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» Large genetic variation was estimated in the resistance of Scots pine half-sib families to root
rot in field trials.

»  Astrong relationship was observed between family resistance to root rot and phenolic com-
pound concentration in the wood.

Abstract

Five Scots pine (Pinus sylvestris L.) progeny field trials, each established in different Lithuanian
regions of provenance in 1983, were studied. Each progeny field trial consists of 140 half-sib
families from seven populations (20 families from each population). The evaluation was carried
out in 2012 and 2018 to assess the families resistance to Heterobasidion annosum (Fr.) Bref. An
index of resistance in the infected plots was calculated. To verify the accuracy of the method,
total phenolic compounds (TPC) was chosen as key parameter to compare with the plant resist-
ance index. During the six years between the two assessments, the percentage of living Scots pine
trees in the progeny field trials decreased up to 20 percentage points (range: 4 p.p. to 20 p.p.). In
2018 the area of H. annosum damaged plots (in percentage from total field trial area) varied from
17 to 27%. Tree mortality in the trial correlates with site soil fertility — more fertile soils were
distinguished by higher tree percentage loss and vice versa. Using analysis from combined data
of all progeny trials, the family variance component reached 13.3+2.2% and family heritability
was 0.81. Family heritability estimates for root rot resistance show possibilities of high breeding
effectiveness. The correlations between the trials in family resistance estimates were negligible
(ranging from 0 to 0.28). The significant high correlation coefficient was determined between the
resistance index and TPC concentration (#=0.77, p=0.0003). This allows us to assume that plant
resistance is directly linked on TPC synthesis. The results indicate that the chosen methods of
chemical resistance for identification of root rot-resistant genotypes are applicable for the selection
of Scots pine half-sib families in the field trials with higher resistance to pathogens.
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1 Introduction

Heterobasidion annosum (Fr.) Bref. is an important fungal pathogen of northern temperate and
boreal forests, causing root rot and butt rot in conifers (Bendz-Hellgren et al. 1998). Economic
losses due to root rot infection in Europe amount to hundreds of millions of Euros annually (Wood-
ward et al. 1998). H. annosum leads to extensive mortality and is particularly destructive in young
plantations established on dry, sandy acidic soils with low organic matter content, especially in
stands occupying former arable land (Delatour et al. 1998; Fiodorov 1998; Lygis et al. 2004a).
Spores of H. annosum infect fresh conifer stumps and wounds in growing conifers (primary infec-
tion). Mycelium of the fungus spreads along the roots and moves from tree to tree via root contacts
(secondary spread; Kenigsvalde et al. 2016).

Primary infection initiates development of new disease centres in stands where infection
was not previously present. Infection of the roots results in reduced growth rates and premature
death (Hadfield et al. 1986). Often H. annosum infection in a stand results in open areas up to
0.5 ha (Lygis et al. 2004b), caused by Scots pine (Pinus sylvestris L.) death 4-5 years after the first
thinning. Young Scots pine trees (up to 5—7 years old) dry out and die in 2-3 years, and in older
trees the disease may last for 10-20 years.

There are several ways to protect a next-generation forest from H. annosum. Silvicultural
actions, such as chemical, or biological control reduce opportunities for H. annosum to enter
and spread within a stand (Vasiliauskas et al. 2004; Brandtberg et al. 1996). Another option that
actively reduces the spread of H. annosum is to plant less susceptible tree genotypes. Significant
differences in fungal sapwood colonization between different Norway spruce (Picea abies (L.) H.
Karst.) and Scots pine genotypes were determined in experiments where these tree species were
inoculated with H. annosum (Von Weissenberg 1975; Swedjemark and Karlsson 2004; Mukrimin
et al. 2019). Skroppa et al. (2015a) noted, that up to ~35% of this variation can be assigned to
genotypic variation. Other host traits, such as growth capacity, growth rthythm, and wood density,
according to inoculation experiments, could also be influenced by host genotype after fungal
extension within the infected tree (Swedjemark and Karlsson 2006; Oliva et al. 2010; Zaluma et
al. 2016; Marciulynas et al. 2019).

