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Abstract

* Key message Pronounced additive genetic variation and high narrow-sense heritability for lesion length caused by
Neonectria neomacrospora were found in a Nordmann fir progeny test. Significant inbreeding depression was detected
in traits important for Christmas tree production. Recurrent selection for multiple traits would be successful for
Christmas tree quality traits.

« Context The fungal pathogen N. neomacrospora causes severe damage in Nordmann fir Christmas trees in Denmark.
Family variation in disease susceptibility in the species has not been investigated before. This is the first combined genetic
analysis of susceptibility to N. neomacrospora and Christmas tree traits in Nordmann fir.

« Aims Evaluate the genetic variation of susceptibility to N. neomacrospora and five Christmas tree traits in Nordmann fir.
« Methods Five Christmas tree traits were measured on 2413 trees in a progeny test. Artificial inoculation was conducted
on detached twigs of full-sib progenies with a N. neomacrospora isolate to assess the resistance/susceptibility. Observed
variation was partitioned into genetic and environmental causes to understand the heritable control of the traits.

* Results Pronounced additive genetic variation was observed in susceptibility to N. neomacrospora and Christmas tree
traits. Narrow-sense heritability for susceptibility to N. neomacrospora was 0.63. Significant differences between selfings
and outcrossed trees were detected for all traits. Significant improvement for Christmas tree quality could be observed in
the breeding process.

» Conclusion Resistance to N. neomacrospora disease and other Christmas tree characteristics can be improved through
recurrent selection.

Keywords Polymix mating - Spatial analysis - Narrow-sense heritability - Inbreeding

1 Introduction
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widely used as Christmas tree in Europe, with a production
of approximately 45 million trees per year. Denmark is a
major producer with around 11 million trees produced per
year, and 9 millions of it for export (Christensen 2019). In
1992, a Danish Christmas tree breeding program started
with selection of plus trees and initiation of half-sib progeny
trials (Nielsen and Hansen 2013). At the same time, the
establishment of a number of clonal seed orchards was
initiated and currently there are about 33 ha of clonal seed
orchards (Anonymous 2018). The primary traits evaluated
in the first-generation half-sib progeny trials included
height, flushing, Christmas tree quality, postharvest needle
retention, and resistance/tolerance to adelgids (Nielsen
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et al. 2002, 2020). In 2007 the final full rotation Christmas
tree data from these half-sib trials were available—giving
opportunity to estimate breeding values for more than 125
plus trees in the breeding population. Consequently, the
best tested plus trees from the first generation were used for
polymix crossings in 2009. This study is the first to report
the results of this progeny test material.

Since the start-up of the breeding program of Nordmann
fir, new challenges have emerged for Christmas tree
growers in Denmark; one is the fungal pathogen Neonectria
neomacrospora (Mantiri et al. 2001). The first description
of this fungus was in 1913 on Abies concolor in Germany
(Wollenweber 1913). During the 1930s to the 1960s, a
few reports of this fungus in North America and Norway
were made (Nielsen 2020), but no severe damage has been
observed until recently. Neonectria neomacrospora is a
bark parasite feeding on the living cells, resulting in heavy
resin flow, cankers, twig blight, and dieback of Abies spp.
in several European countries since 2008 (Perez-Sierra
2017; Pettersson et al. 2016; Schmitz et al. 2017; Talgg
et al. 2013). The fungus quickly caused severe damage
in several Nordmann fir seed orchards and numerous
Christmas tree stands in Denmark from 2012 and onwards
(Proschowsky 2014). Talgg et al. (2013) reported that
this fungus is very aggressive in Abies—both under field
conditions and in inoculation tests. Nielsen et al. (2017)
confirmed this by a combined study using field evaluation
and artificial inoculation test on 381 Abies trees in an
arboretum in Denmark, where significant differences were
detected among the 39 included taxa. Variation within
species has also been reported; Skulason et al. (2017) found
that N. neomacrospora damage varied among provenances
of Abies lasiocarpa. Furthermore, our previous studies
detected pronounced clonal variation and moderate to
high broad-sense heritability estimates of susceptibility
to N. neomacrospora in three Nordmann fir clonal seed
orchards (Xu et al. 2018a). The Danish breeding program
of Nordmann fir aims at increasing genetic gain through
recurrent selection. The emergence of the N. neomacrospora
pathogen necessitated the understanding of genetic variation
and inheritance of disease susceptibility in an Abies species
for resistance breeding and selection.

In forest tree breeding, progeny testing is widely used
for parental selection (Zobel and Talbert 1984). Polymix
breeding followed by paternity analysis of progeny using
molecular markers was proposed as an alternative to
traditional full-sib breeding (Lambeth et al. 2001). In
general, this method offers good estimates of breeding values
of parents for backwards selection and a progeny population
for forward selection. Furthermore, it is a logistically simpler
and less costly breeding strategy (Wheeler et al. 2006).

When testing new genetic plant material, it is good
practice to include commercially available material as a
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baseline for comparison. We had offspring from both the
commercial seed stands, where the first generation of plus
trees were selected, as well as from the first-generation
clonal seed orchards, where these plus trees are grafted. We
also included the most widely used seed source from the
natural stands of Nordmann fir in Georgia—the Ambrolauri
provenance. This allowed us to compare the genetic material
from clonal seed orchards with the natural seed sources and
understand the current degree of genetic improvement in
Nordmann fir.

