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Abstract: Pinus merkusii, a natural tropical pine species of Indonesia, is cultivated as the second
most important artificial forest for the industry in Java, after teak, to produce oleoresin. Its genetic
improvement began in 1977 because of its critical role in raising community incomes. Meanwhile, the
effort for genetic improvement in aphid (Pineus boerneri) resistance has just recently started since its
spread was only found broadly in Java by 2004. The second-generation progeny trial for this purpose
was established in 2010, with materials from the best growing 34 families of the first generation.
This study aimed to obtain the best pine genotypes through screening the existing natural variations
found on important characters. The reported incidence of the trigger was when the experiment was
attacked significantly at 30.7% after four years, while some 67 individuals were unexpectedly still
performing well after six years. The results show that blocks affect differences for all traits of diameter,
aphid resistance, and oleoresin productions, and all families differ except for the west-side yield of
oleoresin production. Furthermore, heritability values at individual and family levels were moderate
for the diameter (h2

i = 0.16; h2
f = 0.53) and eastern oleoresin (h2

i = 0.14; h2
f = 0.42). The gain is 4.3%

when 30% of families with the best diameters are retained, while the genetic gain reaches 11% for
oleoresin production. As one of the important traits in the breeding program, aphid resistance has a
weakly inherited trait (h2

i =0.07; h2
f =0.29). Interestingly, this trait shows positive moderate genetic

correlations with the two essential economic values of diameter (rg = 0.66) and oleoresin production
(rg = 0.40). Therefore, the selection of the diameter and oleoresin production will not substantially
affect the resistance.

Keywords: tropical pine; Pineus boerneri; genetic parameters; growth; improvement; oleoresin

1. Introduction

Pinus merkusii, a natural tropical pine species of Indonesia, is cultivated as the second
most important forest for the industry in Java, after teak, to produce oleoresin. Artificial
plantations of this pine are developed mainly by the company Perum Perhutani. The
oleoresin is tapped in “contracts” by people whose primary livelihoods are farming near
the pine regions [1]. This pine genetic improvement, due to its critical role in creating
oleoresin and boosting community income, has been going on since 1977 [2]. However,
the genetic improvement of pest resistance only recently started, particularly for aphid
(Pineus boerneri), since its spread was broadly found in Java in 2004 [3–5]. This invasive
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pest [6] has long been known to damage seven other pine species in many countries [7].
Given the hazard, it is necessary to screen for optimal aphid tolerance in the second-generation
progeny experiment using the best growth individuals from the first-generation progeny trial.

The risks of climate change have been recorded to influence the environment greatly.
As a result, the organisms contained therein, including plants and pests, should adapt to
the changing environments. It was reported that the shockwaves of climate change harshly
stroke Indonesia, which include extra droughts, hot temperature waves, and floods [8].
The United Nations Development Program Indonesia [9] claim that, in most regions of
Java and Sumatra, the rainy seasons start 10 to 20 days later than it did between 1961 and
1990 and 1991 and 2003. These occurrences are likely to persist since specific locations in
Indonesia, mainly south of the equator, may have extended dry seasons, but more intense
rainy seasons with inconsistent rainfall patterns. Furthermore, elevated temperatures drive
the soil to dry out, reduce groundwater resources, and downgrade the land to move into
desertification [10]. Precipitation influences forest health [11], and this effect is comparable
for plantations in Java, Indonesia [12].

Research into probable worldwide shifts of 76 pest species—of their distributions due
to climate change—reveals that pest global distributions may increase and vary among
areas significantly. It is concluded that climate change is projected to enlarge the overall pest
dispersal worldwide [13]. Aphid (Pineus boerneri) incidence to pine plantations in Java, first
identified in 2004, may be explained by the aforementioned impact of climatic changes [10]
and the research of several pest species dispersals growing globally [13]. The aphid pine
is exotic [14] and was first discovered in small areas in 1990 in Baturaden (Central Java)
and in 1994 in Bandung [15]. It was recorded that this pest was found in Columbia in
2008, and many countries across Africa had already experienced similar attacks in the
several decades before, around 1975–1990 [7,16]. These differences in the incidence years
might describe worldwide pest dispersal and the close causal relationships and sequences
between precipitation, tree vigor, and pest population [17–19].