Tree resistance to pathogens is related, in addition to genotype, to the general viability of
trees, their physiological processes, and their ability to synthesize and mobilize secondary metabo-
lites (SM), usually phenolic compounds, in tissues as defensive compounds (Witzell and Martin
2008; Sallas et al. 2001; Marciulynas et al. 2019). Low molecular weight phenolics may function
as precursors for the synthesis of defensive compounds e.g. lignin (Bonello and Blodgett 2003),
(Urbanek Krajnc et al. 2014), but they may also increase plant resistance via synergistic effects,
or impact the pathogen due to variable concentration levels of phenolic compounds (Wallis et al.
2008; Edenius et al. 2012). Some authors indicate that stilbenes pinosylvin (PS) and pinosylvin-
monomethylether (PSME), which occur in Scots pine heartwood, are involved in the resistance
to fungal colonization and that they accumulate locally in the reaction zone (Lieutier et al. 1996;
Bois and Lieutier 1997).

Variation in the concentration of different plant secondary metabolites (terpenes, phenolics,
formylated phloroglucinol compounds, stilbenes, flavonoids, sideroxylonals) depends upon both
genetic and environmental factors (Andrew et al. 2007; Kiilheim et al. 2011; Ganthaler et al.
2017a). Studies show that the ability of different genotypes to synthesize secondary metabolites
and mobilize them against pathogens is variable, and therefore genetic selection is appropriate an
appropriate method to select pathogen-resistant families (Thor and Stenlid 2004; Oliva et al. 2011).
Several associations among phenotypic traits, for example wood properties (Beaulieu et al. 2011;
Westbrook et al. 2013), growth and wood chemistry (Lepoittevin et al. 2012), and cold hardiness
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and bud set timing (Eckert et al. 2009; Holliday et al. 2010), have been reported in coniferous trees.
However, associations have been only rarely reported for cellular phenotypes (e.g., metabolite
concentrations) (Eckert et al. 2012) or disease resistance (Quesada et al. 2010).

This study was designed to develop a new method of application of chemical resistance
(Total Phenolic Compounds (TPC) accumulation in trees) for identification of root rot-resistant
genotypes and integrate the procedure into practical forestry. Five Scots pine progeny field trials
were analysed to answer the following questions: (1) Can root rot damage evaluation in progeny
field trials be successfully used in H. annosum resistant Scots pine genotype selection? (2) Does
root rot resistance rate vary among different Scots pine genotypes? (3) Do the total phenolic com-
pounds (TPC) of healthy trees correlate with Scots pine resistance against root rot?

2 Materials and methods
2.1 Progeny field trial description

In this study we used five Scots pine progeny field trials, established in different regions of Lithu-
anian provenance in 1983 (Table 1, Fig. 1). Each progeny field trial consists of 140 half-sib families
from seven populations (20 families from each population). The same populations and families
were planted in each field trial, for a total of 31411 trees: 5030 to 7800 trees in each trial depend-
ing on the trial area. The same test design was used in all five field trials: full randomization in
five to six replicates with ten trees in each replicate. All populations and families are represented
in each replicate. Planting spacing in all the trials was 1.5 x 1.5 m, except in the Siluté field trial,
where spacing was 2.0 x 1.0 m. The average survival rate of the planted trees was 40% at age 36.

2.2 Root rot damage evaluation

The evaluation of root rot damage in the same progeny field trials was carried out in 2012 and in
2018. The assessments were carried out at a six-year interval. The ages of the Scots pine trees in
these progeny field trails were 30 years (2012) and 36 years (2018). The first step was to distinguish
the root rot-damaged areas in the progeny field trials. Within these areas, root rot-damaged plots
were defined according to groups of dead Scots pine trees caused by H. annosum (shown in Fig. 2).
The cause of tree mortality in these plots was assessed by spot inspection of fallen tree roots and

Table 1. Characteristics of five Scots pine (Pinus sylvestris) progeny field trials, established in different
regions of Lithuanian provenance in 1983.

