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Abstract From four Korean pine (Pinus koraiensis)

orchards, 60 clones were selected and analyzed for the fatty

acid and amino acid components of the seeds to reveal the

variations and correlations of the seed characteristics

among the clonal source orchards and clones. The nutri-

tional components of the seeds of the P. koraiensis trees

exhibited rich genetic variation; the variation coefficient of

the fatty acids was 2.24–66.83 %, while the variation

coefficient of the amino acids was 14.70–38.88 %. Rela-

tively high genetic-improvement potential exists for the

nutritional components of the seeds. The phenotypic dif-

ferentiation of the fatty acid and amino acid components

reveals that variation within the population (85.18 %) was

the primary source for the variation of the fatty acid

components; variation among the orchards (63.08 %) was

the primary source of the variation of the amino acid

components. Data drawn from various clonal source

orchards all showed that the seed characteristics were

highly controlled by heritability (h2[ 80 %), and the seed

characteristics of the P. koraiensis trees exhibited a similar

genetic gain trend. The principal components were ana-

lyzed to obtain the comprehensive principal component

value for each clonal seed orchard. Twelve clones were

selected based on a clonal selection rate of 20 %. Corre-

lation and multiple stepwise-regression analyses were

conducted, considering different location conditions, to

reveal the stable correlations between the seed character-

istics to facilitate improvements of the seed yield of P.

koraiensis trees and the clonal selection. Species of real

characteristics in P. koraiensis were controlled by higher

heritability. Genetic gain was obtained by selecting of

superior clones.

Keywords Fatty acid � Amino acid � Clone � Multi-

characteristic selection

Introduction

The tree species Pinus koraiensis, commonly called Korean

pine, is in the genusPinus in the familyPinaceae. Korean pine

is a grade II national key preservedwild plant ofChina and is a

native tree species in the Northeast China forest region (Lim

2012).P. koraiensis is a good source of timber, paper, and pine

oil. In addition,P. koraiensis nuts are famous for theirmedical

uses and nutritional values. P. koraiensis seeds are the most

popular among current pine-seed products.

Pine nuts have very high nutritional value (Yoon et al.

1989; Wolff et al. 2000; Nergiz and Donmez 2004),
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containing large amounts of crude protein, crude fat,

polysaccharide, and crude fiber as well as vitamins, min-

erals, and trace elements (calcium, phosphorous, man-

ganese, cobalt, copper, and zinc) (Nergiz and Donmez

2004; Zadernowski et al. 2009). The internal quality is a

key criterion on which the fruit marketability and practi-

cability of woody plants that are used for edible oil are

determined. The content of the nutritional components in

pine nuts, such as fat and protein, is equivalent to the fat

content in walnuts, which is significantly higher than that

in hazelnuts, wild apricots, yellow horns and oil palms. The

unsaturated fatty acid components in pine nuts have an

enhancing and protecting effect on cytokines. The range of

amino acids in pine nuts is relatively complete and the

essential amino acid content is abundant (Mensink and

Katan 1990; Willett and Ascherio 1994; Savage 2001;

Ferramosca et al. 2008).

Studies of the variety and nutritional quality of edible

nuts, including walnuts, chestnuts and almonds, have

already been conducted (Savage 2001; Nasri et al. 2005;

Venkatachalam and Sathe 2006; Sathe et al. 2008; Fer-

nandes et al. 2010; Sharma et al. 2010). P. koraiensis has

been studied regarding its flowering and fruiting, seed

orchard management and nutritional value; however, there

have been very few reports dedicated to the assessment of

P. koraiensis’s germplasm resources or comprehensive

evaluations of the nutritional components of P. koraiensis

nuts among different clones (Kang and Lindgren 1998;

Mutke et al. 2005). Therefore, in the present study, we

elucidate the nutritional values of P. koraiensis nuts

through the analysis of the nutritional components of pine

nuts from different seed orchards; discuss the variations of

the nutritional components of P. koraiensis among clonal

source orchards and among clones within the same popu-

lation; identify closely related economic indices based on

the correlation analysis; select high-quality clones using a

multi-character combined selection strategy; provide the-

ories and excellent germplasm resources for the selection

of P. koraiensis; and lay the foundation for the construction

of seed orchards and advanced-generation seed orchards.

Materials and methods

Materials

Experimental materials were collected from four P.

koraiensis seed orchards, which were located in Weihe

(WH) Township in Shangzhi City, Linkou (LK) County in

Mudanjiang City, Tieli (TL) City and Hegang (HG) City in

Heilongjiang Province, China. Fifteen clones were selected

from each seed orchard (Table 1). For each clone, clones

from three standard trees were randomly selected. The

clones collected from each tree were treated for seed pro-

duction and were then used for sample preparation. The

clones were collected in the fall of 2011 and were stored in

the refrigerator (5 �C) in the experimental forest of the

Northeast Forestry University for further use. The locations

of the samples are shown in Fig. 1. The maternal plants in

all four of the seed orchards were established after grafting

in 1979. The parental origins for the seed orchards were the

following: parent tree of Hebei (Weihe); parent tree of

Wuying (Hegang); parent tree of the local plantation

(Qingshan, Linkou); and parent tree of Wuying (Tieli).

Methods

The selected P. koraiensis seeds were first weighed fol-

lowing harvesting and then re-weighed after the shells were

removed. The pine seed oil was extracted as follows. The

pine nuts were ground into a fine powder and extracted

using the Soxhlet extraction method at 70 �C for 8 h. This

step was repeated three times. The solvent was dried in a

rotary drier, and the oil was obtained, which was stored at

-20 �C for further use. The extracted oil was treated using

the simple methyl esterification method (Wolff et al. 1997)

(KOH-CH3) and was analyzed using an HP6890/HP5973

gas chromatograph-mass spectrometer (GC–MS) (Agilent,

USA) under the following conditions. A DB-5 (60 m 9

0.25 mm 9 0.20 lm) chromatographic column was used,

and the temperature of the injection port was 250 �C. The
initial temperature was 140 �C, which was maintained for

5 min, then increased to 240 �C at 2.5 �C/min, and then

maintained at 240 �C for 5 min: the total analysis time was

50 min. The injection volume was 1.0 lL. Helium (He)

was used as the carrier gas, delivered at 1.0 mL/min. The

diversion ratio was 20:1. The temperature of the trans-

mission line was 250 �C. Electron ionization (EI) was used

as the ionization mode. The temperature of the ion source

was 230 �C. The multiplier voltage was 1.4 kV. The

Table 1 60 clone source samples Pinus koraiensis at Hegang, Lin-

kou, Tieli, and Weihe in Heilongjiang Province, China

Location Clone number

Hegang 1 10 12 14 17 2 21 23

Linkou 11 13 15 16 18 19 20 24

Tieli 1024 1048 1061 1102 1104 1112 1131 1185

Weihe 008 019 028 042 056 057 063 065

Location Clone number

Hegang 39 41 43 44 49 6 8

Linkou 26 27 3 32 6 8 79-36

Tieli 1194 1209 1271 1357 1383 3083 3101

Weihe 066 067 071 110 117 152 162
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electron energy was 70 eV. The molecular-weight

scanning range was 50–550 amu. The scanning time was

0.5 s in the full-scan mode using the spectra library

DATABASE/NIST98.L.

The defatted powder of the pine nuts was extracted as

follows: 50 mL of water was added to 0.5 g of powder for

extraction. Ultrasonic-assisted extraction (60 �C, 500 W)

was used for 2 h. After suction filtration, the constant

volume of the extract was set at 50 mL. The extract was

used to determine the protein content. The Bradford

method was used for protein-content determination (Shen

et al. 2008), with bovine serum albumin as the standard.

The standard curve was Y = 7.3943x ? 0.0288, where Y

represents absorbance (k = 595 nm), and the unit of x is

mg/mL. The obtained protein amino acid sample from

defatting the pine nuts was pre-treated using the

hydrochloric acid-hydrolysis method (Bond et al. 2005).

A Hitachi L-8800 amino acid analyzer was used for testing.

Data processing and analysis

The ArcGIS software was used to construct the geographic

coordinates for the sample collection. Data Processing

System 14.01 and Predictive Analytics Software 18.0 were

used for the analysis of quantitative traits based on genetic

parameters. The experimental design used was hierarchical

classification; the linear model was Xijk = l ? Si ?

Tj(i) ? eijk, where each observed value, Xijk, represents the

kth observed value of the jth clone in the ith orchards; l
represents the orchards mean; the treatment effect among

the seed orchards (fixed) is Si = (lI-l); the clonal effect

within the seed orchard (random) is Tj(I) = (lij-l); and the
random error is eijk = (Xijk-lij). The sum of squares of the

total variation (SST ¼
Pa

i¼1

Pm

j¼1

Pn

k¼1

xijk � �xð Þ2) consists of

sum of squares among the seed orchards (SSt ¼ mn
Pa

i¼1

ð�xi��xÞ2), the sum of squares among the clones within the

orchards (SSd ¼ n
Pa

i¼1

Pm

j¼1

�xij � �xi
� �2

), and the sum of

squares of the testing error (SSe ¼
Pa

i¼1

Pm

j¼1

Pn

k¼1

xijk � �xij
� �2

).

The a represents that there are numbers of seed orchards, m

represents there are numbers of m clones in each seed

orchard, and n represents there are numbers of observations

in each clone.