The records show that controlling aphid outbreaks by fogging and drilling is costly and
provides only temporary effects. Meanwhile, nature offers various insecticidal metabolites
for resistance produced within the plant body [20,21]. This ability might vary genetically
within species [22,23], so that variations in plant secondary metabolism become interesting
targets for plant breeding [24]. Considering the unclear pattern that alters the environments,
serious efforts are required to identify and screen Pinus merkusii genotypes for aphid
resistance through its breeding program, for restoring pine plantations in Java. This
procedure is expected to find genetically more stable individuals in resistance against
unstable environments and become a solution to sustain company and community revenues.
Therefore, this research discusses an evaluation involving a 7-year progeny trial for aphid
resistance and oleoresin production grown in 2010. This investigation was prompted by
the documented aphid incidences of prosecutions being opposed at a rate of 30.7 percent
at four years old. However, 67 individuals were surprisingly still in good health after six
years [25,26], which might become a promising potency for overcoming aphid problems
in the future. This study aimed to obtain the best pine genotypes through screening the
existing natural variations found on important characters revealed in the progeny trial for
further development. This research analyzed differences in resistance, growth (diameter),
and oleoresin production harvested from the east and the west-side across families to obtain
genetic parameters of the traits.

2. Materials and Methods
2.1. Experimental Site

The progeny trial was located at 111◦42′7.67′′S, 7◦44′6.64′′ E in the village of Mendak,
the district of Ponorogo, East Java province, under forest concessions controlled by KPH
Lawu Ds, Perum Perhutani. Furthermore, the topography is mainly hilly, at 869 m above
sea level. The daily mean temperature is 25 ◦C, with a minimum temperature of 18 ◦C, and
a maximum of 31 ◦C. In the last five years, 2016 to 2020, annual rainfall was recorded in
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the range of 2500 to around 2958 mm in year−1. The soil type at the location is andosol,
containing high organic matter.

2.2. The Trial Design

In 2010, a progeny experiment was created to test the pine for aphid resistance and
determine which families are more prolific in oleoresin. The materials were from the best
growing individuals of the first-generation progeny trial grown in Cijambu, West Java,
which was initially designed and composed of complete genetic materials from natural
populations in Kerinci, Tapanuli, and Aceh (Sumatra), and genetic material infusion from
Sulawesi. The trial site was cleared before measuring, mapping, and inserting individual
sticks for planting. After knowing the number of seedlings available, 30× 30× 30 cm holes
were prepared and added with 2 kg of manure. The progeny trial consisted of 34 selected
families from Cijambu first-generation trial in Sumedang. Family refers to an individual
female parent in which the seeds, as its progeny, were collected; four tree plots per family
were grown per block, with 4 × 4 m spacing at replications of eight blocks.

2.3. Data Assessment

The assessment process was undertaken in a 7-year progeny trial in April–December.
The diameter of breast height (DBH) measured at 1.3 m from the ground, oleoresin produc-
tion was assessed separately from the west and east sides, and plant resistance to aphids
were the parameters used to evaluate this research. Oleoresin production was carried out
by drilling the stem at 50 cm above the ground with a drilling diameter of 10 mm. It was
measured after three days by weighing and assessing the plant resistance conducted by
observing the aphid infestation using scoring systems. The scoring description is as follows:
2 = heavy (the most vulnerable) with >50% whitish points on the crown; 3 = medium with
whitish points of 25–50% on the crown; 4 = light with whitish points <25% on the crown
and 5 = healthy (resistant).

2.4. Data Analysis
2.4.1. Analyses of Variance

Variance analyses of trial data were based on the following linear model.

Yijk = µ + Bi + F + Bi(F)j + εijk

where, Yijk is the plot mean of the jth family in the ith block; µ is overall mean; Bi is the
effect of ith block; Fj is the effect of the jth family; Bi(F)j is the interaction effect of ith block
and jk family; εijk is the residual error with a mean of zero.

2.4.2. Genetic Parameter

Mixed model analyses used variance components for the genetic parameter calcu-
lation. Block was considered a fixed effect, while the individual family was treated as a
random effect. The mean family variance component was used to estimate individual tree
heritability (h2

i) [27].
h2

i = 1/r × σ2
f/σ

2
p

where, r is the coefficient of relationship; σ2
f is the variance between families; σ2

p is the
phenotypic variance = (σf

2 + σm
2); σ2

m is the variance between plots.

h2
fam = σ2

f/(σ2
f + σ2

bf/b + σ2
e/nb)

where σ2
f is the component of variance due to family; σ2

bf is the component of variance
due to block x family interactions; σ2

e is the residual error; b is the harmonic mean number
of blocks per family; n is the harmonic mean number of trees per family.
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The variance component of the block (σ2
b) is not included in the denominator of the

formulae of heritability; therefore, the estimated heritability is appropriate to the selection
on the block-adjusted data.