Trial code* Forest Forest Area Planting design ~ Soil ** Coordinates
enterprise district (ha) (m)

28PBZ008 Veisiejai Latezeris 2.0 1.5x1.5 Na 53°58’'N, 24°09'E

03PBZ010 Veisiejai Kapciamiestis 2.5 1.5x1.5 Nb 53°58'N, 23°43'E

06PBZ005 Ignalina Vais$nilinai 1.5 1.5x1.5 Na 55°24’'N, 26°09'E

31PBZ007 Nemenciné  Purviniskés 1.5 1.5x1.5 Nc¢ 55°01°N, 25°38'E

22PBZ009 Siluté Zemaitkiemis 1.5 2.0x1.0 Nd 55°14'N, 21°31'E

* The code in the Lithuanian Forest Seed Database.
** Na — very oligotrophic mineral soils of normal moisture; Nb — oligotrophic mineral soils of normal moisture; Nc —
mesotrophic mineral soils of normal moisture; Nd — eutrophic mineral soils of normal moisture (Vaicys 2001).
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Fig. 1. Scots pine progeny field trials, provenance regions, and population origins. Scots pine progeny field trials used
in the study: A — Ignalina, B — Nemencin¢, C — Druskininkai, D — Veisiejai, E — Silute.

stems. In addition, H. annosum fruiting bodies was searched for in root rot-damaged plots in order to
facilitate pathogen identification. If it was possible to find fruiting bodies of H. annosum on a dead
scots pine trees, these damaged areas were classified as damaged by root-rot, if not — wood samples
were taken from dead and live trees on the edges of the damaged area by drilling into the core at
stump level and samples were taken to the laboratory for their identification. Individual pieces of
the wood obtained were placed in separate sealed bags and incubated at 20 °C. After a three-week
incubation period at room temperature, the samples were checked for mycelia, conidiophores, and
conidia formation characteristic of H. annosum. If mycelium, conidiophores, and conidia forma-
tion characteristic of H. annosum were found on the wood samples, these trees were classified as
damaged. If the H. annosum mycelium did not grown, then the trees were called healthy and the
group of dead and living trees was not classified as root-rot damaged area.

An evaluation was carried out to assess Scots pine genotype resistance to H. annosum root rot
by calculating an index of resistance at tree level in every root rot-damaged plot which was singled
out as described below. The genotypic index of resistance was evaluated using root rot-damaged
area in 2012 and 2018. The separation of infected plots was achieved at each field trial by fixing
the borders of plots where the majority of trees were dead. 24 to 34 root rot-damaged plots were
singled out in every trial in 2012, comprising approximately one third of the total trial area. The
average rot-damaged plot size in 2012 was 139 m? with the initial number of trees equal to 62.
During the second assessment in 2018, only larger root rot-damaged plots were selected. In every
trial in 2018, 10 to 17 plots were singled out as having root rot damage, consisting of approximately
one-fifth of the total trial area. The average rot-damaged plot size in 2018 was 278 m? with the
initial number of trees equal to 124. Calculations were performed separately for the designated
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plots in the first assessment (2012) and the second assessment (2018) and a comparison of results
was performed. The following is the formula of index of resistance (the obtained estimates that are
summed up in the formula before were standardized to a mean of 0 and a standard deviation of 1):

resist = dist + rot +rot _ fam @

where dist is the inverted distance of any tree that survived in the plot to the plot centre (plot radius
minus tree distance to the plot centre), 7ot is the ratio of number of trees in the plot to number of
killed by H. annosum trees in the plot (the less trees survived the higher estimate), and rot_fam
is the ratio of number of survived certain families’ trees (to which belong the evaluated tree) in
the plot to the initial number of families’ trees in the delineated plot (the more family members
survived the higher estimate). Distance from the centre of the plot was included in the formula in
order to account for the fact that the trees situated closer to the centre were longer in the infected
environment compared to the trees in the perimeter of the plot, so they are presumably more resist-
ant (Rieksts-Riekstins et al. 2020).