The phenotypic differentiation coefficient (Vst) was used

to reflect the phenotypic differentiation among the seed

orchards:

Fig. 1 Distribution map of sample collection of Pinus koraiensis at Hegang, Linkou, Tieli, and Weihe in Heilongjiang Province, China
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Vst ¼ d2t=s= ðd
2
t=s þ d2s Þ;

where d2t=s represents the variance component among the

seed orchards; d2s represents the variance component within

the seed orchards.

A linear model, Xij = l ? Si ? eij, was used to esti-

mate the repeatability (R) of the clone in each orchard

using the following formula: R = VC/(VC ? VE/N), where

VC represents the variance of the clone, VE represents the

variance of the environment, and N represents the number

of individuals measured for each clone. R was used as the

upper limit of the estimate of the heritability (h2). One

standard deviation (rA)—by which the clonal mean sur-

passed the total mean of all the seed orchards—was used as

the selection standard to estimate the genetic gain. The

following characteristics are critical to model selection:

genetic gain, DG %ð Þ ¼ ðh2 � S=�xÞ � 100 %; i ¼ S=rA;
DG ¼ ðih2rA=�xÞ � 100 %; �x represents the mean of

the characteristic; h2 represents the clonal heritability;

i represents the selection intensity; S represents the selec-

tion differential of the characteristic’s value; and rA rep-

resents the standard deviation of the selection

characteristic.

A Pearson correlation is used for the methods of cor-

relation analysis. The following equation (Eq. 1) is used

for measuring the relevance degree in traits, when data

meets the normal distribution.

rxy ¼
Pn

i¼1

ðxi � �xÞðyi � �yÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1

xi � �xð Þ2
Pn

i¼1

yi � �yð Þ2
s ð1Þ

The meaning of �x and �y represent x and y, respectively.

Meanwhile, the meaning of xi and yi represent x and y. The

method of multiple stepwise regression analysis is estab-

lished by the optimal combination of the multiple inde-

pendent variable x. The regression equation can predict the

regression analysis of dependent variable y. The regression

equation with y = b0 ? b1x1 ? b2x2 ? b3x3 ?…? bnxn.

b0 is the absolute term. b1, b1 and bn are partial regression

coefficient of x1, x2 and xn. The multiple correlation coef-

ficient is r, which represents the linear relationship between

the independent variable (xi) and the dependent variable (y).

To evaluate the information contained in our experi-

mental data, principal component analysis (PCA) was

applied. This is a chemometric method to visualize infor-

mation contained in experimental data and to find the true

dimensions of a dataset (Miloun et al. 1992). The variables

measured for each sample describe each sample in a vari-

ables space. PCA generates a set of new orthogonal vari-

ables (linear combinations of the original ones) so that the

maximal amount of variance contained in the dataset

(information) is concentrated in the first principal

components. The loadings are the coefficients of the orig-

inal variables defining each principal component.

Results

Variation of the nutritional components of Korean

pine seeds

Korean pine nuts are the product of an edible woody oil tree

species with oil content as high as 56.76 %. There are a

variety of fatty acids in pine nuts. Gas Chromatograph-Mass

Spectrometer-computer (GC–MS) was used to analyze the

fat content of pine nuts from four different seed orchards

(using a total of 60 clones). Table 2 shows that there were

11 types of fatty acids detected, including five saturated

fatty acids—myristic acid (C14:0); palmitic acid (C16:0);

margaric acid (C17:0); stearic acid (C18:0) and arachidic

acid (C20:0)—as well as six unsaturated fatty acids—

palmitoleic acid (C16:1D9c); oleic acid (C18:1D9c);
gadoleic acid (C20:1D9c); linoleic acid (C18:2D9c,12c); a-
linolenic acid (C18:3D9c,12c,15c) and eicosadienoic acid

(C20:2D11c,14c). The mean level of saturated fatty acids

(
P

SFA) was 12.05 %, and C16:0 had the highest content,

with a mean of 7.12 %. The total content of unsaturated

fatty acids that are beneficial to humans was 84.67 %. The

unsaturated fatty acids present included monounsaturated

fatty acids (
P

MUFA) (24.97 %) and polyunsaturated fatty

acids (
P

PUFA) (59.70 %). Among the unsaturated fatty

acids, linoleic acid (C18:2D9c, 12c) had the highest content
(42.02 %), followed by oleic acid (C18:1D9c), a-linolenic
acid (C18:3D9c,12c,15c), gadoleic acid (C20:1D9c),
eicosadienoic acid (C20:2D11c,14c), and palmitoleic acid

(C16:1D9c).
The fat content and fatty acid components of Korean pine

nuts from different seed orchards and the multiple compar-

ison between them (Table 2) show that—except for the

C14:0, C16:0, C18:3, and C20:2 seeds—all the other indices

significantly differed among different seed orchards. The

genetic-variation coefficient reflects the genetic-variation

capacity of the characteristic. Of the fatty acid components,

C14:0 had the highest variation coefficient (66.83 %), and

C18:2 had the lowest variation coefficient (2.24 %), indi-

cating that there was significant variation between different

fatty acid components. Therefore, it is imperative to collect

as many fine tree species as possible and expand breeding

orchards as much as possible when constructing advanced-

generation seed orchards. The potential of using fat content

from the following seeds—C14:0, C17:0, C18:0, C20:0,

C16:1, and C20:2—as indices for improvement was rela-

tively high. Stability was the best when using C16:0, C18:1,

C20:1, C18:2, C18:3,
P

SFA,
P

MUFA,
P

PUFA, andP
USFA as the selection standards.
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Variation in the level of fatty acids in Korean pine seeds

was shown in Table 2. The variation coefficient indicates

the dispersing characteristics of the character value, and

correspondingly, a larger variation coefficient indicating

greater dispersal of the character value. Korean pine seeds

have rich inherent genetic variations. In addition, envi-

ronmental heterogeneity among different seed orchards

enhances differences in the seeds. Performing breeding

selection based on characteristics with a relatively high

variation coefficient from all the seed orchards can provide

excellent propagative materials for improving germplasm

resources of Korean pine.

Variation of the protein and amino acid components

in pine nuts

Amino acids are the component units for protein. We

should take the content and ratio of different amino acid

components (especially essential amino acids) into con-

sideration in the evaluation of the nutritional values of pine

nuts. In the present study, the hydrochloric acid-hydrolysis

method was used (tryptophan was damaged during the test;

therefore, it was not detected). A total of 17 amino acids

were detected. The mass fraction mean of the total amount

of acids (TAA) was 40.433 %. There were seven essential

amino acids; the mass fraction mean of essential amino

acids (EAA) was 9.79 %. The percentage of essential

amino acids relative to total amino acids was 24.21 %.

Glutamate (Glu) had the highest content among all the

amino acid components of pine nuts, with a mass fraction

percentage of 8.46 %. Leucine (Leu) had the highest con-

tent among all the essential amino acids, with a mass

fraction percentage of 2.7828 %. Except for methionine,

there were significant differences among all the other

amino acid components from different seed orchards

(Table 3). The variation coefficient of proline (Pro)

(38.88 %) was the highest among the amino acid compo-

nents, while the variation coefficient of methionine (Met)

(14.70 %) was the lowest. The amino acid components had

relatively high potential for genetic improvement.

Comparing the amino-acid components of pine nuts

from different seed orchards, the protein content and the

variation coefficients of aspartic (Asp) and glycine (Gly)

were the highest in the seed orchard in Hegang. The

variation coefficients of cysteine (Cys), Pro, Met, and

phenylalanine (Phe) were the highest in the seed orchard in

Table 2 Analysis of the fatty

acid composition and oil content

from different seed orchards of

Pinus koraiensis (%)

Location C14:0 C16:0 C17:0 C18:0 C20:0 C16:1 C18:1 C20:1

Hegang 0.0349

(64.56)

6.8824

(7.93)

0.0636

(7.62)d

3.8409

(9.4)c

0.624

(11.27)c

0.13

(23.08)b

24.21

(6.57)a

2.03

(6.89)c

Linkou 0.0447

(51.54)

7.0602

(5.33)

0.0862

(10.55)a

4.153

(8.08)b

0.7416

(9.57)a

0.18

(16.67)a

22.47

(10.01)b

2.17

(8.29)b

Tieli 0.04

(76.13)

7.2698

(6.90)

0.0762

(9.28)b

5.2313

(10.67)a

0.7484

(11.91)a

0.17

(29.41)a

21.54

(8.91)d

2.19

(7.76)a

Weihe 0.0347

(74.46)

7.2491

(7.41)

0.0713

(7.07)c

4.2280

(9.68)b

0.7149

(9.05)b

0.17

(17.65)a

22.42

(6.07)c

2.20

(8.64)a

All populations 0.0386

(66.83)

7.1154

(7.24)

0.0743

(24.05)

4.1133

(10.22)

0.7072

(12.58)

0.1627

(25.15)

22.66

(9.01)

2.1497

(8.47)

Location C18:2 C18:3 C20:2
P

SFA
P

MUFA
P

PUFA
P

USFA Fat content

Hegang 41.80

(1.96)c

16.17

(4.02)

0.95

(30.53)

11.45

(6.36)d

26.37

(5.62)a

58.92

(2.29)c

85.29

(1.02)a

55.28

(10.25)c

Linkou 41.62

(3.03)d

17.13

(12.32)

1.08

(12.04)

12.09

(5.11)c

24.82

(8.56)b

59.83

(2.36)b

84.65

(0.95)b

63.44

(3.89)a

Tieli 42.55

(1.53)a

16.88

(4.74)

1.02

(16.67)

12.37

(6.85)a

23.9

(7.55)c

60.45

(1.92)a

84.36

(1.17)c

56.55

(6.76)b

Weihe 42.13

(1.54)b

16.37

(3.85)

1.11

(12.61)

12.3

(6.54)b

24.79

(4.8)b

59.61

(1.38)b

84.40

(1.26)c

51.77

(9.95)d

All populations 42.022

(2.24)

16.638

(7.61)

1.0422

(19.26)

12.05

(6.9)

24.97

(7.59)

59.7

(2.2)

84.674

(1.18)

56.76

(10.79)

Saturated fatty acids (
P

SFA): C14:0 ? C16:0 ? C17:0 ? C18:0 ? C20:0. Monounsaturated fatty acid

(
P

MUFA): C16:1 ? C18:1 ? C20:1. Polyunsaturated fatty acids (
P

PUFA):C18:2 ? C18:3 ? C20:2.

