diversity constraints, the paternity testing factor can be set to 5
(750 trees). When the paternity testing factor is below 5, the diversity constraints cannot be
fulfilled. A paternity testing factor of 5 was chosen for Pinus pinaster, as no major deviation
from equal contribution is expected for the pollen parents; but a higher level (10%) was

considered for Eucalyptus nitens as more variable paternal contributions were expected.

Another underlying assumption is the absence of error in paternity recovery. Whereas, the

hypothesis seems reasonable in the PCM strategy, where mixes of 50 pollen parents are
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considered, it can be more challenging in the OP strategy when dealing with 150 potential pollen
parents that will be more and more related in subsequent generations. This increased relatedness
between candidate parents will decrease discrimination power of parentage assignment and will
result in increased occurrence of false positives (Olsen et al. 2001). The best option to bypass
this difficulty would be to estimate the relatedness with the markers instead of recovering the
pedigree. This implies using a G-matrix (markers-based) instead of the A-matrix (pedigree
based), a methodology used in genomic selection studies (El-Dien et al. 2016). Whereas less than
100 well-chosen markers can be sufficient for a paternity analysis (Vidal et al. 2015), several

thousands of markers will be necessary to recover relatedness with a G-matrix (Wang 2016).

Pinus pinaster and polymix breeding with paternity recovery

The DPM strategy, currently used for the French Pinus pinaster breeding programme, mixes
efficiently the BP as all trees contribute equally to the RP. Nevertheless, the mating design is
challenging to fulfil as it involves bi-parental crosses. The PCM_5 strategy can be an alternative
to simplify the mating as a large number of families is generated with a limited number of
control-crosses. In the simulated PCM design, three mixes of 50 pollen parents, which represent
the entire BP, were applied on a restricted set of 50 seed parents. The limited number of parents
involved in the pollen mixes is chosen to facilitate the pedigree recovery, particularly in the
advanced cycles where the relatedness in the BP tends to be high. In addition, the restriction on
the number of seed parents allows the focus of important resources on these genotypes (grafting,
flowering induction, pruning), whereas it is generally not necessary to graft in a clonal archive

the genotypes used only for pollen collection.

The DPM strategy outperforms the PCM 5 strategy in the delivery of genetic gain by 13.4%
after 5 cycles, when RP=15 000 (scenarios Pinus Al vs. Pinus A2), and this difference is

similar (+13.1%) for a larger RP (RP=45 000 in scenarios Pinus_C). The DPM and PCM mating
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designs involve exactly the same number of crosses (150 bi-parental crosses for DPM vs. 50
seed parents x 3 polymixes =150 control-crosses for PCM), but the PCM design generates more
full-sib families (potentially 50 x 50 x 3 = 7500 families) than the DPM design (150 families).
However, for a given RP size, the number of crosses is not a key driver for the gain as shown in
Figure 7, at least over a threshold of about 150 crosses. This can be explained by a trade-off
between within-family and between-familiy selection intensity. In contrast, diversity constraints
play a major role in the BP and SO selection. The DPM design involves each parent equally in
the RP, whereas the PCM design simulated over-represents the 50 best parents selected as seed
parents. When the selection is carried out under high diversity, the PCM design is penalized for
gains due to this over-representation of the best parents. The decrease of gain difference between
DPM and PCM 5 strategies when the diversity constraints are relaxed (5.3% when Ns > 15 in
the BP at cycle 5 and Ns > 5 in the SO in scenarios Pinus D) confirms that the diversity
constraint is a key driver for the selection step. If the 150 parents have been represented equally
in the PCM design (scenario equivalent to scenario Eucalyptus B1 in Table 1), PCM would have
performed equally well (77.2%=4.1) as DPM (79.5%3.5 in scenario Pinus_Al). We conclude
that there is no disadvantage or advantage to generate more full-sib families for a given RP size;
but when the diversity constraints are strong, the DPM strategy outperforms the PCM_5 strategy
if parents contribute unequally in the PCM mating design. However, both DPM and PCM_5
strategies are outperformed by the OC strategy where the 150 crosses use unequal contributions
from selected parents to optimize gain under a specific level of diversity constraints. Scenario
Pinus_ A3 (OC strategy) displays 23.5% more gain in the SO than scenario Pinus A2 (strategy
PCM_5). This result confirms the superiority of the OC approach to maximize gain under a

given level of genetic diversity (Hallander and Waldmann 2009; Meuwissen 1997).