2.3 Quantification of phenolic compounds

Wood samples of the 17 half-sib families (10 biological replicates from each) were collected in the
Ignalina progeny field trial during the vegetation season in 2019 (total sample number: 17 Scots
pine half-sib families x 10 biological replicates = 170 samples). Before analysis, the collected
Scots pine wood samples were stored at —20 °C. For the preparation of methanolic extraction,
500 mg of fresh wood material was soaked in 10 ml of 75% methanol on a shaking table for 24 h
at room temperature using a Kuhner Shaker X electronic shaker (Adolf Kiithner AG, Birsfelden,
Switzerland) and subsequently filtered through Whatman no. 1 filter paper.

The total phenolic content (TPC) of the extracts was evaluated using the Folin—Ciocalteu
(FC) assay. 0.1mL of extract was then mixed with 0.ImL of 2 N FC reagent and 2.5mL of distilled
water. After 6min, 0.5mL of 20% Na,CO3; was added and the mixture was incubated for 30 min. The
absorbance was measured at 760nm using the T80 UV-VIS spectrophotometer (PG Instruments,
Leicestershire, UK). The total phenolic content was expressed as chlorogenic acid equivalents in
mg/100g of fresh material (CAE mg/ml).

2.4 Statistical analysis

The variance components were calculated with the following model using the SAS MIXED pro-
cedure (SAS Institute Inc. 2002-2012, version 9.4):

Yijii = p+ Ri + Pj + Fi + Ejj (2)

where u is the grand mean, R; is the fixed effect of replicate i, P; is the fixed effect of population j,
F} is the random effect of family k, and Ej, is the residual error. Standard errors of the estimates
of variance components were found by Taylor expansions and the asymptotic covariance matrix
of the estimates was obtained from MIXED procedure.

Family heritability (h)%) was estimated as follows:

2
R
f 6]2( +02/n

)
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where G‘% is the half-sib family variance component estimate from model (Eq. 2), o2 is the
residual variance estimate from model (Eq. 2), and # is the average number of trees per family in
the corresponding trial. SAS CORR procedure was used for the Pearson correlation calculation.

3 Results
3.1 Damage to field trails

During the first field trial assessment in 2012, the average percentage of living Scots pine trees
in progeny trials was about 50% of the initial planted number of trees (with the exception of
Nemenciné, where only 39% of trees were left) (Table 2). During the six years between the two
assessments, the percentage of living trees decreased by a further 4 percentage points in the Drus-
kininkai field trial, while in the Siluté field trial it decreased by a further 20 percentage points. A
decrease in tree percentage correlates with a soil fertility gradient — more fertile soils were dis-
tinguished by higher tree percentage loss and vice versa. In 2018, root rot-damaged areas in the
analysed field trials varied from a 16.8% to a 27.1% of total field trial area. In our estimations,
1/3 to 1/2 of tree mortality was due to root rot damage, while the rest of the damage was due to
self-thinning. The largest damaged sites were found in the Veisiejai progeny field trial (Table 2),
where the damaged area is distinguished by its oval shape (Fig. 2D). The least-elongated sites
were found in Druskininkai, while the most-elongated sites were found in Nemenciné (where the
average length of the site (y) was 4.7 times the width (x). It should be noted that no thinning were
done in these trials until assessment in 2018.

3.2 Scots pine families resistance to Heterobasidion annosum

Calculations are presented for the smaller (2012) and larger (2018) root rot-damaged plots in order
to establish which method is more suitable for Scots pine resistance assessment. Two assessment
comparisons are presented in Table 2. The estimates of the family component are large (and pos-
sibly overestimated) as the formula for calculation of resistance includes related components; e.g.
the number of surviving trees in the plot and the number of surviving trees belonging to the same
family as the evaluated tree.