Unsaturated fatty acids (
P

USFA):
P

MUFA ?
P

PUFA. The number in the parenthesis represents the

variation coefficient. a, b, c and d indicate a statistically significant difference from each other at p\ 0.05

level
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Tieli. The variation coefficients of serine (Ser), Glu, ala-

nine (Ala), tyrosine (Tyr), histidine (His), arginine (Arg),

threonine (Thr), valine (Val), isoleucine (Ile), leucine

(Leu), lysine (Lys), TAA, and EAA were the highest in the

seed orchard in Weihe.

The protein content and all the amino acid components

(except for methionine) from the seed orchard in Linkou

were higher than the mean levels of the seeds from the other

seed orchards, indicating that the breeding population of the

seed orchard in Linkou was more suitable for the breeding of

protein character-related propagative materials. The result

may be associatewith the annual precipitation and altitude of

local seed orchard. The annual rainfall of linkou seed orchard

is 520 mm, which is the lowest in the four locations. In

addition, the elevation of linkou seed orchard is 400 m,

which is the highest in the four locations. The different

environment maybe effect the content of protein in tree. So

future research should study the cause of this phenomenon.

Phenotypic differentiation among the fatty acid

components and amino acid components

Nested analysis of variance was used to decompose the

phenotypic variation. The percentages of variance

components relative to the total variation among orchards

and the variation within the population were calculated.

The mean phenotypic variance of the fatty acid compo-

nents among the orchards was 14.28 % of the total varia-

tion (Table 4); the mean phenotypic variance of the fatty

acid components within the orchards was 82.86 % of the

total variation. The phenotypic differentiation coefficient

of the fatty acid components among the orchards was

0.15–37.71 %.

The variation among the orchards (14.82 %) was far

smaller than the variation within a given population

(85.18 %). The variation within a population was the pri-

mary source of the variation of fatty acid components.

Table 5 shows that the mean phenotypic variance of the

amino acid components among orchards was 62.80 % of

the total variation; the mean phenotypic variance of the

amino acid components within orchards was 36.73 % of

the total variation. The phenotypic variance coefficients of

all the amino acid components were higher than 50 %,

except for Met, with a relatively low phenotypic variance

coefficient (5.10 %). The variation among the orchards

(63.08 %) was greater than the variation within the orch-

ards (36.92 %). The variation among the orchards was the

primary source of the variation of amino acid components.

Table 3 Analysis of protein and amino acid composition from different seed orchards of Pinus koraiensis

Location Asp (%) Ser (%) Glu (%) Gly (%) Ala (%) Cys (%) Tyr (%) His (%) Arg (%) Pro (%)

Hegang 3.1588

(16.93)c

2.27

(11.70)b

7.74

(10.89)c

2.2854

(18.08)b

1.932

(16.16)b

0.7349

(11.15)c

1.3229

(11.16)c

0.8173

(8.70)c

5.978

(12.00)c

1.8025

(17.5)c

Linkou 4.6118

(5.92)a

3.014

(8.14)a

10.603

(2.24)a

2.5958

(4.59)a

2.3623

(6.39)a

1.0079

(6.97)a

1.9083

(8.64)a

1.0884

(26.37)a

9.095

(19.77)a

2.988

(23.29)a

Tieli 3.4875

(10.15)b

2.2015

(12.52)c

7.943

(9.08)b

1.8238

(11.99)c

1.7321

(13.37)c

0.8241

(21.32)b

1.4272

(16.58)b

0.9681

(14.58)b

6.6545

(9.98)b

2.034

(42.6)b

Weihe 2.9733

(16.37)d

2.1601

(16.41)c

7.553

(16.90)d

1.8022

(17.93)d

1.6958

(17.67)d

0.7381

(13.89)c

1.2836

(19.44)d

0.7504

(15.29)d

5.726

(17.94)d

1.4913

(16.24)d

AP 3.5578

(21.89)

2.4114

(18.93)

8.460

(18.92)

2.1268

(21.31)

1.9280

(19.73)

0.8263

(20.13)

1.4855

(22.0)

0.9061

(18.70)

6.864

(23.15)

2.0788

(38.88)

Location Thr (%) Val (%) Met (%) Ile (%) Leu (%) Phe (%) Lys (%) TAA (%) EAA (%) Protein content (mg/g)

Hegang 1.0339

(8.63)d

0.9755

(9.36)d

0.6957

(10.83)

0.7482

(10.16)d

2.3846

(10.56)c

1.2020

(9.77)c

1.3934

(8.06)c

36.476

(10.34)c

8.433

(9.02)c

73.4

(34.12)c

Linkou 1.4655

(10.07)a

1.6637

(12.44)a

0.6830

(21.73)

1.3982

(14.21)a

3.6753

(5.22)a

1.7707

(5.58)a

2.0247

(19.51)a

51.956

(8.48)a

12.681

(9.04)a

96.0

(17.27)a

Tieli 1.1903

(14.52)b

1.1677

(16.37)b

0.6207

(19.06)

1.0552

(17.3)b

2.7472

(12.94)b

1.3728

(18.26)b

1.5727

(9.76)b

38.823

(7.91)b

9.727

(10.2)b

87.7

(22.92)b

Weihe 1.0632

(16.58)c

1.0151

(16.42)c

0.6663

(15.84)

0.8174

(19.50)c

2.3241

(16.53)d

1.1427

(14.53)d

1.2845

(15.13)d

34.477

(16.40)d

8.313

(15.67)d

62.8

(29.22)d

All population 1.1882

(19.13)

1.2055

(26.10)

0.6664

(14.70)

1.0047

(28.69)

2.7828

(22.90)

1.3721

(22.48)

1.5688

(20.67)

40.433

(20.13)

9.789

(20.83)

79.9

(29.82)

The number in the parenthesis represents the variation coefficient %. a, b, c and d indicate a statistically significant difference from each other at

p\ 0.05 level. Essential amino acids (EAA): Thr ? Val ? Met ? Ile ? Leu ? Phe ? Lys
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Evaluation of the clones within the population

and parameter estimation

A single-factor, randomized linear model was used to

analyze the genetic parameters of the source population of

each clone. The upper limit of heritability that was esti-

mated from clonal heritability was above 80 % (Table 6),

indicating that the differences among the clones were pri-

marily caused by genetic effects. The fatty acid and amino

acid components were strongly controlled by genetics, and

character selection could yield relative high genetic gains.

The selection standard considered was a difference of one

standard deviation by which the clonal mean surpassed the

total mean of the population character of all the seed orch-

ards (to analyze unsaturated fatty acid components with the

desired economic characteristics and essential amino acid

components in pine nuts). The component index selection

had the expected genetic gains. Among the fatty acid com-

ponents, C16:1, C18:1, C20:1, C18:3, C20:2,
P

MUFA, and
P

SFA from all four of the seed orchards achieved over 5 %

genetic gains. Among the amino acid components, Thr, Val,

Leu, Phe, TAA, and EAA had the most prominent selection

effects, and all achieved over 10 % genetic gains.

Among the fatty acid components, C20:2 had the best

genetic gains in all four of the seed orchards, with a genetic

gain of variable amplitude (DG) of 21.56 % to 55.77 %.

Among the amino acid components, Met had the highest

genetic gains in the seed orchard in Hegang (18.69 %); the

genetic gains of Phe were the greatest in the seed orchards in

Linkou (29.5 %) and Tieli (48.36 %); and the genetic gain of

Ile was the highest in the seed orchard in Weihe (43.38 %).

Correlation between seed characteristics

Because different orchards have different genetic back-

grounds and different location conditions, the clonal orch-

ards were analyzed separately for characteristic indices. The

linear relationships between the protein content and oil

content of the seeds from the four different locations were

investigated. The correlations for the locations were as fol-

lows: Pearson (HG) = 0.604, Pearson (LK) = 0.226, Pearson

(TL) = 0.227, and Pearson (WH) = 0.435. It is clear that the

correlations were not consistent. Therefore, linear correla-

tion analysis was performed separately on the fatty acid

components and amino acid components.