Genetic correlations (rg) between traits were calculated according to [27]:

rg = {σf (x,y)}/{σ2
f (x). σf

2
(y)}

1/2

where, σf (x,y) is the covariance component at the family level of two different traits; σf
2 (x)

is the variance component of trait x at the family level; σf
2 (y) is the variance component of

trait y at the family level.
The expected genetic gain (denoted ∆G) in the trial was calculated as follows [28]:

∆G = i . σp
2 . hi

2

where i is the selection intensity; σp
2 is the phenotypic variance; hi

2 is the individual
heritability for the trait of interest.

3. Results

The results show that blocks affect differences for all traits, and all families differ
except for the west oleoresin production (Table 1). Furthermore, the diameters representing
growth and aphid resistance indicate the highest probabilities of significance between
families with p < 0.01 and east oleoresin at p = 0.02. The interaction between block and
family only occurs on aphid resistance.

Table 1. Analysis of variance of P. merkusii diameter (cm), aphid resistance, eastern and western
oleoresin productions from a 7-year progeny trial.

Source of Variation df Sum of Square Mean Square F Value Pr > F

Diameter
Block 7 150.98 21.57 2.16 0.0366 *

Family 33 688.85 20.87 2.09 0.0005 **
Blockxfam 223 2536.29 11.37 1.14 0.1267 ns

Error 450 4494.47 9.99
Aphid resistance

Block 7 61.83 8.83 28.29 <0.0001 **
Family 33 19.23 0.58 1.87 0.0030 **

Blockxfam 223 114.83 0.51 1.65 <0.0001 **
Error 450 140.50 0.31

East oleoresin
Block 7 463.02 66.14 3.94 0.0006 **

Family 33 915.75 27.75 1.65 0.0234 *
Blockxfam 161 3422.20 21.25 1.26 0.0739 ns

Error 147 2470.42 16.80
West oleoresin

Block 7 1178.03 168.29 8.41 <0.0001 **
Family 33 947.29 28.70 1.43 0.0764 ns

Blockxfam 163 3832.76 23.51 1.18 0.1585 ns
Error 149 2981.67 20.01

Remarks: ns = not significant, * = significant at level of 0.05, ** = significant at level of 0.01.

Estimations demonstrate that both heritability values at individual and family levels
were moderate for diameter and eastern oleoresin (Table 2). The gain will be 4.3% when
30% of families with the best diameter are retained. Meanwhile, oleoresin production will
generate a genetic gain of 11% for 30% of the reserved best families.
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Table 2. Genetic parameters of P. merkusii traits; diameter, aphid resistance, eastern and western
oleoresin productions, from a 7-year progeny trial.

Trait
Genetic Parameter

Mean σ2
f σ2

rxf σ2
e CV (%) h2

i h2
f

Diameter 14.32 0.4329 0.6296 9.9167 17.44 0.16 0.53
Aphid resistance 3.51 0.2894 2.8731 19.4070 15.16 0.07 0.29

East oleoresin 6.57 0.0069 0.0559 0.3297 23.69 0.14 0.42
West oleoresin 6.82 0.6873 3.6941 15.6168 24.50 0.05 0.23

The results of the analyses on genetic correlations (Table 3) notice that there are two
positive relationships between diameter and aphid resistance (rg = 0.66) and between
eastern oleoresin and aphid resistance (rg = 0.40).

Table 3. Genetic correlations between P. merkusii traits from a 7-year progeny trial.

Genetic
Correlations Diameter Aphid

Resistance
Eastern

Oleoresin
Western

Oleoresin

Diameter - 0.66 −0.29 −0.50
Aphid resistance - 0.40 −0.46
Eastern oleoresin - 1.13

Western
oleoresin -

4. Discussion

This research to define growth by diameter, which is simpler to measure than height,
is based on other pine studies revealing strong genetic relationships between both features,
particularly at younger ages of 4.7–8 years [29–32]. Furthermore, in Pinus merkusii [33], the
diameter as demonstrated to be more directly linked to oleoresin production than height,
making it the most important property for indirect selection of high-yielding oleoresin, as
seen in Pinus massoniana [29].

Differences between families in three out of four traits are sufficient to represent the es-
sential screened characters for selection of the best performers, where growth depicts plant
vigor and approaching volume, aphid resistance refers to plant health, and oleoresin pro-
duction describes the species’ primary expected by-product for economic reasons. Similar
variations of diameter and oleoresin yield among families in pine, including Pinus merkusii,
have also been recorded [34–36]. Additionally, intraspecific diversity on resistance to in-
sects has also been described in numerous forest tree species among different genotypes of
individual trees/clones/families or provenances [37].