Non-additive genetic variance is not heritable between
generations but could be important for some Christmas
tree traits. The most common way to estimate non-additive
genetic effects in trees is diallel crossing schemes (Aratijo
et al. 2012). Since the beginning of the 1990s, efforts have
been made to propagate Nordmann fir vegetatively. Somatic
embryogenesis (SE) was shown to be a promising technique
to mass produce superior clones (Norgaard and Krogstrup
1991). SE plants are being tested in clonal trials, and
upscaling of the SE process in bioreactors was successfully
demonstrated (Valdiani et al. 2020). Vegetative propagation
makes it possible to exploit non-additive genetic variance in
Christmas tree traits for deployment.

This study is based on offspring from polymix crossings
of Nordmann fir. Full-sib offspring of the population were
tested with N. neomacrospora via artificial inoculation
to study genetic variation in Nordmann fir. Furthermore,
several Christmas tree traits were assessed on the full-sib
and half-sib offspring and on offspring from commercial
seed sources to test several hypotheses.

The primary objectives of this study were to (1) estimate
genetic parameters of susceptibility to N. neomacrospora and
of Christmas tree traits in Nordmann fir, (2) estimate genetic
correlations between susceptibility to N. neomacrospora
and Christmas tree traits, and (3) evaluate the degree of
genetic improvement of the traits and draw implications
for breeding. Furthermore, we investigated the degree of
inbreeding in Nordmann fir and its effect on Christmas tree
traits.

2 Material and methods
2.1 Plant materials

Polymix crossings were performed in May 2009 using 14
clones (selected out of 68) from the Nordmann fir clonal
seed orchard FP.259 at Silkeborg State forest District
(Jutland) in Denmark. The 14 clones were selected based
on their breeding values for Christmas tree quality from a
half-sib progeny test series (Nielsen et al. 2020). The seed
orchard FP.259 was initially grafted using 94 plus trees
selected for foliage appearance in the approved Danish seed
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stands F.526 and F.527, which were planted around 1902
and are presumed direct imports from the Borshomi area
in Georgia (Lgfting 1973). Based on progeny test data, the
FP.259 seed orchard was thinned to 68 clones before 2009.

The crossing design consisted of two partial diallels using
pollen mixtures. The crossings included selfs and some
reciprocals (Fig. 1). In other words, each female tree was
mated with a pollen mix of five other trees, including itself.
Thus, there were (potentially) 14 selfed crosses (the same
individual was used as female and male) and 52 outcrossed
full-sib families. In addition to the two diallels, two more
crosses (half-sibs) were also made using clones C73 and
C78 as female parents to mate with pollen mix of the second
diallel. In reality, not all crosses produced seeds, and some
trees died in the field, so the actual number of selfed crosses
was 12, and for outcrossed it was 48 (including 9 reciprocal
crosses); thus, in total, there were 51 full-sib families.

In September 2009, individual seed lots were harvested
in the FP.259 orchard. Seedling production was initiated in
February 2010 at the research facility at Aarhus University.
In addition, commercial seed lots from FP.259, two
well-known Danish commercial seed stands (F.526 and
F.527) and the Ambrolauri Tlugi provenance in Georgia
(department 2) were included in the study. The objective
was to create a reference plant material using the three
commercial seed lots and the wild material from Georgia.

Male clones

An overview of the origin of the parental clones, breeding
process, and materials included in this study is provided in
Appendix Fig. 6.

During the second growing season, the 14 parent clones
(excluding C73 and C78) and a subset of seedlings from
the 14 polymix crosses in the two diallels were genotyped
with five microsatellites, following a similar procedure as
Hansen and Mckinney (2010). The microsatellites were
NFH15 and NFF3 (Hansen et al. 2005), Ab12 (Rasmussen
et al. 2008), SF b4 (Cremer et al. 2006), and As09 (Lian
et al. 2007). A separate paternity analysis was conducted
for each of the 14 families using CERVUS 3.0 (Kalinowski
et al. 2007; Marshall et al. 1998) to identify paternity for all
approximately 1450 seedlings. A list of the five potential
male parents in each polymix cross was used to determine
the likely male parent for each seedling progeny. The results
of the paternity analysis are given in Appendix Fig. 7.