The superiority of the OC strategy over DPM and PCM strategies has to be mitigated based on

the time required to complete the design, which has an impact on the length of the breeding
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cycle, and thus the genetic gain per unit time. Generally, bi-parental crosses (OC and DPM
designs) are more complex to implement than polymix crosses (PCM design), as mentioned
earlier. In addition, as the random selection of the seed parent subset for the PCM design in
scenario Pinus_B has only a small impact on genetic gain, in comparison to scenario Pinus A2,
one can focus on the 50 genotypes more convenient to breed as seed parents (earlier flowering,
greater number of flowers, etc.) making the PCM design even easier to complete. Furthermore,
the OC design is also probably more sophisticated than a DPM design, as there is a unique
mating design that reaches the optimum gain, whereas several mating alternatives can respect the
DPM strategy, giving greater flexibility (the only requirement for the DPM design is to cross
each parent twice). For the French Pinus pinaster breeding programme, the current generation
time is roughly 20 years. As DPM and OC designs outperform PCM design from 2.7 to 4.7% per
breeding cycle on average, a cycle shortening of one year due to faster completion of the mating
design with PCM strategy would give greater gain per unit time. However, the precise time
required for each mating operation is currently difficult to estimate for the French breeding

programme, as it faces low success for control crosses.

The genotyping cost is an extra investment for polycross breeding with paternity recovery. It has
to be taken into account when selecting the most appropriate scenario, as breeders generally
focus on the genetic gain per unit time for a given budget. With the decreasing cost of
genotyping, the genotyping of 750 to 1500 trees should not be a major limitation. In the French
Pinus pinaster breeding programme, the cost of paternity recovery is currently roughly 10€ per
tree, which means an additional cost of 7500€ per cycle for the Pinus A2 scenario. However,
one has to keep in mind that this genotyping step also allows the verification of relatedness at
each cycle. If no genotyping is performed in the DPM and OC strategies, it is likely that there

will be an accumulation of errors in the pedigree (Munoz et al. 2014) that will affect the gain.
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Eucalyptus nitens and open-pollination breeding

The current OP strategy implemented for the Eucalyptus nitens breeding programme in New
Zealand, adopted due to biological constraints, does not allow the full management of genetic
diversity as only the identity of the seed parent is known. While this is not necessarily an issue in
the first few breeding cycles, it becomes a major concern after 4 cycles. Indeed, even with the
strongest constraints applied on the seed parent identity in the BP (selection of 1 tree per half-sib
family in scenario Eucalyptus A1 and 3 trees per half-sib family in scenario Eucalyptus A2), Ns
drops below 30 in the BP at cycle 5 (Figure 4) if the full pedigree is unknown. As bi-parental
crosses are not practicable due to biological and technical constraints, a genotyping step has to
be carried out to recover the full-pedigree before selecting trees for the BP and SO. When
paternity testing is considered, OP_all design (in scenario Eucalyptus B1) outperforms OP_best
design (in scenario Eucalyptus B2). As discussed for polymix breeding scenario, the equal
contribution of each parent in OP_all design makes it easier to meet diversity constraints, and
thus achieve greater gains in SO. We conclude that it is preferable to collect seeds from the
whole population, rather than focusing on genotypes with the highest BLUP EBVs. Besides the
diversity management issue, paternity recovery also increases the EBVs accuracy for the selected
trees. Additionally, in species with viable selfing such as Eucalyptus, identification of
individuals coming from selfing through pedigree reconstruction allows their elimination from
the BP and improvement of accuracy in genetic parameter estimates, especially in traits suffering

from inbreeding depression (Klapste et al. 2017).