The research discovered an interaction between block and family on aphid resistance,
demonstrating that the environment affects how trees respond to aphid assault at the
microclimate level [37]. The effects might be even greater when environment changes
caused by the climate changes occur. This is a regular occurrence in pine, and similar signs
were found in other pest outbreaks when the environment has a significant impact [38,39].
The design for field trial has commonly been intended to minimize the environment.
However, the edaphic effects in trial sites are usually considerably greater than the climatic
effects [40]. Differences in moisture content of the soil should affect the soil fertility and tree
growth in which those two factors might influence the surrounding microclimate, which is
beneficial for the aphid.

A variation in the diameter, in a moderate heritability value with h2
i = 0.16 and h2

f = 0.53,
shows that further genetic improvement on growth is promising through selection in this
second-generation experiment. This is because the families already originated from the best
growth of first-generation individuals. Therefore, the next further selection on the diameter
should demonstrate the better future performance of individuals on growth. Moderate
genetic control for oleoresin production in this study (h2

i = 0.14, h2
f = 0.42) has also been
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identified in many studies at more mature age trials [30,34,41,42]. This is a good indicator
for Pinus merkusii to obtain better resin production after proper screening. However, in
aphid resistance, the genetic variation is relatively low with heritability values of h2

i = 0.07,
h2

f = 0.29; therefore, selection based on this character may not be appropriate. This character
was observed on another trial in West Java, for the same pest on Pinus merkusii, with many
genetic materials (96 families). The result showed a specified moderate individual with
low family heritability values (h2

i = 0.14, h2
f = 0.2) [5], confirming the response at a family

level in this study. Variations of individual resistance within families might be responsible
for this fact.

The expected genetic gains from selecting 30% of the best individuals/families are sub-
stantial for oleoresin-yield (11%), and this gain is advantageous, realizing that the species
are grown explicitly for oleoresin production. The relatively high percentage of selection
(30%) is assigned based on the limited initial number of families in the second-generation
progeny trial. Subsequently, the genetic variation of selected individuals/families will
decrease compared to the total initial genotypes grown in the test. The first-generation
progeny trial, which originated from genetic materials for this progeny trial, was established
from extensive sources with hundreds of families from throughout its natural distribution
in Indonesia. Therefore, for future genetic improvement initiatives, adding genetic materi-
als for resistance via new accessions of the best-selected families from the first generation
may be an option for increasing the genetic variety of the population. It is important to
note that the genetic parameters discussed may be overestimated whenever interactions of
the family–sites of traits were notable, because they were only established at one location.

The result of aphid resistance analysis has shown that it is lowly inherited. Interest-
ingly, the resistance character, as one critical criterion, exhibits positive moderate genetic
correlations with the two essential economic values; medium with a diameter (rg = 0.66)
and oleoresin production (rg = 0.40), suggesting that the selection on the diameter and
oleoresin production will not give a substantial effect on the resistance. However, the
environment, or the interaction of genetics and environment may have an effect because
of significant positive phenotypic associations between aphid resistance and diameter
(rp = 0.98 **), and between resistance and oleoresin production (rp = 0.79 **), have been
observed in Pinus merkusii [26]. Therefore, these positive genetic relationships provide
expected genotypes for good growth, better oleoresin production, and excellent resistance,
even though resistance is not highly inherited. In other studies, better oleoresin productions
also promoted resistance to pests [31,43]. Secondary plant metabolites play an essential
role in numerous plant protection systems against insects.

The plant quality traits, including nutrition and accumulation of secondary metabo-
lites, were shown to affect the deterioration of insect performance on the trees [44,45].
However, another study on Pinus merkusii indicated that this aphid attack did not signifi-
cantly affect tree diameters, even for those classified as moderately infested trees; moreover,
the aphid did not impact the resin yield. There was no indication of whether this was a
temporary or a permanent situation, but the study revealed that the secondary metabolites
of a monoterpene, sesquiterpene, and diterpene recorded higher for trees with 3% aphid
coverage than those covered at 23%. This approved the role of metabolites for defense
on Pinus merkusii aphid resistance [5]. Furthermore, the secondary plant chemistry ex-
emplified in Pinus contorta var. latifolia was reported under substantial genetic control,
and significant differences were found attributed to differences among its families [39].
Therefore, it is worthwhile to investigate genetic differences in secondary metabolites found
in Pinus merkusii that confer resistance.

5. Conclusions

Our results show that significant variations found in the defense against aphids in
tropical pines are weakly genetically controlled; however, they are closely related to other
characters—diameter and oleoresin production. These two characters show moderate
heritability values that are essential for facilitating further selections in pine breeding
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programs. Aphid resistance in pine is influenced by the environment, which may include
irregular climate changes. This study presents the best tropical pine individuals as new
“insights” into defensive genotype responses against aphids, for further development.
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