2.2 Establishment of field trial

Two-year-old seedlings were transplanted to a commercial
nursery after being individually labelled in March 2012. In
addition to genotyped full-sib offspring seedlings, an excess
of half-sib progeny from each of the 16 polymix crosses
were transplanted to the field trial. Half-sib seedlings were
not genotyped. The field trial was established on Fyn island,

C13 C39 C46 C55 C60 C72 C76 |Cl11  C21 C31:C42 C47  C52:C54:C73  C78
CI13120S 20 20 @ 20 20
C39 20S 20 20 @ 20 @ 20
Female | C46 20S 20 20 20 20
clones |C55] 20 20S 40 20
C60| 20 20 20S 20 20
C721 20 20 20S = 40
C761 20 20 20 20 208
Cl1 20S 20 @ 20 : 20 @ 20
C21 20S 20 20 @ 20 @ 20
C31 20S 20 @ 20 : 20 @ 20
C42 20 20S 20 @ 20 20
C47 40 20S 20 20
C521 20 20 20 20 20 | 20 20 20S = 40
C54 20 20 @ 20 @ 20 20S
C73 20 20 20 20S 20
C78 20 20 20 20 20S

Fig. 1 Crossing design using polymix breeding with paternity analy-
sis of the progeny. Numbers in the cells (e.g. “20”) refer to the per-
centage of the pollen mixture (based on weight) contributed by the
male clone. For example, C13 was mated with a pollen mixture of
C13, C39, C46, C55, and C60 pollen; all 5 pollen fathers constituted

20% each of the pollen mixture. “S” indicates selfing. Offspring from
the two internal 7 X 7 diallels were genotyped with microsatellite
markers (green coloured cells). Offspring in red coloured cells were
included as half-sibs (not genotyped)
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Denmark, about 12 km south-east of Odense city in spring
2014. A total of about 3150 trees were planted. For this
study, only 2413 trees were evaluated (Table 1). Seedlings
were randomly distributed to two blocks each with 16 rows
with 1.1 x 1.1-m spacing.

2.3 Neonectria inoculation experiment

On 13 September 2017, one healthy twig containing three
shoots was collected from each of 1176 full-sib offspring in
the field trial. Nineteen full-sib trees with little growth were
not sampled to avoid damaging the shape of the tree. All
twigs were immediately put into plastic bags and shipped
to the Hgrsholm Arboretum on 14 September 2017. Here
the twigs were placed in plastic boxes with water in the
bottom (two types were used: SAMLA box from IKEAg;
78 X 56 X 18 cm; item n0.698.713.88 and a Bedroller from
CURVERg; 61.5 X 40.5 X 19 cm) inside a room at around
20 °C. Plant trays for seedling production (QuickPot® QP
D 60T/12) were used inside the plastic boxes to keep twigs
upright.

The isolate (NGR1) of N. neomacrospora from our pre-
vious study (Nielsen et al. 2017) was also used for artifi-
cial inoculation in the current study. The isolate was stored
in a — 80 °C freezer and multiplied on petri dishes (9 cm
in diameter) with potato dextrose agar and incubated for 3
weeks at room temperature until inoculation. Prior to inocu-
lation, left shoot of each twig was removed to give more
space for the inoculation set up and also to avoid neighbour-
ing shoots touching each other. Consequently, two shoots
(center and right) on each twig were inoculated. One needle
in the middle of each shoot was removed to provide a leaf
scar where the inoculum plugs (ca. 0.5 cm in diameter) cut
from the edges of petri dishes were placed (with the side
containing mycelium towards the scar). Inoculation took
place between 14 and 16 September 2017. At the end of each
inoculation day, the CC containers (https://www.container-
centralen.com/our-products/cc-container/), where the plas-
tic boxes continuously had been placed, were covered by a
thin plastic to keep humid conditions. Plastic covers were
removed on 19 September 2017. The extent of infection by

N. neomacrospora on the inoculated twigs was evaluated 3
weeks after inoculation, by cutting open the area below the
inoculated leaf scars with a knife, then measuring the length
of damaged tissue in cm (lesion length) under bark. The total
length of the inoculated shoot was also measured.

2.4 Christmas tree traits in the controlled crossing
progeny

In the field trial, five Christmas tree traits were assessed on
2413 trees:

e Total tree height in centimetres (9 years from seed);

e Number of terminal buds on the top leader, excluding
the center bud which becomes the leader during the next
year’s growth. Terminal buds form the whorl branches
during the next growth year (7 years from seed);

e Christmas tree quality using a visual score from 1 to 9
based on the European grading system for Christmas
trees (Nielsen et al. 2010). Scores of 9—7 were assigned
to the top quality trees, 6—4 were for low quality but sale-
able, and scores 3—1 were for cull trees (9 years from
seed);

e Density with a score from 1 to 9 was used to assess the
crown quality of trees, where 9 was used for the densest
tree, with no obvious gaps between whorls plus a coni-
cal crown shape like “A” (desirable), while score 1 was
assigned to the least dense trees with poor crown quality
(large gaps between whorls, non-conical shape) (9 years
from seed);

e Flushing score at the start of the 8th growing season was
assessed as follows:

0: Bud in winter condition;

1: Bud slowly starting to swell, no green is seen;

2: Bud swollen, some green is seen, but bud scales are
still covering the bud;

3: Bud scales dropped, bud not elongating or only very
little;

4: Shoot started to elongate, needles brush-like forward
pointing;

Table 1 Summary of studied

. . . Materials/genetic group
materials. Infection rate is the

Number of trees Infection rate Christmas tree score

percentage of trees showing
symptoms of N. neomacrospora
infection in each category

of studied materials after
inoculation. Christmas tree
score is the mean for each
category of materials/genetic
group. Standard errors

of estimates are given in
parentheses

Full-sib family

Selfs

Half-sib family

Tversted F.526 seed stand
Tversted F.527 seed stand
Silkeborg FP.259 orchard
Ambrolauri Tlugi (Georgia)
Total

1097 93.1% 4.72 (1.51)
08 95.3% 3.71(1.42)
734 4.50 (1.48)
115 3.92 (1.28)
115 3.66 (1.10)
137 4.33 (1.50)
117 3.87 (1.31)
2413
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5: Shoot elongating, still soft needles;
6: Shoot fully elongated.