Simulation limitations

The POPSIM software is specially designed to simulate various forest tree breeding strategies at
a given level of diversity in the successive BP and SO. However, in the PCM design, all the
polymixes must be mated with the same set of seed parents. Without this limitation, and since an

equal-parental contribution in the BP seems preferable to better manage the diversity, two
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alternative PCM mating designs could have been considered: the first one where each parent
would be used as either pollen or seed parent, and the second where the whole BP would be used
as both pollen and seed parents. This implies, for the first alternative, to divide the BP into two
sets of 75 trees: 75 pollen parents (eventually two polymixes of 37 and 38 pollen parents can be
designed to facilitate the paternity recovery) applied on the 75 remaining trees. The second
alternative would be similar to that considered in this paper, but with each of the three polymixes
being crossed with three different sets of 50 seed parents. It is expected that, for the same
number of crosses (150 crosses), these strategies might achieve slightly greater gains than the
PCM design evaluated in the paper. However, both alternatives imply grafting more than 50

trees (75 for the first and 150 for the second), which would complicate the field operations.

The mating design initially planned by the breeder is sometimes difficult to complete in the field
(Kerr et al. 2015). A key issue is thus to estimate the consequences on the gain when there is a
deviation for the initial mating design. This has not been studied by Kerr et al, but should be
taken into account when selecting the more appropriate breeding scenario. Similarly, the impact
of deviation from equal pollen contribution for PCM and OP designs was not evaluated in this
paper. It is probably not a major issue for PCM design, as discussed previously with the Pinus
pinaster case-study; but for OP design, phenology and pollen production variation could result in
unequal pollen contributions in the RP. On the contrary, the pollination systems, wind
pollination for conifers (Owens et al. 1998) and insect pollination for Eucalyptus nitens (Barbour
et al. 2005), should not impact pollen contribution in the OP design, as pollen is dispersed far

away from its source in both cases.

Finally, two additional limitations can be highlighted. First, simulations carried out in this paper
considered only discrete generations. The “rolling front” breeding scheme has been proposed as

an alternative: parents are crossed as soon as possible after selection and progeny trials are
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established as soon as the seeds are available, rather than waiting for all crosses in that
generation to be completed. It has been demonstrated that the “rolling front” breeding scheme
might achieve greater genetic gain per unit time in comparison with schemes based on discrete
generations (Borralho and Dutkowski 1998). However, all the breeding strategies evaluated here
can also be implemented as “rolling front”, although not specifically addressed here. Second, the
level of genotyping chosen was applied by selecting, within each family, the trees with the
highest BLUP EBVs (evaluated with their seed-parent identity and their own phenotype). This
could bias the genetic parameter estimations carried out after paternity recovery; adding
“random” trees in the genotyping process could counteract this. However, as a limited number of

trees were genotyped (5 to 10% of the BP), only slightly biased estimates are expected.
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Conclusion

The two case-studies considered in this paper can be extrapolated to other forest tree species.

There is no “one” optimal breeding strategy; it has to be optimized depending on various

parameters of the species biology, investments and genotyping facilities availability. However,

some general conclusions can be drawn from these simulations. These are summarized below to

help breeders when designing a breeding strategy that is considering the implementation of

paternity testing.

1.

The knowledge of the full pedigree is mandatory to manage genetic diversity in the long
term. This can be achieved through bi-parental crosses or through paternity recovery in
polymix or open-pollination breeding.

For a given RP size, increasing the number of full-sib families above a threshold (which
corresponds approximately to the number of parents in the BP) is not of interest whatever
the mating design (bi-parental or polymix breeding). In contrast, if additional investments

are available, an increase of the RP size is useful to enhance gain in the SO (Figure 6).
The mating design is a key issue to maximize the gain for a given level of diversity,
especially if diversity constraints are strong. The OC strategy is clearly the most effective
way to optimize the gain per cycle (+23.5% over 5 cycles in the Pinus pinaster case-
study in comparison to the PCM strategy), as the mating design is carried out taking into
account relatedness constraints. However, this optimal mating design can be time-
consuming to complete and, even sometimes, not feasible. Depending on the breeding
context, alternative mating design can be considered, some followed by a paternity
recovery step. If they are faster to complete, they can produce more genetic gain per time
unit than the OC strategy.

Moreover, the genetic gain is expressed, in this paper, per cycle with no time scale.

Breeders have to keep in mind that it is generally more efficient to rapidly turn over a

26



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

new cycle, than trying to optimize the gain per cycle by extending the period required to
complete the mating design.