Comparing family resistance estimates between smaller and larger damaged plots, the
obtained correlation was 0.30. The most comparable results were found in the Veisiejai progeny
field trial, while the biggest differences were found in Siluté (where the root rot-caused thinning
was the highest).

Table 2. Percentage of living scots pine trees in 2012 and 2018 years from the initial planted number of trees; the
change of percentage points (A) of living trees between the period of two assessments; the area of damaged plots in
2018 (expressed as percentage from total field trial area); and the average damaged plot size by Heterobasidion an-
nosum in 2012 and 2018 (m?2).

Code  Field trials Percentage (%) The change of The area of damage The average of damage plot
percentage points (A)  plots in 2018 (%) in 2012 and 2018 (m?)
2012 2018 2012 2018
A Ignalina 49 43 -6 21.1 94 264
B Nemenciné 39 27 -12 16.9 131 254
C Druskininkai 56 52 —4 16.9 92 282
D Veisiejai 52 45 -7 16.8 199 351
E Silute 52 32 -20 27.1 180 239
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E 2012 - 2018

Fig. 2. Damaged areas in Scots pine progeny field trials during the 2012 and 2018 assessments.
X — distance between the rows, Y — distance inside the rows. Scots pine progeny field trials
used in the study: A — Ignalina, B — Nemen¢iné, C — Druskininkai, D — Veisiejai trial, E — Siluté.
Damaged areas are contoured in black.
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Table 3. Variance components and family heritability estimates of resistance to Heterobasidion annosum index
in Lithuanian Scots pine progeny field trials (damaged plots in 2012). Variance components and standard errors
given in percentage (* — 95%, ** — 99%, *** —99.9%)

Field trials Family component +SE p-value hy Population Replicate

(%) F criterion  p-value F criterion  p-value
Druskininkai 54.4 10.5 ok 0.75 1.41 . 66.32 ok
Ignalina 18.6 4.4 Ak 0.56 2.44 * 10.76 oAk
Nemenciné 232 5.0 Hokk 0.65 3.45 o 1.71
Silute 50.7 10.2 ok 0.81 2.01 . 8.04 ok
Veisiejai 38.6 7.0 Ak 0.77 0.93 . 491 oAk

Designation: 4%, — family heritability.

Correlations between breeding values of families showed that resistance was positively and
significantly correlated with survival (0.18). Though family heritability estimates (Tables 3 and 4)
show possible high breeding effectiveness for root rot resistance, the correlations between the trials
in family resistance estimates were negligible (ranging from 0 to 0.28). The problem could lie
in spontaneous formation of damaged plots in the trials and in different combinations of families
for evaluation occurring in the selected plots. Therefore, we have selected several combinations
of families that occurred together in at least one designated root rot-damaged plot in each of the
three field trials (Fig. 3). It can be seen that there is a tendency for families to preserve their level
of resistance to root rot estimate in separate trials (e.g. No. 508, 482, 483, 495, 496, 492 and 493).
This means that, despite the differences in infection rate, soil, and average root rot-damaged area
size among the progeny field trials, there appears to be a genetic basis for Scots pine resistance
to H. annosum.

The family component for Scots pine resistance was more significant when calculations were
done on larger damaged plots. As is shown in Table 3 with the estimates from separate field trials,
a slightly lower than in the rest of the trials family variance component was obtained in the Siluté
trial. Using analysis from all the field trials, the family variance component reached 13.3+2.2%
and the individual and family heritability estimates were 0.53 and 0.81, respectively. Although the
population effect was not significant, the progeny of the populations of Juodkranté and Labanoras
were the most resistant to the spread of root rot. The population of Juodkranté significantly differed
from the populations of Darbénai, Druskininkai, Dubrava, and Kazly Rida in resistance.