Tables 7 and 8 list the analysis of the correlations

among fatty acid components. In all four of the seed

orchards,
P

SFA exhibited a positive correlation with

C16:0, C18:0, and C20:0, and a negative correlation with

C18:1 and
P

MUFA.
P

MUFA exhibited a negative cor-

relation with C20:0, C20:1, C18:3, and
P

PUFA and a

positive correlation with C18:1 and
P

USFA.
P

PUFA

Table 4 Variance components composition of fatty acid and phenotypic differentiation coefficient between Pinus koraiensis seeds groups

Fatty acid Mean square (degree of freedom) variance component (d2) Percentage of variance

component (%)

Vst (%)

MSt/s (df = 3) MSs (df = 56) MSe (df = 120) d2t=s d2s d2e Pt/s Ps Pe

C14:0 0.00206 0.00201 0.0000006 0.000001 0.00067 0.0000006 0.15 99.76 0.09 0.15

C16:0 1.4854 0.6644 0.0491 0.0182 0.2051 0.0491 6.68 75.30 18.02 8.15

C17:0 0.0041 0.0008 0.000003 0.0001 0.0003 0.000003 20.41 78.72 0.87 20.59

C18:0 1.5432 0.4783 0.00202 0.0237 0.1588 0.0020 12.85 86.06 1.09 12.99

C20:0 0.1479 0.0153 0.0010 0.0029 0.0048 0.0010 33.53 55.38 11.10 37.71
P

SFA 7.9137 1.6634 0.0581 0.1389 1.6634 0.0581 7.47 89.41 3.12 7.71

C16:1 0.0255 0.0038 0.0001 0.0005 0.0012 0.0001 27.47 67.03 5.49 29.07

C18:1 56.282 10.294 0.0029 1.0220 3.4303 0.0029 22.94 77.00 0.07 22.95

C20:1 0.2797 0.0901 0.0005 0.0042 0.0299 0.0005 12.16 86.48 1.36 12.33
P

MUFA 47.218 8.938 0.003 0.8507 2.9784 0.003 22.20 77.72 0.08 22.22

C18:2 7.4683 2.4378 0.0014 0.1118 0.8122 0.0014 12.08 87.77 0.15 12.10

C18:3 8.8762 4.6476 0.0024 0.0940 1.5484 0.0024 5.71 94.14 0.15 5.72

C20:2 0.2269 0.1154 0.0006 0.0025 0.1154 0.0006 2.11 97.41 0.48 2.12
P

PUFA 17.859 4.5681 0.0041 0.2954 1.5213 0.0041 16.22 83.55 0.23 16.26
P

USFA 8.447 2.7274 0.0065 0.1271 0.907 0.0065 12.21 87.17 0.62 12.29

Mean 14.28 82.86 2.86 14.82

MS mean square, MS t/s mean square among the seed orchards, MS s mean square within the seed orchard, MS e mean square of environmental,

df degree of freedom, d2 variance component, d2t/s variance component among the seed orchards, d2 s variance component within the seed

orchard, d2e variance component of environmental, P Percentage of variance component, P t/s percentage of variance component among the

seed orchards, P s percentage of variance component within the seed orchard, P e percentage of variance component in environmental
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exhibited a positive correlation with C20:1 and C18:3;

C18:1 exhibited a negative correlation with C20:0, C20:1,

C18:3 and
P

PUFA; and
P

USFA exhibited a negative

correlation with C16:0. Therefore, a combined selection of

characteristics can be carried out between
P

MUFA and

C18:1/
P

USFA as well as between
P

PUFA and C20:1/

C18:3.

Tables 9 and 10 list the correlations among the amino

acid components. In the four different seed orchards,

TAA exhibited a positive correlation with Thr, Ser, Glu,

Gly, Val, Met, Leu, Tyr, Phe, Lys, His, and Arg. EAA

exhibited a positive correlation with Thr, Ser, Glu, Gly,

Val, Met, Ile, Leu, Tyr, Phe, Lys, Arg, and TAA. Arg

exhibited a positive correlation with Ser, Glu, Leu, Tyr,

Phe, Lys and His. Thr exhibited a positive correlation

with Ser, Val and Tyr. Phe exhibited a positive correla-

tion with Glu, Gly, Leu, and Tyr. Val exhibited a positive

correlation with Ser and Val, and Gly exhibited a positive

correlation with Ile and Leu. Therefore, combined selec-

tion of characteristics can be carried out among TAA,

EAA, Thr, Ser, Phe, Arg, and Val.

Under different location conditions, correlations among

the fatty acid components and the amino acid components

of Korean pine nuts were very stable, indicating that the

inherent genetic bases of these characteristics were closely

related, and the characteristics exhibited broad adaptabil-

ity to the heterogeneity of the environment. All the other

characteristics performed differently under different

location conditions, indicating that different location

conditions altered the allele frequencies of specific sites

through natural selection, and these sites controlled the

adaptability-related characteristics.

Multiple stepwise-regression analysis

Multiple stepwise-regression analysis of fatty acid com-

ponents on the oil content of seeds We investigated the

fatty acid components that affected oil content. The fatty acid

components of Korean pine trees from all four of the seed

orchardswere used as independent variables: (X),X1 (C14:0),

X2(C16:0), X3(C17:0), X4(C18:0), X5(C20:0), X6(
P

SFA),

Table 5 Amino acid composition variance components and phenotypic differentiation coefficient between Pinus koraiensis seeds groups

Amino acid Mean square (degree of freedom) variance component (d2) Percentage of variance

component (%)

Vst (%)

MSt/s (df = 3) MSs (df = 56) MSe (df = 120) d2t=s d2s d2e Pt/s Ps Pe

Asp 24.2498 0.6359 0.0018 0.5248 0.2113 0.0019 71.11 28.64 0.25 71.29

Thr 1.7448 0.0707 0.0004 0.0372 0.0234 0.0004 60.93 38.37 0.70 61.36

Ser 7.3552 0.2685 0.0018 0.1575 0.0889 0.0018 63.45 35.82 0.73 63.92

Glu 93.0101 3.1988 0.003 1.9958 1.0653 0.0030 65.13 34.77 0.10 65.20

Gly 6.6329 0.2980 0.00139 0.1408 0.0989 0.0014 58.41 41.02 0.58 58.75

Ala 4.2848 0.2282 0.0022 0.0901 0.0753 0.0022 53.75 44.92 1.33 54.46

Cys 0.7368 0.0468 0.0010 0.0153 0.0153 0.0010 48.52 48.29 3.20 50.07

Val 4.5074 0.0744 0.0003 0.0985 0.0247 0.0003 79.77 20.00 0.23 79.95

Met 0.0484 0.0280 0.000044 0.0005 0.0093 0.000044 4.62 94.93 0.45 5.10

Ile 3.8734 0.0578 0.0001 0.0848 0.0192 0.0001 81.42 18.47 0.11 81.51

Leu 17.5038 0.359 0.0006 0.3810 0.1195 0.0006 76.03 23.85 0.13 76.12

Tyr 3.74 0.1398 0.0006 0.0800 0.0464 0.0006 63.00 36.52 0.48 63.30

Phe 3.6071 0.1102 0.0003 0.0777 0.0366 0.0003 67.79 31.95 0.26 67.97

Lys 4.7924 0.079 0.0002 0.1047 0.0263 0.0002 79.83 20.01 0.15 79.95

His 1.0380 0.0360 0.0001 0.0223 0.0120 0.0001 64.87 34.90 0.23 65.05

Arg 106.5909 2.3573 0.0001 2.3163 0.7858 0.0001 74.67 25.33 0.00 74.67

Pro 18.7393 1.0846 0.0001 0.3923 0.3615 0.0001 52.04 47.95 0.01 52.04

TAA 2797.72 61.77 0.0129 60.7989 20.5882 0.0129 74.69 25.29 0.02 74.70

EAA 185.759 3.338 0.001 4.0538 1.1123 0.0011 78.45 21.53 0.02 78.47

Mean 62.80 36.73 0.48 63.08

MS mean square, MS t/s mean square among the seed orchards, MS s mean square within the seed orchard, MS e mean square of environmental,

df degree of freedom, d2 variance component, d2t/s variance component among the seed orchards, d2 s variance component within the seed

orchard, d2e variance component of environmental, P percentage of variance component, P t/s percentage of variance component among the seed

orchards, P s percentage of variance component within the seed orchard, P e Percentage of variance component in environmental
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X7(C16:1), X8(C18:1), X9(C20:1), X10(
P

MUFA),

X11(C18:2), X12(C18:3), X13(C20:2), X14(
P

PUFA), X15-

(
P

USFA), and X16 (
P

), while the oil content of the seeds

was used as the dependent variable (Y). The dependent

variable Y was normally distributed, and therefore, multiple

stepwise-regression analysis was performed. After rejecting

the independent variables with an insignificant regression

coefficient, the best regression equations were as follows:

YHG ¼ �0.30� 2.41X1 þ 4.04X3 þ 0.09X4 � 2.33X7

þ 0.03X12 þ 0.09X13 ðR2 ¼ 0:64Þ

YLK ¼ 94:39þ 71.95X1 þ 39.29X2 þ 45.53X4 � 36.64X6

� 1.28X11 � 4.7X13 ðR2 ¼ 0:8549Þ

YTL ¼ �620.48� 61.42X1 � 1.05X4 þ 2.5X14 þ 5.51X16

ðR2 ¼ 0:5718Þ

YWH ¼ 285.38� 8.38X2 � 812.75X3 � 133.4X5 þ 12.24X6

þ 59.4X9 � 53.8X13 � 4.05X14 ðR2 ¼ 0:6764Þ

Even though the oil content (Y) was affected by different

fatty acid components in the four seed orchards, C14:0(X1),

C18:0 (X4) and C20:2 (X13) were the most stable and had a

linear effect with the oil content (Y) in more than three of

the seed orchards.