2.5 Statistical analysis

The following regular individual tree mixed model was fitted
to the N. neomacrospora data as well as to the Christmas tree
traits measured in the field (Xu et al. 2021):

y=Xb+Zu+e (1)

where y is a vector of observations (e.g. the lesion length
in centimetres caused by N. neomacrospora), b is a vector
of fixed effects (e.g. plastic box and shoot length in the
artificial inoculation test or block and genetic group effects
for Christmas tree traits measured in the field), u is a vector
of random effects (additive genetic effect, non-additive
genetic effect, and row effect for some traits), and e is the
vector of random residual effects. X and Z are incidence
matrices relating the observations to the fixed and random
genetic effects, respectively. The random effects are assumed
to follow a multivariate normal distribution with means and
variances defined as u, ~ N(O,Aai), Uy, ~ N(O, Iaia), and
e~N(,I Gi), where O is the expectation, 0'2 is the additive
genetic variance, afm is non-additive genetic variance, and
63 is the residual variance. A and I are the additive genetic
relationship and identity matrices, respectively.

The visual inspection of residual plots in ASReml did not
show obvious deviations from normality and homogeneity
for the studied traits.

For Christmas tree traits measured in the field, a spatial
model based on a two-dimensional separable autoregressive
structure was used for residuals to account for within-trial
trends. Residual variance was decomposed into spatially
dependent residuals and independent residuals. The residual
R covariance structure was modelled as follows:

R =0;(Zp. ®p,) + 0.1 @

2
§
and p, are correlation matrices in the column and row

directions, respectively, ® is the Kronecker product, 0',21 is
the variance of the independent residuals after accounting
for correlated spatial variation, and 7 is an identity matrix
(Costa e Silva et al. 2001). All variance and covariance
components were estimated using restricted maximum
likelihood in ASReml version 4.0 (Gilmour et al. 2015). The
significance of the random effects was tested using a one-
tailed likelihood ratio test (LRT). All non-significant effects
were dropped from the final models. Wald F statistics were
used to test the significance of fixed effects. Best linear
unbiased predictions (BLUPS) were estimated for the
parents for each trait.

where o+ is the variance of spatially correlated residuals, p,

Causal additive genetic variances and non-additive
genetic variances were estimated from observed variance
components. Individual tree narrow-sense heritability (hl.z)
estimates for Neonectria susceptibility and Christmas tree
traits were calculated using the following equation for the
regular model:

2
= ——= (3)
i 21 52 2
o, +o, +o;
where o2 is total additive genetic variance, o2 is non-
additive genetic variance (cross effect), and a? is residuals.
From the spatial model, assuming spatial variance could be
separated as part of a correlated environmental variance,
only independent residual variances were used to estimate
hl2 (Bian et al. 2017):

o2

W=—a 4

' olto,, to; @)
where a’? is the independent residual from the spatial
model. Standard error of causal variance components and
heritability estimates were obtained using the Delta method
(Isik et al. 2017).

A multivariate model was fitted to estimate genetic
correlations between Christmas tree traits. In a compact
form, the mixed model for multiple traits looks like Eq. 1.
The only difference between the univariate model in Eq. 1
and the multivariate model is the design matrices (Isik et al.
2017):

Y..= (Id ®X, « (p+l)>b(p+])d 1+ (Li®Z, Juyy +e,
(%)
In this case Y is the vector of observations for d traits
each with n rows, I, is the identity matrix with dimension d,
and X and Z are design matrices with dimensions given. The
residuals in the R matrix are correlated for traits measured
on the same individual but independent across individuals.
Similarly, the additive genetic effects in the G matrix for
two traits measured on the same tree are correlated, scaled
by additive genetic relationships.

2
c-, ©

R=I®[ €1 512:| 6
Oc12 "522 ©
6% o

G=A®| M 5* ™
0412 Oyp

In each of these variance-covariance matrices, variances
for the two traits are on the diagonal and the covariances
between the traits are in the off-diagonal of the matrix (Isik
et al. 2017).
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We also correlated N. neomacrospora susceptibility pre-
dicted breeding values of the 14 parental clones with other
Christmas tree traits using R (The R Core Team 2019).

2.6 Inbreeding effect

For all the full-sib individuals, two groups were classified:
selfed and outcrossed individuals. Analysis of variance
was performed to test if these two groups are significantly
different from each other for the Christmass tree and N.
neomacrospora susceptibility traits using the R glm function
(The R Core Team 2019). The following equation was
used to calculate inbreeding depression (ID) (Lande and
Schemske 1985) for each trait:
Xo = Xs

=P =%l 000 8)

Xo

where X, is the mean of outcrossed individuals and X, is the
mean of selfed individuals.