Table 4. Variance components and family heritability estimates of resistance to Heterobasidion annosum index
in Lithuanian Scots pine progeny field trials (damaged plots in 2018). Variance components and standard errors
given in percentage (* — 95%, ** — 99%, *** — 99.9%)

Field trials Family component,  +SE p-value h Population Replicate

% F criterion  p-value F criterion  p-value
Druskininkai 53.4 11.0 HkE 0.81 1.07 . 115.52 HA
Ignalina 62.0 11.3 HkE 0.89 0.49 . 12.18 HAK
Nemenciné 48.5 8.6 HkE 0.85 2.65 * 27.80 Hkx
Siluté 26.1 4.7 HA 0.74 2.64 * 21.83 HAK
Veisiejai 51.7 9.2 oo 0.82 1.56 . 10.50 HkE

Designation: 42, — family heritability.
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Ignalina Field Trial

Veisiejai Field Trial

Nemenciné Field Trial

Fig. 3. Estimate of resistance to Heterobasidion annosum of selected Scots pine half-
sib families (with the same colouring) that occurred together in at least one designat-
ed root rot-damaged plot in each of the three selected field trials. Numbers represent
the different Scots pine half-sib families.
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Fig. 4. Total phenolic compound concentration and resistance to Heterobasidion annosum estimates of
17 Scots pine half-sib families in the Ignalina field trial.

3.3 Total phenolic compounds

The most typical field trial site (Soil Na (Table 1)) for Scots pine as determined by site productiv-
ity in Lithuanian forests was selected Total Phenolic Compounds (TPC) accumulation in trees
for identification of root rot-resistant genotypes (Fig. 4). The total phenolic compound (TPC)
concentration was chosen as a key parameter to verify the plant resistance index. The secondary
metabolites, such as phenolic compounds, are used as defensive compounds in Scots pine. The
amount of TPC in Scots pine wood was determined during the growing season.

Our results showed that the half-sib families with a higher resistance index were character-
ized by higher TPC concentration (Fig. 4). A very low resistance index was determined in half-sib
families No. 520 and 524, which also had low TPC concentration in the wood. There was a sig-
nificant high correlation coefficient between the resistance index and TPC concentration (»=0.77,
p=0.0003). This allows us to assume that plant resistance is directly linked to TPC synthesis.

4 Discussion

Five progeny field trials of Lithuanian Scots pine populations were evaluated for different levels
of resistance of scots pine half-sib families to Heterobasidion annosum. The H. annosum damaged
area results show that the most severe damage occurred in fertile habitats, which in our case was the
Siluté progeny field trial, where damaged trees with H. annosum accounted for more than 27% of
total field trial area. Meanwhile, in less fertile habitats, the lesions were significantly lower (16.8%
of the total field trial area). Such results confirm the data provided by other researchers indicating
that the prevalence of root rot in stands is determined by the fertility of the site (Vasiliauskas 1964;
Stenlid and Redfern 1998; Piri 2003; Vasiliauskas et al. 2005a).

Druskininkai and Siluté experienced high levels of root rot spread despite the fact that they
have not been thinned, which typically increases H. annosum spread. In many studies, greater stand
age is reported as one of the factors contributing to a higher prevalence of infected trees, but all of
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our trials were the same age therefore this could not be causing the higher levels of prevalence in
this study (Vasiliauskas 1964; Piri 2003; Pukkala et al. 2005; Vasiliauskas et al. 2005b). The same
initial stand density was selected in all investigated progeny field trials, and therefore this factor
could not affect inter-plot root rot incidence rate, as has been shown in other studies (Risbeth 1950;
Thor et al. 2006; Zemaitis and Stakénas 2016). However, a more detailed analysis of the lesions of
H. annosum, shows that not all populations in the experimental plantations were affected equally.
Therefore, it can be assumed from the results that Scots pine has resistance to H. annosum damage.