Multiple stepwise-regression analysis of amino acid

components with regard to the protein content

We investigated the important factors of amino acid com-

ponents that affected the protein content. The amino acid

components of the Korean pines from all four of the seed

orchards were used as independent variables: (Z), Z1(Asp),

Z2(Thr), Z3(Ser), Z4(Glu), Z5(Gly), Z6(Ala), Z7(Cys),

Z8(Val), Z9(Met), Z10(Ile), Z11(Leu), Z12(Tyr), Z13(Phe),

Z14(Lys), Z15(His), Z16(Arg), Z17(Pro), Z18(TAA), and

Z19(EAA). The protein content of the seeds was used as the

dependent variable (Y), which was normally distributed.

Therefore, multiple stepwise-regression analysis was per-

formed and the best regression equations were as follows:

Table 6 Genetic parameters

and genetic gain in clone

population of Pinus koraiensis

Composition Clonal repeatability (%) Selection intensity Genetic gain DG (%)

h2HG h2LK h2TL h2WH
iHG iLK iTL iWH DGHG DGLK DGTL DGWH

P
SFA 80.92 98.57 97.91 98.31 1.38 1.89 1.53 3.10 5.64 9.74 10.80 20.78

C16:1 98.04 90.74 96.15 80.17 1.65 1.13 1.46 1.37 36.90 15.27 37.48 21.29

C18:1 97.68 97.98 98.97 97.93 1.14 1.19 1.51 1.39 7.62 12.19 13.78 8.61

C20:1 96.09 98.47 98.62 96.65 1.31 1.86 1.27 1.43 8.42 15.16 10.04 12.52
P

MUFA 99.71 99.96 99.97 97.92 1.10 1.28 1.55 1.29 6.30 11.24 11.99 6.33

C18:2 99.24 93.64 98.64 94.55 1.40 1.05 1.67 1.78 2.79 3.04 2.59 2.82

C18:3 99.65 96.94 97.82 99.71 1.33 3.38 1.58 1.59 5.42 13.26 7.64 6.26

C20:2 98.35 96.98 97.91 94.93 1.44 1.10 3.32 1.66 44.37 42.67 55.77 21.56
P

PUFA 97.42 96.90 95.89 95.73 1.78 2.46 1.66 1.46 4.14 5.95 3.25 2.05
P

USFA 97.89 97.51 99.73 96.71 1.23 1.05 1.31 1.12 1.23 1.01 1.57 1.41

Thr 96.52 93.68 94.48 97.26 1.39 1.39 1.23 1.51 11.91 13.14 17.36 24.81

Val 98.69 95.55 95.36 95.19 1.55 1.38 1.28 2.22 14.88 12.31 20.74 35.57

Met 97.12 97.64 96.57 97.29 1.73 0.68 1.24 1.98 18.69 6.98 23.62 31.08

Ile 93.55 96.81 97.68 93.79 1.22 0.88 1.65 2.35 11.51 6.05 28.28 43.38

Leu 95.88 97.34 93.98 96.77 1.39 2.10 1.67 2.18 14.46 19.98 20.36 35.75

Phe 96.22 95.89 97.66 95.38 1.43 2.72 2.64 2.06 13.40 29.50 48.36 29.41

Lys 95.49 97.54 97.15 95.79 1.06 1.01 1.32 1.97 8.45 8.17 12.80 28.76

TAA 98.88 97.68 95.44 96.58 1.57 1.30 1.58 2.06 16.60 12.03 12.23 33.35

EAA 97.68 98.25 96.28 97.31 1.41 1.27 1.77 2.17 12.77 10.12 17.86 33.74

h2HG, clonal repeatability in Hegang seed orchard; h2LK, clonal repeatability in Linkou seed orchard; h2TL,

clonal repeatability in TL seed orchard; h2WH, clonal repeatability in Weihe seed orchard; iHG, selection

intensity in Hegang seed orchard; iLK, selection intensity in Linkou seed orchard; iTL, selection intensity in

Tieli seed orchard; iWH, selection intensity in Weihe seed orchard; DGHG, genetic gain in Hegang seed

orchard; DGLK, genetic gain in Linkou seed orchard; DGTL, genetic gain in Tieli seed orchard; DGWH,

genetic gain in Weihe seed orchard
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YHG ¼�9:87� 207:95Z2 þ 100:3Z3 � 48:21Z6 � 23:08Z7

þ 139:87Z8 þ 40:66Z9 � 19:14Z12 � 25:09Z13

þ 38:03Z14 þ 64:2Z15 � 9:21Z16 þ 3:734Z17 � 6:12Z19

ðR2 ¼ 0:9996Þ

YLK ¼ 12:38� 2:49Z2 þ 14:03Z3 þ 3:64Z4 � 10:12Z5

þ 3:91Z6 � 3:59Z8 þ 6:76Z9 þ 7:63Z11

� 12:11Z12 � 11:99Z15 � 3Z16 � Z17 ðR2 ¼ 0:9985Þ

Table 7 The correlation of fatty acid composition in Pinus koraiensis seeds between Hegang and Linkou seed orchards

Fatty acid C14:0 C16:0 C17:0 C18:0 C20:0
P

SFA C16:1 C18:1

X1 X2 X3 X4 X5 X6 X7 X8

C14:0 X1 1 0.094 0.109 0.249 0.248 0.262 0.254 -0.394

C16:0 X2 0.672** 1 0.075 0.12 0.543* 0.745** 0.011 -0.526*

C17:0 X3 0.258 0.433 1 0.769** 0.743** 0.593* -0.323 -0.4

C18:0 X4 0.427 0.234 0.366 1 0.811** 0.748** 0.044 -0.636*

C20:0 X5 0.416 0.28 0.482 0.97** 1 0.924** -0.051 -0.846**
P

SFA X6 0.685** 0.703** 0.509 0.855** 0.862** 1 0.02 -0.791**

C16:1 X7 -0.739** -0.493 0.167 -0.024 0.057 -0.285 1 -0.04

C18:1 X8 -0.241 -0.318 -0.681** -0.459 -0.557* -0.513 -0.157 1

C20:1 X9 0.033 0.323 0.589* 0.291 0.367 0.384 0.254 -0.777**
P

MUFAX10 -0.269 -0.32 -0.673** -0.466 -0.563* -0.521* -0.126 0.998**

C18:2 X11 -0.128 0.043 0.452 0.35 0.408 0.277 0.292 -0.795**

C18:3 X12 -0.029 -0.123 0.359 0.1 0.197 0.02 0.437 -0.659**

C20:2 X13 0.016 -0.14 0.451 0.128 0.137 0.027 0.194 -0.198
P

PUFAX14 -0.088 -0.064 0.545* 0.288 0.373 0.184 0.43 -0.844**
P

USFA X15 -0.608* -0.659** -0.31 -0.356 -0.39 -0.615* 0.46 0.403
P

X16 -0.198 -0.247 0.033 0.264 0.227 0.056 0.344 0.082

Fatty acid C20:1
P

MUFA C18:2 C18:3 C20:2
P

PUFA
P

USFA
P

X9 X10 X11 X12 X13 X14 X15 X16

C14:0 X1 0.105 -0.404 0.079 0.231 0.247 0.438 -0.302 -0.226

C16:0 X2 0.405 -0.523* -0.385 0.492 0.341 0.424 -0.639* -0.159

C17:0 X3 0.089 -0.42 -0.072 0.272 0.096 0.351 -0.495 -0.095

C18:0 X4 0.184 -0.656** -0.136 0.455 0.337 0.589* -0.703** -0.295

C20:0 X5 0.507 -0.853** -0.416 0.733** 0.548* 0.776** -0.897** -0.429
P

SFA X6 0.41 -0.802** -0.354 0.648** 0.464 0.695** -0.904** -0.315

C16:1 X7 0.03 -0.028 -0.121 0.102 0.148 0.057 0.028 0.096

C18:1 X8 -0.707** 0.998** 0.454 -0.878** -0.748** -0.977** 0.927** 0.719**

C20:1 X9 1 -0.664** -0.666** 0.778** 0.915** 0.654** -0.610* -0.660**
P

MUFAX10 -0.738** 1 0.423 -0.863** -0.713** -0.978** 0.930** 0.707**

C18:2 X11 0.805** -0.774** 1 -0.806** -0.609* -0.371 0.468 0.441

C18:3 X12 0.432 -0.659** 0.425 1 0.768** 0.848** -0.795** -0.67**

C20:2 X13 0.481 -0.165 0.271 0.155 1 0.696** -0.666** -0.693**
P

PUFAX14 0.802** -0.823** 0.871** 0.772** 0.456 1 -0.832** -0.672**
P

USFA X15 -0.016 0.439 0.031 0.074 0.434 0.149 1 0.691**
P

X16 0.3 0.121 0.271 0.111 0.573* 0.343 0.752** 1

Upper right was the correlation of fatty acid composition in Linkou Pinus koraiensis seed orchard; Left lower was the correlation of fatty acid

composition in Hegang Pinus koraiensis pine seed orchard.
P

:
P

SFA ?
P

USFA. * indicate a statistically significant correlation at p\ 0.05

level; ** indicate a statistically significant correlation at p\ 0.01 level
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YTL ¼ 3:53� Z1 � 6:35Z2 � 6:52Z3 þ 2:34Z4 � 1:31Z7