2.7 Genetic gain

In order to calculate genetic gain, a dummy variable named
“genetic group” was created. The Pmix group included all
the polymix full- and half-sib offspring, excluding the selfs.
The Pmix group was compared with the clonal seed orchard
FP.259 and the three commercial seed sources (F.526,
F.527 and the wild Ambrolauri provenance). A spatial
autoregressive residual structure with correlations in row
and column directions was used in the model. The model
was run in ASReml version 4.0 (Gilmour et al. 2015). Wald
F statistics was used to test the significance of the genetic

groups for each trait. The best linear unbiased estimates
(BLUE) for each genetic group were obtained.

3 Results

Summary statistics is provided in Table 1. In total, 2413
trees were included in the study, with a large proportion
of trees (1195, including 98 selfs) with known female
and male parents, the latter identified using SSR markers.
Neonectria neomacrospora inoculation of full-sib offspring
was effective with an average infection rate of 93.1%
twigs in full-sib offspring and 95.3% in selfed offspring.
Polymix full- and half-sib offspring (excluding selfs) had
the highest Christmas tree quality score (Table 1), followed
by offspring from FP.259, while the three seed stands had the
lowest Christmas tree score. Spatial models improved the fit
statistics of linear mixed models. The improvement in model
fit statistics was mainly due to accounting for trends in the
column direction, which followed an altitudinal gradient.

3.1 Genetic parameters

Variance components and heritability estimates are presented
in Table 2a for the regular model and in Table 2b for the spatial
model. There was significant additive genetic variation for
lesion length caused by N. neomacrospora as indicated by a
high narrow-sense heritability (0.63). Non-additive genetic
variation was not significant for the trait and was dropped
from the final model. For all the Christmas tree traits, adding
the spatially correlated residual term resulted in a better
model fit. Autocorrelation coefficients in column direction
were in general higher than in row direction. Additive genetic

Table 2 Estimates of genetic

(a) Genetic parameters model with residual being independent units (regular model)

parameters from the two

linear mixed models (a) with Traits 62(SE)
independent units and (b) ) 4

with autoregressive order one Lesion length 1.11(0.08)
spatial residual structure. o2 is Height 320 (85.3)
additive genetic variance; 67 is Christmas tree score  0.17 (0.07)
res%dual var%ance; clis ran@om Flushing score 0.54 (0.10)
residual variance from spatial .

model; peol and prow are Density score 0.41 (0.12)
autocorrelations for the columns Number of buds 0.49 (0.16)

and rows, respectively; h?
1

6X(SE) ;(SE)

0.66 (0.03) 0.63 (0.02)
375 (58.5) 0.46 (0.10)
1.96 (0.08) 0.08 (0.03)
0.36 (0.07) 0.60 (0.09)
1.41 (0.10) 0.23 (0.06)
1.73 (0.12) 0.22 (0.07)

(b) Genetic parameters from model with autoregressive order one spatial residual structure (spatial

is individual narrow-sense model)

heritability. Standard errors Traits o%(SE)

of estimates are given in ) “

parentheses Height 339 (59.76)
Christmas tree score 0.16 (0.07)
Flushing score 0.55 (0.10)
Density score 0.37 (0.11)
Number of buds 0.50 (0.16)
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o-fl(SE) prow  pcol hiz(SE)

125 (39.22) 0.85 0.98 0.73 (0.10)
1.62 (0.07) 0.55 0.98 0.09 (0.04)
0.25 (0.07) 0.63 0.74 0.69 (0.10)
1.15 (0.08) 0.77 0.97 0.24 (0.07)
1.48 (0.12) 0.63 0.98 0.25 (0.07)
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Table 3 Additive genetic correlation estimates (r,) between Christ-
mas tree traits. Standard errors of estimates are given in parentheses.
Only significant estimates are presented

Traitl Trait2 Additive genetic
correlation
Height Number of buds 0.46 (0.15)
Density Flushing —0.30 (0.16)
Density Christmas tree score 0.40 (0.20)
Christmas tree score Number of buds 0.38 (0.23)

effects were significant for all the traits as suggested by LRTs.
Based on the spatial model, the narrow sense heritability
for height was highest among the traits (0.73), while
Christmas tree quality had the lowest individual narrow-
sense heritability (0.09). Flushing had a high heritability
(0.69), while density of the tree and number of buds on the
leader were under moderate genetic control with heritability
estimates of 0.24 and 0.25, respectively.

R=-0.067, p=0.027

R=-0.04,p=0.19

3.2 Genetic correlations

Multivariate analysis results are presented in Table 3. The
number of buds had a moderate positive correlation with
height (r, = 0.46 + 0.15) and with Christmas tree score
(r,=0.38 + 0.23). Tree density had a moderate favourable
correlation with Christmas tree score (r, = 0.40 + 0.20),
and a (favourable) negative correlation with flushing score
(r,=-0.30 £ 0.16).

Pearson correlation between predicted breeding values of
N. neomacrospora susceptibility and other Christmas tree traits
is presented in Fig. 2. Low to moderate positive correlations
were detected between N. neomacrospora susceptibility
and tree density and flushing (0.13 and 0.21, respectively),
indicating that earlier flushing trees and the denser trees are
more susceptible to the disease. Negative and low correlation
between the number of terminal buds with N. neomacrospora
susceptibility (—0.15) showed that less susceptible trees tend
to have more terminal buds. No significant correlation detected
between N. neomacrospora susceptibility and Christmas tree
score and height at a 0.001 significance level.