Our previous study results showed that a higher family effect is identified using Scots pine
survival rates from root rot-damaged plots than those from the entire area of the field trial (Ministry
of Environment research project report, “Assessment of Scots pine and Norway spruce genotypes
for diversified breeding”, 2012—2013). Therefore, damaged plots were selected for this study. The
family component of Scots pine resistance was more significant when calculations were carried
out on larger damaged areas while eliminating small ones. The explanation could be that, more
time is needed to form larger damaged area, resulting in longer exposure time for surviving trees.
Therefore, only the most resistant genotypes avoids mortality due to H. annosum. It is known that
high variability of susceptibility to root rot exists in natural populations of Scots pine (Marciuly-
nas et al. 2019) and Norway spruce (Arnerup et al. 2010; Skreppa et al. 2015a,b; Steffenrem et
al. 2016), but it has been debated whether the genetic component is significant enough for resist-
ance breeding. There is not much knowledge on Scots pine half-sib or sib family resistance index
calculations using natural H. annosum incidence rate in progeny field trials. An inoculation study
(Marciulynas et al. 2019) of Scots pine half-sib family resistance to root rot revealed that even
progenies of trees which had survived in the damaged H. annosum plots differed significantly
in resistance. Inoculation of Norway spruce families has shown that both genetic variation and
heritability estimates are essential for breeding for resistance (Skreppa et al. 2015a). The results
did not support the strategy of tree selection in the affected plots with the aim to improve resist-
ance in the progeny. On the other hand, the present study results confirm the possibility of using
existing progeny trials with half-sib or sib families in breeding for resistance to root rot. Breeding
for resistance to root rot does not reduce the breeding effectiveness of other traits (Ministry of
Environment research project report, “Assessment of Scots pine and Norway spruce genotypes
for diversified breeding”, 2012-2013).

Long-term experiments are useful for resistance studies, because root rot damage area
increases with stand age and enables to determine damage plots for assessment family resistance
to pathogen. The method of inoculation with pathogen is one of the most effective in screening
resistant families or clones. However, there are numerous long-term experiments in European
countries which could be used if proper methods were applied for evaluation of family resistance.
Selected material could be used for the establishment of seed orchards and a diversified breeding
strategy could be developed on this basis.

This study also focused on chemical resistance in different Scots pine families. The mortal-
ity differences of trees in the studies may be determined by different family susceptibilities to the
pathogen (Swedjemark et al. 2001; Mukrimin et al. 2019) unequal pathogen virulence (Lakomy et
al. 2011), incubation period (Stenlid and Swedjemark 1988; Zaluma et al. 2016), and plant defense
mechanisms (i.e., secondary metabolites, phenolic compounds, terpenoid compounds) (Ham-
merschmidt 2005; Witzell and Martin 2008; Chong et al. 2009; Roach et al. 2014). The variation
between different provenances and host genotype was reported for several stilbenes, flavonoids
and terpenoids (Slimestad 1998; Evensen et al. 2000; Ganthaler et al. 2017b; Mukrimin et al.
2019). Our results indicate that the half-sib families with a higher resistance index are character-
ized by higher TPC concentration. A significant and high correlation coefficient was determined
between the resistance index and TPC accumulation in Scots pine half-sib families. The findings
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of Mukrimin et al. (2019) revealed that Scots pine trees with low concentration of individual
terpenoids (pB-caryophyllene and a-humulene) were characterized by the greatest susceptibility
to H. annosum necrosis. Data analysis of our research has shown the suitability of the chosen
method of application of chemical resistance (Total Phenolic Content (TPC) accumulation in trees)
for identification of root rot-resistant genotypes, which can be used as an additional indicator to
determine resistance of trees to H. annosum.

It was found that by accounting for a smaller number and larger size of H. annosum damaged
plots in the field trials compared to larger number and smaller size damaged plots would increase
the efficiency of breeding for resistance to root rot. The efficiency of selection of resistant genotypes
also increases with the age of field trials. The results indicate that a combination of methods may be
directed towards the breeding of Scots pine half-sib families with higher resistance to pathogens.
This could be used for forest management strategies, employed commercially for propagation and
marketing, and used for afforestation.
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