þ 10:04Z8 þ 1:34Z10 þ 0:44Z11 � 4:63Z12

� 9:23Z13 þ 14:32Z15 � 1:35Z16 þ 1:35Z19

ðR2 ¼ 0:9989Þ

YWH ¼ 21:64þ 13:43Z3 þ 43:61Z4 þ 104:61Z6

� 62:38Z7 � 51:74Z8 þ 44:38Z9 � 13:42Z10

þ 115:09Z11 þ 6:38Z14 þ 173:72Z15 þ 16:53Z16

þ 21:31Z17 � 28:84Z18 ðR2 ¼ 0:9937Þ

Table 8 The correlation of fatty acid composition in Pinus koraiensis seeds between Tieli and Weihe seed orchards

Fatty acid C14:0 C16:0 C17:0 C18:0 C20:0
P

SFA C16:1 C18:1

X1 X2 X3 X4 X5 X6 X7 X8

C14:0 X1 1 -0.429 -0.415 -0.003 0.039 -0.255 0.123 -0.134

C16:0 X2 0.26 1 0.576* 0.288 0.645** 0.850** 0.045 -0.435

C17:0 X3 0.201 0.236 1 0.368 0.524* 0.600* -0.294 -0.197

C18:0 X4 -0.112 0.292 0.187 1 0.779** 0.746** 0.18 -0.666**

C20:0 X5 -0.077 0.631* 0.36 0.705** 1 0.896** 0.159 -0.693**
P

SFA X6 0.124 0.827** 0.295 0.776** 0.855** 1 0.133 -0.677**

C16:1 X7 0.284 0.508 0.504 0.038 0.29 0.367 1 -0.475

C18:1 X8 -0.276 -0.760** -0.618* -0.448 -0.688** -0.778** -0.523* 1

C20:1 X9 0.047 0.416 0.307 -0.069 0.497 0.268 0.188 -0.563*
P

MUFAX10 -0.282 -0.756** -0.616* -0.482 -0.677** -0.792** -0.513 0.997**

C18:2 X11 0.298 0.172 0.613* -0.297 -0.156 -0.055 0.339 -0.408

C18:3 X12 0.269 0.447 0.454 0.457 0.568* 0.582* 0.325 -0.832**

C20:2 X13 0.285 0.485 0.221 -0.136 0.194 0.248 0.106 -0.465
P

PUFAX14 0.395 0.476 0.691** 0.128 0.333 0.406 0.431 -0.871**
P

USFA X15 -0.051 -0.822** -0.315 -0.729** -0.846** -0.969** -0.432 0.799**
P

X16 0.207 -0.411 -0.226 -0.224 -0.408 -0.401 -0.43 0.479

Fatty acid C20:1
P

MUFA C18:2 C18:3 C20:2
P

PUFA
P

USFA
P

X9 X10 X11 X12 X13 X14 X15 X16

C14:0 X1 0.071 -0.139 0.165 0.293 0.011 0.36 0.125 -0.207

C16:0 X2 0.548* -0.409 -0.416 -0.306 0.533* -0.478 -.840** -0.507

C17:0 X3 0.5 -0.154 -0.082 -0.613* 0.508 -0.451 -0.530* -0.18

C18:0 X4 0.665** -0.650** -0.007 0.001 0.667** 0.11 -0.654** -0.21

C20:0 X5 0.843** -0.654** -0.308 -0.054 0.698** -0.168 -0.877** -0.509
P

SFA X6 0.765** -0.648** -0.302 -0.203 0.742** -0.27 -0.951** -0.49

C16:1 X7 0.359 -0.458 0.157 0.398 0.308 0.486 -0.141 -0.104

C18:1 X8 -0.838** 0.996** -0.089 -0.329 -0.845** -0.47 0.766** 0.674**

C20:1 X9 1 -0.788** -0.232 0.144 0.913** 0.082 -0.833** -0.673**
P

MUFAX10 -0.499 1 -0.134 -0.342 -0.812** -0.511 0.738** 0.660**

C18:2 X11 0.216 -0.404 1 -0.213 -0.135 0.614* 0.329 0.268

C18:3 X12 0.472 -0.832** 0.099 1 0.127 0.623* 0.099 -0.164

C20:2 X13 0.562* -0.438 0.445 0.172 1 0.162 -0.798** -0.623*
P

PUFAX14 0.529* -0.866** 0.697** 0.771** 0.515* 1 0.203 -0.02
P

USFA X15 -0.292 0.811** 0.077 -0.614* -0.197 -0.409 1 0.736**
P

X16 -0.228 0.477 0.112 -0.421 0.062 -0.219 0.615* 1

Upper right was the correlation of fatty acid composition in Weihe Pinus koraiensis seed orchard; Left lower was the correlation of fatty acid

composition in Tieli Pinus koraiensis seed orchard.
P

:
P

SFA ?
P

USFA. * indicate a statistically significant correlation at p\ 0.05 level; **

indicate a statistically significant correlation at p\ 0.01 level
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Thr(Z2), Ser(Z3), Glu(Z4), Ala(Z6), Cys(Z7), Val(Z8),

Met(Z9), Leu(Z11), Tyr(Z12), His(Z15), Arg(Z16) and

Pro(Z17) were the most stable and had a significant linear

relation to the protein content (Y).

Multi-characteristic selection

The clones were from four different orchards and were

therefore analyzed separately for their principal

Table 9 The correlation of amino acid composition in Pinus koraiensis seeds between Hegang and Linkou seed orchards

Amino acid Asp Thr Ser Glu Gly Ala Cys Val Met Ile

Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10

Asp Z1 1 -0.161 0.291 0.162 0.098 0.185 0.024 0.312 -0.154 -0.241

Thr Z2 0.181 1 0.676** 0.726** 0.827** 0.801** 0.509 0.639* 0.483 0.681**

Ser Z3 0.331 0.956** 1 0.72** 0.887** 0.916** 0.549* 0.756** 0.572* 0.596*

Glu Z4 0.394 0.930** 0.962** 1 0.726** 0.805** 0.821** 0.647** 0.519* 0.594*

Gly Z5 0.176 0.650** 0.773** 0.603* 1 0.912** 0.495 0.777** 0.615* 0.796**

Ala Z6 0.28 0.743** 0.856** 0.749** 0.952** 1 0.544* 0.797** 0.713** 0.699**

Cys Z7 0.228 0.713** 0.835** 0.803** 0.763** 0.822** 1 0.549* 0.294 0.593*

Val Z8 0.019 0.905** 0.909** 0.820** 0.843** 0.891** 0.816** 1 0.532* 0.673**

Met Z9 0.461 0.684** 0.847** 0.773** 0.883** 0.929** 0.870** 0.776** 1 0.640*

Ile Z10 -0.024 0.936** 0.887** 0.813** 0.731** 0.768** 0.727** 0.965** 0.644** 1

Leu Z11 0.29 0.962** 0.989** 0.940** 0.785** 0.857** 0.817** 0.929** 0.825** 0.924**

Tyr Z12 0.233 0.955** 0.982** 0.938** 0.762** 0.825** 0.851** 0.926** 0.805** 0.926**

Phe Z13 0.131 0.967** 0.917** 0.880** 0.607* 0.658** 0.648** 0.843** 0.626* 0.899**

Lys Z14 0.231 0.935** 0.844** 0.900** 0.394 0.563* 0.559* 0.754** 0.502 0.810**

His Z15 0.192 0.972** 0.920** 0.891** 0.607* 0.684** 0.616* 0.830** 0.636* 0.879**

Arg Z16 0.245 0.928** 0.901** 0.933** 0.458 0.557* 0.695** 0.747** 0.597* 0.812**

Pro Z17 0.326 0.677** 0.798** 0.737** 0.834** 0.902** 0.829** 0.792** 0.906** 0.660**