R=0.21,p=6.8e-12

° “0
8

o
S
[
2]
— (o] o))
< o £
=) = ﬁ [ )
@ »
© =
* £ L 0
R
<
@] °
_1 -
°
°
_50 [ ) .
0 2 4 0 2 4 0 2 4
Neonectria Neonectria Neonectria

R=0.13, p=1.5e-05

[ o o 00
® oo

R=-0.15,p=1.4e-06

Neonectria

Neonectria

Fig.2 Scatterplots of each Christmas trait against N. neomacrospora lesion length based on predicted values from linear mixed models. Pear-
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3.3 Inbreeding

One-way ANOVA test for N. neomacrospora
susceptibility and Christmas tree traits showed that selfed
and outcrossed offspring were significantly different
from each other (p < 0.001). Overall, selfed offspring
had 31% longer N. neomacrospora lesion length than
outcrossed offspring, indicating severe inbreeding
depression in susceptibility to N. neomacrospora
(Fig. 3). Selfed progeny also had lower height (26%),
lower Christmas tree quality (21%), a smaller number
of buds at the terminal shoots (18%), and less density of
branches (14%) compared with outcrossed individuals.
Selfed progeny moreover showed 8% earlier flushing
than outcrossed progeny, which is not desirable.

3.4 Geneticgain

Breeding values for N. neomacrospora susceptibility for the
14 parental genotypes were plotted together with breeding
values of the studied Christmas tree traits (Fig. 4). Clones
C76, C31, and C52 were the top parental genotypes with
highest Christmas tree quality and low breeding values
for N. neomacrospora susceptibility (lesion length). They
also tended to be late flushing and with a larger number of
terminal buds and smaller heights (desirable).

Fig.3 Mean of NV.
neomacrospora lesion length,
height, Christmas tree score,
number of buds on the leading
shoot, density, and flushing
score for selfed and outcrossed
polymix offspring. Selfing had
adverse effects on all the traits
analysed in this study and the
differences were significant at a
p < 0.001 significance level
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The difference between the polymix group (full-sib and
half-sib offspring-excluding selfs) and the four commercial
seed sources was significant for all the studied Christmas tree
traits (p < 0.001) (Fig. 5). Results showed that the Pmix group
had the second-lowest height, highest Christmas tree quality,
and highest density. The Ambrolauri Tlugi provenance
(Amb2) had similar performance as F.526 and F.527 with
regard to Christmas tree quality and slightly higher for
density, while it had the lowest height. BLUE of the Pmix
group compared with base populations F.526 and F.527 was
about 22% higher for both Christmas tree score and density
score, and about 8% lower in height (Fig. 5). The clonal
seed orchard FP.259 also performed better in Christmas tree
quality and density (17% higher), and height (7% lower) than
the parental stands F.526 and F.527. These results indicate a
successful breeding program for better Christmas trees.

4 Discussion

4.1 Neonectria neomacrospora susceptibility

Tree breeding programs have successfully increased
individual resistance to microbial pathogens and can provide

long-term management strategies for forest diseases (Sniezko
2006). For this approach to be successful, resistance must be
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Fig.4 Breeding values for
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variable, readily detectable, heritable, and durable (Sgndreli
et al. 2019). In this study, we showed detectable variation
in susceptibility to N. neomacrospora within Nordmann fir,
with high narrow-sense heritability.

High genetic variation among the 1176 full-sib offspring
for susceptibility to N. neomacrospora, and a high heritability,
indicated that selecting resistant genotypes is promising to
make improvement for the disease. A similar large variation in
N. neomacrospora susceptibility was observed among noble

fir (Abies procera Rehder) families (Hansen et al. 2020), but
that study could not deliver heritability estimates. A review by
Carson and Carson (1989) suggested that individual narrow-
sense heritabilities (h?) of disease incidence in forest trees
seldom are larger than 0.30. However, in recent decades, there is
a large volume of studies reporting higher heritability estimates
for disease resistance in forest trees. Likewise, in our study,
narrow-sense heritability of susceptibility to N. neomacrospora
in Nordmann fir was high (0.63). In Pinus taeda, a relatively
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high heritability (0.56) for fusiform rust resistance (Cronartium
quercuum f.sp. fusiforme) was observed (Isik et al. 2008).

Artificial inoculations in controlled environments, with
assessment of lesion length at the point of inoculation, have
been instrumental in the study of disease resistance breeding
for forest and horticultural pathogens (Garkava-Gustavsson
et al. 2013; Gordon et al. 2006; Hurel et al., 2019;
McKinney et al. 2012; Shain and Franich 1981; Solheim
1988). McKinney et al. (2012) and Lobo et al. (2015)
both found very high correlations (0.85 and 0.93) between
necrosis length in the artificial inoculation test and levels of
susceptibility in the field trials, which supports and validates
the use of lesion length in resistance studies. In a previous
work (Xu et al. 2018a), we reported considerable variation
in N. neomacrospora susceptibility among the 68 clones in
the clonal seed orchard FP.259. Ramets of the clones (their
identical copies) in the orchard were naturally infected by the
pathogen. In the here presented study, twigs of offspring of
14 clones from FP.259 were artificially inoculated and their
breeding values were obtained. The correlation between
predicted breeding values of the overlapping clones from
the two studies was moderately high (r = 0.61, p = 0.02).