Alternative strategies that include paternity recovery are based on polymix and open-
pollination breeding. In contrast with the OC strategy, where each parental contribution is
optimized for gain given the diversity constraints, these alternative strategies are based on
random mating between sets of parents. In that context, optimal selection must achieve
gain through an equal contribution from each parent selected from the RP. This means,
for OP strategy, the collection of an equal number of seeds on each parent. The trial
design must also prevent a large deviation from an equal paternal contribution. For the
PCM strategy, an equal contribution of each parent could be time-consuming to achieve.
Crosses can be focused on a limited number of seed parents and keeping wide genetic
diversity in the polymix composition as considered in this paper. The gain is not optimal,
but it allows the completion of the crosses in limited time, as the number of trees grafted
is reduced.

Interestingly, a limited level of paternity recovery is sufficient to achieve an optimal gain
in the SO (a paternity testing factor of 5 for PCM strategy and 10 for OP strategy in this
paper). The paternity testing rate must be adjusted depending on the expected deviation
from equal paternal contribution (higher rate when contributions are more unequal), the
diversity constraints (higher rate with stronger constraints), the pedigree errors suspected
in BP (higher rate if pedigree records are not accurate) and genotyping costs.

Two major benefits are associated with the strategies based on paternity testing. The first
is to cleanse the pedigree of errors at each generation, at least for the genotypes selected.
This is a key point to achieve more accurate EBVs. The second is to facilitate the
predictable transition from current breeding strategies, based only on pedigree, to more
advanced breeding strategies based on molecular markers and genomic selection, more

particularly single-step methodology (Klapsté et al. 2018).
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Table 1: Description of the simulated breeding scenarios

Breeding scenario

Breeding strategy

Diversity constraints

Paternity

Mating design BP SO
8 8 testing factor
Pinus_A1 bPM Ns>30 after 5 cycles Ns210
- 150 full-sib famillies with 100 progenies/familly B o B
Pinus_A2' 0 3 best trees/half-sib familly 1 progeny max/parent
Pinus_A2 5
Pinus A PCM: best 50 trees crossed with 3 polymixes
(RP size-ISOOO) Pinus_A2" 50 half-sib families with 300 progenies/familly 10
- Ns>30 after 5 cycles Ns>10
Pinus_A2'"" 25
Pinus_A2'"" 50
q ocC
; Pinus_A3 X .- ) . ) Ns>30 after 5 cycles Ns>10
Pinus 150 full-sib famillies with 100 progenies/familly
pinaster Pinus_B . PCM: 50 random trees crossed with 3 polymixes
A Pinus_B X . ) A ) 5 Ns2>30 after 5 cycles Ns>10
(RP size=15 000) 50 half-sib families with 300 progenies/familly
Pinus_C1 bPM
- 150 full-sib famillies with 300 progenies/familly
Pinus_C PCM: best 50 trees crossed with 3 polymixes
- Pi Cc2 15 Ns>30 after 5 cycl Ns>10
(RP size=45 000) nus._ 50 half-sib families with 900 progenies/familly se3latter s cycles s
ocC
Pi c3
nus_ 150 full-sib famillies with 300 progenies/familly
DPM
Pi D1
nus_ 150 full-sib famillies with 100 progenies/familly
Pinus_D PCM: best 50 trees crossed with 3 polymixes
- Pi D2 5 Ns>15 after 5 cycl Ns>5
(RP size=15 000) nus_ 50 half-sib families with 300 progenies/familly seloatter s oycles s
Pinus_D3 oc
- 150 full-sib famillies with 100 progenies/familly
Eucalyptus_A1 oP all 0 1best tree/half-sib familly 1 progeny max/parent
150 half-sib famillies with 100 progenies/familly
Eucalyptus Eucalyptus_B1 10 Ns>30 after 5 cycles Ns>10
nitens
(RP size=15 000) Eucalyptus_A2 OP best 0 3 best trees/half-sib familly 1 progeny max/parent
50 half-sib families with 300 progenies/familly
Eucalyptus_B2 10 Ns>30 after 5 cycles Ns>10

Note: The main simulated breeding scenarios are highlighted in grey.