TAAZ18 0.429 0.930** 0.992** 0.968** 0.767** 0.864** 0.845** 0.880** 0.877** 0.848**

EAAZ19 0.217 0.987** 0.982** 0.940** 0.746** 0.827** 0.789** 0.943** 0.777** 0.948**

Amino acid Leu Tyr Phe Lys His Arg Pro TAA EAA

Z11 Z12 Z13 Z14 Z15 Z16 Z17 Z18 Z19

Asp Z1 0.195 0.132 0.499 0.397 -0.153 0.277 -0.058 0.4 0.22

Thr Z2 0.823** 0.761** 0.6* 0.575* 0.887** 0.617* 0.674** 0.712** 0.838**

Ser Z3 0.887** 0.898** 0.867** 0.752** 0.706** 0.906** 0.708** 0.928** 0.910**

Glu Z4 0.773** 0.840** 0.624* 0.423 0.754** 0.792** 0.708** 0.881** 0.756**

Gly Z5 0.939** 0.908** 0.815** 0.624* 0.828** 0.706** 0.641* 0.841** 0.945**

Ala Z6 0.902** 0.940** 0.813** 0.669** 0.820** 0.838** 0.738** 0.922** 0.935**

Cys Z7 0.523* 0.661** 0.423 0.423 0.624* 0.619* 0.549* 0.670** 0.568*

Val Z8 0.853** 0.733** 0.682** 0.743** 0.682** 0.622* 0.479 0.789** 0.897**

Met Z9 0.631* 0.715** 0.355 0.118 0.591* 0.534* 0.508 0.540* 0.590*

Ile Z10 0.703** 0.735** 0.452 0.372 0.827** 0.439 0.437 0.562* 0.735**

Leu Z11 1 0.874** 0.798** 0.665** 0.839** 0.788** 0.701** 0.901** 0.972**

Tyr Z12 0.986** 1 0.765** 0.591* 0.818** 0.803** 0.728** 0.902** 0.891**

Phe Z13 0.923** 0.935** 1 0.731** 0.555* 0.767** 0.557* 0.863** 0.850**

Lys Z14 0.842** 0.825** 0.876** 1 0.572* 0.630* 0.519* 0.713** 0.777**

His Z15 0.931** 0.912** 0.968** 0.904** 1 0.655** 0.786** 0.758** 0.846**

Arg Z16 0.891** 0.913** 0.937** 0.890** 0.917** 1 0.759** 0.921** 0.790**

Pro Z17 0.766** 0.779** 0.607* 0.535* 0.588* 0.540* 1 0.764** 0.685**

TAAZ18 0.979** 0.968** 0.882** 0.830** 0.890** 0.880** 0.828** 1 0.913**

EAAZ19 0.990** 0.982** 0.949** 0.887** 0.950** 0.904** 0.753** 0.964** 1

Upper right was the correlation of amino acid composition in LK Korean pine seed orchard; Left lower was the correlation of amino acid

composition in HG Korean pine seed orchard; * indicate a statistically significant correlation at p\ 0.05 level; ** indicate a statistically

significant correlation at p\ 0.01 level
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Table 10 The correlation of amino acid composition in Pinus koraiensis seeds between Tieli and Weihe seed orchards

Amino acid Asp Thr Ser Glu Gly Ala Cys Val Met Ile

Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 Z10

Asp Z1 1 0.768** 0.921** 0.960** 0.951** 0.949** 0.914** 0.897** 0.894** 0.905**

Thr Z2 0.211 1 0.935** 0.868** 0.890** 0.885** 0.886** 0.825** 0.829** 0.826**

Ser Z3 0.228 0.652** 1 0.976** 0.980** 0.970** 0.977** 0.911** 0.942** 0.903**

Glu Z4 0.414 0.339 0.746** 1 0.981** 0.988** 0.979** 0.934** 0.931** 0.927**

Gly Z5 0.792** 0.189 0.439 0.394 1 0.987** 0.973** 0.951** 0.928** 0.951**

Ala Z6 -0.066 0.476 0.446 0.157 -0.046 1 0.979** 0.972** 0.921** 0.960**

Cys Z7 -0.054 -0.193 0.34 0.467 0.051 -0.317 1 0.941** 0.926** 0.928**

Val Z8 0.254 0.605* 0.558* 0.285 0.436 -0.136 0.217 1 0.879** 0.978**

Met Z9 0.388 0.173 0.447 0.516* 0.441 0.16 0.338 0.353 1 0.851**

Ile Z10 0.473 0.249 0.336 0.363 0.529* -0.113 -0.101 0.306 0.26 1

Leu Z11 0.671** 0.292 0.432 0.352 0.762** 0.033 0.015 0.393 0.216 0.29

Tyr Z12 0.527* 0.756** 0.607* 0.44 0.432 0.208 0.074 0.535* 0.267 0.297

Phe Z13 0.737** 0.223 0.462 0.521* 0.824** -0.147 0.171 0.465 0.619* 0.578*

Lys Z14 0.720** 0.225 0.423 0.582* 0.465 -0.111 0.273 0.272 0.302 0.306

His Z15 0.303 0.331 0.445 0.153 0.634* 0.109 -0.048 0.241 -0.048 0.492

Arg Z16 0.563* 0.51 0.737** 0.652** 0.745** 0.101 0.152 0.467 0.25 0.449

Pro Z17 -0.194 -0.041 0.078 -0.349 0.066 0.504 -0.092 -0.092 0.025 -0.143

TAA Z18 0.644** 0.548* 0.840** 0.691** 0.797** 0.309 0.225 0.529* 0.522* 0.488

EAA Z19 0.751** 0.551* 0.670** 0.587* 0.813** 0.013 0.121 0.695** 0.544* 0.610*

Amino acid Leu Tyr Phe Lys His Arg Pro TAA EAA

Z11 Z12 Z13 Z14 Z15 Z16 Z17 Z18 Z19

Asp Z1 0.947** 0.933** 0.947** 0.892** 0.946** 0.935** 0.872** 0.963** 0.935**

Thr Z2 0.900** 0.918** 0.917** 0.881** 0.896** 0.880** 0.804** 0.898** 0.923**

Ser Z3 0.978** 0.984** 0.974** 0.909** 0.971** 0.980** 0.873** 0.989** 0.978**

Glu Z4 0.972** 0.982** 0.965** 0.896** 0.959** 0.979** 0.858** 0.994** 0.969**

Gly Z5 0.991** 0.965** 0.980** 0.916** 0.955** 0.952** 0.840** 0.988** 0.988**

Ala Z6 0.986** 0.978** 0.966** 0.910** 0.937** 0.950** 0.837** 0.988** 0.986**

Cys Z7 0.971** 0.974** 0.937** 0.884** 0.928** 0.956** 0.817** 0.978** 0.967**

Val Z8 0.961** 0.920** 0.911** 0.856** 0.850** 0.865** 0.734** 0.933** 0.958**

Met Z9 0.921** 0.932** 0.903** 0.766** 0.890** 0.929** 0.815** 0.936** 0.911**

Ile Z10 0.966** 0.916** 0.930** 0.895** 0.862** 0.850** 0.749** 0.930** 0.965**

Leu Z11 1 0.974** 0.980** 0.936** 0.951** 0.943** 0.849** 0.986** 0.997**

Tyr Z12 0.508 1 0.967** 0.915** 0.961** 0.974** 0.872** 0.989** 0.977**

Phe Z13 0.712** 0.534* 1 0.941** 0.979** 0.952** 0.866** 0.982** 0.985**

Lys Z14 0.4 0.49 0.452 1 0.934** 0.877** 0.859** 0.924** 0.945**

His Z15 0.393 0.502 0.417 0.127 1 0.976** 0.904** 0.976** 0.952**

Arg Z16 0.661** 0.612* 0.574* 0.604* 0.663** 1 0.883** 0.981** 0.939**

Pro Z17 0.026 -0.051 -0.253 -0.307 0.255 -0.062 1 0.884** 0.849**

TAA Z18 0.722** 0.714** 0.705** 0.578* 0.603* 0.874** 0.161 1 0.985**

EAA Z19 0.798** 0.710** 0.880** 0.592* 0.45 0.761** -0.15 0.869** 1

Upper right was the correlation of amino acid composition in Weihe Pinus koraiensis seed orchard; Left lower was the correlation of amino acid

composition in Tieli Pinus koraiensis seed orchard; * indicate a statistically significant correlation at p\ 0.05 level; ** indicate a statistically

significant correlation at p\ 0.01 level
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components. There are ten fatty acids indicators in oil

content, including C16:1, C18:1, C20:1, C18:2, C20:2,

C18:3,
P

MUFA,
P

PUFA, and
P

USFA. Ten indicators

were selected as the variable factors for the principle

components. We chose the protein content from protein

indicators, including Thr, Val, Met, Ile, Leu, Phe, Lys,

TAA, and EAA. The ten indicators were selected as the

variable factors for the principle components (Table 11).

The factors with an initial eigenvalue greater than 1 were

extracted from each population, and the cumulative vari-

ance for each population was 89.08 % for HG, 83.39 % for

LK, 84.99 % for TL and 91.38 % for WH.

The extracted principal components included most of

the information of the quality characteristics of the seeds.

The ratio of the eigenvalue associated with each principle

component to the sum of the eigenvalues of the total

extracted principle components was used as the weight to

obtain a comprehensive model for the principle compo-

nents. The comprehensive principle component values for

all the orchards were calculated and sorted.