The importance of interactions between host and
pathogen has been widely reported (Betts et al. 2016,
Best 2018, Kosawang et al. 2020). Genetic variability
of virulence of a pathogen may reflect its adaptability to
different environments and its ability to infect and reproduce
on different hosts (Vanderplank 1963). The virulence level
potentially have direct implications for disease outcome
and the management of the disease in forest tree breeding
populations (McDonald and Linde 2002; Isik et al. 2012).
Therefore, more detailed research on the interaction of the
host and pathogen is needed.

4.2 Genetic correlations

Pests and pathogens can have significant detrimental impacts
on ecology, economy, and aesthetics of forest stands (Carson
and Carson 1989). Resistance breeding of forest trees have
drawn considerable attention in different tree species (Isik
et al. 2008; Koch et al. 2010, 2012; McKinney et al. 2012;
Miranda-Fontaina et al. 2007; Stener 2013; van de Weg
1989). However, breeding needs to balance the need for
resistance against other economically important traits. We
found a moderate favourable positive genetic correlation
between flushing score and N. neomacrospora susceptibility.
In addition, a favourable negative correlation was observed
between the number of terminal buds and N. neomacrospora
susceptibility, suggesting that simultaneous improvement for
several traits could be accomplished. No significant correlation
was detected between N. neomacrospora susceptibility and
Christmas tree score, implying that recurrent selection on
resistance would not affect the Christmas tree quality.

2 swer INRA@

Phenological traits (flowering, leaf flushing time and
autumn leaf senescence) have often been found genetically
correlated with disease resistance in forest trees and can give
hints about resistance or avoidance mechanisms (Elzinga
et al. 2007; Poteri and Rousi 1996; Hurel et al. 2019).
Krokene et al. (2012) showed that bud phenology influences
whole-plant defensive responses and that stem susceptibility
is correlated with fine-scale changes in bud development
in different age classes. In our study, inoculations were
carried out on detached twigs with current year’s developed
shoots. However, the chemical components of twigs might
differ if they start to develop at different time points. Further
work needs to be conducted to better understand the role of
phenology in the disease defence in Nordmann fir.

Although the population studied in this work is the
most improved in the Danish Christmas tree breeding
programme, selected from the first generation (Hansen et al.
2013), we observed a large variation in susceptibility to N.
neomacrospora. One of the underlying reasons for the observed
large variation could be lack of selection on the trait in the first
generation and that the trait itself might be controlled by a large
number of genes—each with small effects. Many long-term
selection experiments in plant and animal breeding suggested
that significant genetic variation is maintained even if the
sample size of founders was small (Isik and McKeand 2019).

4.3 Genetic variances and inbreeding

In this study, we only found significant additive genetic effect
in susceptibility to N. neomacrospora. Non-additive genetic
effects were non-significant for Christmas tree traits after
having excluded selfed offspring from the analysis, which is
in line with the results found by Hansen and Nielsen (2010).
However, our results should be interpreted cautiously due to
the small sample size from the two diallels employed. Large
number of parents and their crosses are required to obtain
accurate estimates of non-additive genetic variances (Chang
et al. 1990; Foster and Shaw 1988; Costa e Silva et al. 2004).
Selfing in forest trees, increasing the expression of
deleterious recessive alleles, can result in inbreeding
depression of growth, survival, and adult fecundity (Cram
1984; Woods and Heaman 1989; Burgess et al. 1996;
Johnsen et al. 2003; Ford et al. 2015). Our results showed
substantial inbreeding depression in Christmas tree quality
traits and resistance to N. neomacrospora. In a previously
published work inbreeding depression was observed for
filled seeds (40%), growth traits (5-17%), mortality, and
axial damage in selfed seedlings of Nordmann fir (Nielsen
and Hansen 2010). The next breeding strategy for Nordmann
fir should manage relatedness while optimizing long-term
genetic gain. Computer generated mating schemes should
be employed to achieve these two conflicting objectives as
suggested for Pinus taeda (Isik and Mckeand 2019).
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4.4 Genetic gain

Few Christmas tree breeding programs are in the second
generation (e.g. Anonymous 2016), and even sparser
information is available on realized gain from Christmas tree
breeding. The polymix offspring based on top-14 selected
clones showed 21% higher in Christmas tree quality and tree
density compared with the base population. The improvement
of Christmas tree quality in our study was exactly the same as
the results from selecting the top 15 (including the 14 clones
in current study) out of 128 Nordmann fir clones based on
an open pollinated progeny test (Nielsen et al. 2020). Similar
estimates were also observed from the closely related species
Abies bornmiilleriana (Xu et al. 2018b). The results suggest
that forward selection of the polymix offspring should
be performed after paternity determination of the non-
genotyped half-sib seedlings to maximize genetic gain. The
forward selected seedlings can be grafted into new clonal
seed orchards as the material for the subsequent breeding
cycle of Christmas trees.