Table 2: Genetic gain and genetic diversity of the simulated breeding scenarios

Breeding scenario

Results at cycle 5

Results over

Genetic gain in SO Ns in BP 5 cycles
Pinus_A1l 79.5(3.5) 30.0(0.0) Figure 3
Pinus_A2' 85.0(4.3) 12.4(1.5) -
Pinus_A2 70.1(4.3) 30.0(0.0) Figure 3
Pinus_A Pinus_A2" 69.5 (3.6) 30.0(0.0) -
Pinus_A2'"' 68.8 (4.6) 30.0(0.0) -
Pinus_A2"" 70.7 (4.1) 30.0(0.0) -
Pinus Pinus_A3 86.6 (3.6) 29.3(0.2) Figure 3
pinaster  Pinus_B Pinus_B 67.2(4.1) 30.0(0.0) -
Pinus_C1 87.8(3.9) 30.0(0.0) -
Pinus_C Pinus_C2 77.6(3.2) 30.0(0.0) -
Pinus_C3 94.7 (3.7) 29.2(0.2) -
Pinus_D1 95.8(4.7) 15.0(0.0) -
Pinus_D Pinus_D2 88.4(6.4) 15.0(0.0) -
Pinus_D3 98.9 (4.9) 14.9 (0.1) -
Eucalyptus_A1 71.0(3.5) 26.1(1.2) Figure 4
Eucalyptus Eucalyptus_B1 77.2(4.1) 30.0(0.0) Figure 5
nitens Eucalyptus_A2 85.0(4.5) 12.4(1.4) Figure 4
Eucalyptus_B2 70.4 (4.0) 30.0(0.0) Figure 5

Note: The main simulated breeding scenarios are highlighted in grey.

32



801
802

803
804

805
806
807
808

Figure 1: Simulation process with POPSIM

Cycle 1 Cycles2ton
3 AL -
4 Y N
Base. ) I:Iecrultm_ent Po!)ulz;tlon ) Breeding Breeding
population (with paternity testing for RP’0) Population 1 Population n
RPo BLUP
BPO evaluation BP1 ----------- > BPn
1
———
. i
i
SO1 =31 SOn
Seed Orchard 1 Seed Orchard n

Note: BP: Breeding Population; RP: Recruitment Population; RP’: subset of the Recruitment
Population considered for paternity testing; SO: Seed Orchard
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Figure 2: A breeding scenario is defined as a breeding strategy applied with specific
diversity constraints

Breeding strategy Diversity constraints
Breeding _ X
scenario
Note:
Three main breeding strategies were considered for the Pinus pinaster case-study:
DPM: Double-Pair Mating
PCM_x: PolyCross Mating with a paternity testing factor of x (PCM_5 for example)
OC: Optimal Contribution
Two main breeding strategies were considered for the Eucalyptus nitens case-study:
OP_all x: Open-Pollination with seeds collected on the whole BP and a paternity testing
factor of x (OP_all 10 for example)
OP_best x: Open-Pollination with seeds collected on the 50 best trees of the BP and a
paternity testing factor of x (OP_best 10 for example)
For most breeding scenarios, diversity constraints were fixed at Ns > 30 in BP and Ns > 10 in
SO.
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Figure 3: Pinus pinaster case-study
Genetic gain in SO and genetic diversity in BP over 5 breeding cycles (each point is a mean of
100 iterations and the error bar represents 1 standard deviation).
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= =—e= = Scenario Pinus_A1 (strategy DPM) =——e—— Scenario Pinus_A1 (strategy DPM)
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Figure 4: Eucalyptus nitens case-study — Breeding strategies without paternity testing
Genetic gain in SO and genetic diversity in BP over 5 breeding cycles (each point is a mean of
100 iterations and the error bar represents 1 standard deviation).
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Figure 5: Eucalyptus nitens case-study — Breeding strategies with paternity testing
Genetic gain in SO and genetic diversity in BP over 5 breeding cycles (each point is a mean of
100 iterations and the error bar represents 1 standard deviation).
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Figure 6: Genetic gain at breeding cycle S for increasing family sizes
Genetic gain in SO over 5 breeding cycles was simulated for DPM strategy (150 crosses or

families) with 5 levels of family size (each point is a mean of 50 iterations and the error bar
represents =1 standard deviation).
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Figure 7: Genetic gain at breeding cycle 5 for increasing numbers of crosses

Genetic gain in SO over 5 cycles was simulated for increasing numbers of bi-parental crosses
under a constant RP size of 15 000 (each point is a mean of 50 iterations and the error bar
represents =1 standard deviation).
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