A selection rate of 20 % was used for each population to

select clones. HG6, HG8, and HG39 were selected from the

seed orchard in Hegang; LK79-36, LK15 and LK32 were

selected from the seed orchard in Linkou; TL3101,

TL1194, and TL1131 were selected from the seed orchard

in Tieli; and WH28, WH19, and WH117 were selected

from the seed orchard in Weihe. The nutritional compo-

nents of the selected clones had higher values than the

Table 11 Comparing mean of nutrients between superior clones and seed orchards

Superior clone Composition

C16:1

(%)

C18:1

(%)

C20:1

(%)

P
MUFA

(%)

C18:2

(%)

C18:3

(%)

C20:2

(%)

P
PUFA

(%)

P
USFA

(%)

Oil

content

%

HG6,

HG8,

HG39

The mean of superior

clone

0.13 25.1 2.14 26.79 42.41 16.4 1.03 59.84 85.54 56.65

1.59 3.68 5.07 1.51 1.46 1.38 8.32 1.55 0.26 2.48

LK79-36,

LK15,

LK32

The mean which is

higher than it in Linkou

seed orchards (%)

0.19 23.14 2.27 25.39 42.22 17.22 1.09 60.06 84.86 63.58

9.62 2.96 4.44 2.33 1.46 0.53 1.18 0.4 0.27 0.22

TL3101,

TL1194,

TL1131

The mean of superior

clone

0.2 21.54 2.23 23.97 43.1 16.99 1.06 60.45 84.37 56.79

The mean which is

higher than it in Tieli

seed orchards (%)

13.9 0.02 1.67 0.28 1.31 0.65 3.85 0.01 0.03 0.43

WH28,

WH19,

WH117

The mean of superior

clone

0.17 23.48 2.22 25.61 42.44 16.45 1.13 59.86 85.16 54.48

The mean which is

higher than it in Weihe

seed orchards (%)

1.96 4.79 1.03 3.36 0.75 0.51 1.82 0.43 0.93 5.22

Superior clone Composition

Thr

(%)

Val

(%)

Met

(%)

Ile

(%)

Leu

(%)

Phe

(%)

Lys

(%)

TAA

(%)

EAA

(%)

Protein

mg/g

HG6, HG8,

HG39

The mean of superior clone 1.16 1.13 0.79 0.86 2.73 1.33 1.52 41.77 9.52 10.65

The mean which is higher than it in

Hegang seed orchards (%)

11.77 15.74 13.11 15.2 14.5 10.65 9.48 13.35 12.88 45.04

LK79-36, LK15,

LK32

The mean of superior clone 1.65 1.84 0.73 1.47 4.16 2.08 2.22 58.25 14.15 9.81

The mean which is higher than it in

Linkou seed orchards (%)

12.65 10.7 6.44 5.55 13.12 17.41 9.62 11.72 11.59 2.16

TL3101,

TL1194,

TL1131

The mean of superior clone 1.21 1.29 0.62 1.17 3.18 1.6 1.65 41.7 10.7 8.8

The mean which is higher than it in Tieli

seed orchards (%)

1.36 10.16 0.4 11.2 15.47 16.78 5.18 6.42 10.03 0.32

WH28, WH19,

WH117

The mean of superior clone 1.29 1.28 0.82 1.08 2.96 1.42 1.59 43.8 10.43 6.74

The mean which is higher than it in

Weihe seed orchards (%)

20.87 26.5 23.14 32.14 27.16 23.88 23.73 25.92 25.46 7.41
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clonal source population for all the seed orchards

(Table 11). The selected clones had good development

values for seeds, and the selected clones could also provide

excellent propagative materials for the construction of

clonal seed orchards.

Discussion

Pine nuts are woody oil plants with high nutritional value.

The content of oil and protein in pine nuts are equaled with

that in walnut, armeniaca sibirica and chestnut (Chen et al.

2000; Hao et al. 2002; Mahesh and Shridhar 2006; Seeram

et al. 2008; Li et al. 2009). In the present study, GC–MS

was used to determine the fatty acid content of pine seed

oil. In total, 11 fatty acids were detected, and the unsatu-

rated fatty acid content (
P

USFA) was 84.67 %; 17 amino

acids were detected in the pine nuts, 7 of which were

essential amino acids for humans. The essential amino acid

content was 24.03 % of the total amino acid content.

The phenotypic characteristics of the plants reflect the

adaptability of genotypes to environmental change. Irre-

versible changes occur to phenotypic characteristics under

long-term selective pressure. New phenotypes are gener-

ated after stable inheritance. Therefore, phenotypic varia-

tions are very important for adaptability and evolution

(LePage 2001; Pigliucci et al. 2006). Genetic variation is a

product of gradual adaptation to the environment and

continuous evolution of organisms and is an important

characteristic of genetic information.

Phenotypic variation of seeds not only determines the

dispersity of the species and the distribution pattern of the

population but is also an important economic characteristic

that can be used for development. It also is very important

for the selection of varieties of forest trees (Greipsson and

Davy 1995). Currently, genetic analysis is the focus of the

study of the variation of seed characteristics of plants,

especially the study of important economic characteristics.

Seeking genetic materials with high-quality characteristics

lays the foundation for genetic improvement.

The nutritional components of the Korean pine nuts

contained rich genetic variation; the variation coefficient of

fatty acids was 2.24–66.83 %, while the variation coeffi-

cient of amino acid components was 14.70–38.88 %,

indicating that there was relatively large potential for

genetic improvement among the nutritional components of

Korean pine nuts.

The phenotypic differentiation among the fatty acid and

amino acid components of pine nuts reveals that the vari-

ation within the population (85.18 %) was the primary

source of the variation of the fatty acid components; the

variation among the orchards (63.08 %) was the primary

source of the variation of the amino acid components. The

amino acid and fatty acid components had a negative or

insignificant Pearson correlation, which might explain the

inconsistent results of the phenotypic differentiation of the

amino acid and fatty acid components. In addition, the

heterogeneity of different seed orchards enhances the

variations of seed characteristics. Korean pine trees are

monoecious and cross-pollinated and are naturally polli-

nated in heterozygous seed orchards for a very long time.

Thus, these trees have formed extensive hybrid orchards

(Politov et al. 1999; Goroshkevich 2004), which provide

advantageous conditions for the selection of germplasm

resources of Korean pine. Genetic markers and seeding

tests are useful for further revealing the genetic differences

among the orchards and exploring the variation patterns

(Zheng et al. 2009; Sharma et al. 2010; Gomes et al. 2014).

Under the same condition as other factors, the greater

standard deviation yields greater gain in traits expected.

Low phenotypic variation means that there is little oppor-

tunity to find trees much bigger than the population aver-

age. When selecting strength equals with heritability in

characters, a greater gain is obtained in the greater vari-

ability characteristics of groups. Traits with bigger heri-

tability can obtain greater genetic gain, with different

characters with different genetic rates.

We studied the characteristics of Korean pine seeds

from different seed orchards and revealed the breeding

potential of the germplasm resource. We also estimated

the genetic parameters and the expected genetic gains for

the Korean pine seed characteristics. The seed character-

istics were all highly controlled by heritability

(h2[ 80 %) in the different clonal source orchards. The

Korean pine seed characteristics all exhibited a similar

trend for genetic gains; the fatty acid components (C16:1,

C18:1, C20:1, C18:3, C20:2,
P

MUFA, and
P

SFA)

achieved more than 5 % genetic gains in the four seed

orchards, and the amino acid components (Thr, Val, Leu,

Phe, TAA, and EAA) all achieved more than 10 %

genetic gains in the orchards, which provided a basis for

the quality selection of seed characteristics. Through the

analysis of the principal components, the comprehensive

principal component values for all the seed orchards were

calculated and sorted. A clonal selection rate of 20 % was

used as the standard, and 12 clones were selected. The

desired characteristics of the selected clones were gener-

ally higher than the means of the clonal orchards, indi-

cating that the clones could provide good clonal

propagative materials.

The level of variation was bigger in the seed orchards

due to the different sampling-site conditions and fewer hits,

which caused the different between phenotypic and genetic

variation (Sun et al. 2005). The differences inevitably

leaded to different correlation between real properties in

different seed orchards. In comparison, the habitat
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differences between individuals were smaller than the

differences between seed orchards. The proportion of dif-

ferences was extremely small in terms of environmental

impact, which was more likely determined by genetic

factors of plant. In order to fully reveal the real cause of

phenotypic variation in seed orchards, we need to conduct

further research into internal patterns of genetic variation,

spatial distribution patterns, and the relationship in real

properties.

Correlation analysis was conducted on clonal orchards

separately. There was no significant correlation between

the oil and protein contents of the pine nuts. Therefore,

correlation analyses were conducted separately among the

fatty acid and amino acid components. Under different

location conditions, the correlation between the partial

characteristics of the fatty acid and amino acid components

was very stable; the inherent genetic bases of the charac-

teristics were closely related and had a broad adaptability

to the heterogeneity of the environment. Furthermore,

based on the multiple stepwise-regression analysis, the

factors that affected the oil and protein contents provided a

basis for improving the seed yield and clonal selection of

Korean pine trees.

In the present study, we conducted an initial evaluation

of the germplasm resources of the Korean pine trees.

However, we only used annual variation data from 1 year

for analysis. Thus, the analysis of annual variation data

from multiple years is necessary. Further studies will be

focused on the management of field seedling cultivation

and the morphology, phenophase, and patterns of physio-

logical and environmental habitat factors.

Conclusion

Through the study of the seed characteristics of four

clonal seed orchards of Korean pine, we reveal that the

nutritional components of the Korean pine nuts contained

rich genetic variation. Through selection, expected

genetic gains could be achieved among the nutritional

components of the pine nuts, and high-quality clones

could be selected as superior clones, including HG6, HG8,

HG39, LK79-36, LK15, LK32, TL3101, TL1194,

TL1131, WH28, WH19, and WH117. The composition of

fatty acid and amino acid in superior clones was signifi-

cantly higher than the average level of clonal seed orch-

ards. We also studied the phenotypic differentiation of

clonal orchards under different locations and the corre-

lations between population characteristics. The results

reveal the stability among the seed characteristics, which

provides a basis for improving the seed yield of Korean

pine trees and the clonal selection.
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