5 Conclusions

This study provided new and novel information on the
genetic basis of susceptibility to N. neomacrospora in
Nordmann fir. Significant additive genetic variation and high
narrow-sense heritability were observed, indicating the trait
can be improved through selection. Substantial improvement
for tree density and Christmas tree quality has been
achieved in the selection process so far. Moderate positive
(favourable) genetic correlation between N. neomacrospora
and flushing showed that simultaneous genetic improvement
can be accomplished for both traits. Significant inbreeding
depression was detected for all the traits in Nordmann fir.
Future breeding of the species needs to balance genetic gain
and accumulation of relatedness to avoid negative effects of
inbreeding.

Appendix

Georgla

Provenances
Mass selection

Clonal seed orchard ——

FP. 259 with 94 plus trees grafted

l Progeny test
Thinned Clonal seed orchard
l Selection based on BLUP

FP. 259 with 68 clones

Extra clones

Top 14 clones

dpdpadgdady

l Polymix crosses

Male clones

:

CI3  C39  C46  C55

C60

C72 i C76 [ Cl1 C3

C42 1 C47 (€52  C54 C73  C78

Polymix Progeny > (i3 [0 T 20

c39 208

20

Female | C46

20

C55

clones

C60 20

20

C72
C76

20

20 | 20

208

Cl1
C21

N
g

208 | 20

208

C31

Cc42
C47

C52
C54

B L B B

20 20

20

C73

208 | 20

C78

20 208

Fig.6 Overview of the origin of parental clones for the polymix
study and breeding process. The yellow stars indicate the materials
included in this study, which is the polymix offspring, and seedlings

from commercial seeds collected from three seed stands (Tve.F.526,
Tve. F.527, and Ambrolauri), and one clonal seed orchard FP.259

INRAZ 2 spnge



22 Page 12 of 15

Annals of Forest Science (2021) 78: 22

~
=)

-
S

NGR_C13

n=104

o
S

FS
S

w
S

Self

[
S

Percentage of offspring / %

=

PM_C13 PM_C39 PM_C46 PM_C55 PM_C60
Fathers

o

~
=}

NGR_C55

@
S

n=102

@
S

Y
=

w
=3

Self)

Percentage of offspring / %
)
o

=

-
PM_C13 PM_C55 PM_C60 PM_C76

Fathers

~
=

NGR_C76
n=104

-
S

o
S

&
S

[
S

Self

n
o

Percentage of offspring / %

5

-
PM_C13 PM_C39 PM_C46 PM_C55 PM_C76

Fathers

o

~
o

NGR_C11

@
=]

n=103

=101

PM_C11 PM_C21 PM_C31 PM_C42 PM_C47

N W A O
o © ©o ©

Percentage of offspring / %

=)

Fathers
70
NGR_C42
60
n=104
50

N W B
©o © o

Percentage of offspring / %

=)

I sel” I
- — -

PM_C11 PM_C42 PM_C47 PM_C52 PM_C54
Fathers

~
o

NGR_C54

[+
(=]

n=103

I I 2
. . |

PM_C11 PM_C21 PM_C31 PM_C42 PM_C54
Fathers

Percentage of offspring / %
- N w N o
o o o o o

o

2 swer INRA@

Percentage of offspring / %

Percentage of offspring / %

~
=

-
S

o
S

N
i)

%
S

n
S

=

~
S

@
S

@
S

&
S

[*3
t=3

X,
S

=

70
60

[=]

70

60

NGR_C39
n=99
(Self)
PM_C39 PM_C46 PM_C55 PM_C60 PM_C72
Fathers
NGR_C60
n=102
Self)

PM_C13 PM_C39 PM_C60 PM_C72 PM_C76

Fathers

NGR_C21
n=101
Srgrlj
PM_C21 PM_C31 PM_C42 PM_C47 PM_C52

PM_C11

NGR_C47

n=104

'Sei[ )

PM_C47 PM_C52 PM_C54

o
S

2
t=)

Percentage of offspring / %

Percentage of offspring / %

~
=

-3
S

w
S

[
S

=

70
60

(=)

70

60

50

40

30

20

NGR_C46
n=103

Self)

PM_C46 PM_C55 PM_C60 PM_C72 PM_C76

NGR_C72
n=103

PM_C13 Pl

NGR_C31

n=103

Self

Fathers

Self)

e
M_C39 PM_C72 PM_C76

Fathers

Diallel 1

PM_C31 PM_C42 PM_C47 PM_C52 PM_C54

NGR_C52
n=103

PM_C11

|“| sg“‘ |“|

PM_C31 PM_C52 PM_C54

Diallel 2



Annals of Forest Science (2021) 78: 22

Page 13 0of 15 22

«Fig.7 Results from paternity analysis of the fourteen seed lots com-
ing from pollination with pollen mixes in diallel 1 and diallel 2.
Black columns show the percentage of offspring sired by the different
potential father clones. Hatched columns show the expected percent-
age, based on the proportion of pollen from the potential fathers in
the pollen mixes. “Self” indicates that the seedlings in those columns
are the result of selfing
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