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Abstract: Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is an important timber species native
to southern China. While the single, unstructured breeding strategy was employed in the past three
cycles of breeding, it is no longer adequate for managing a more advanced breeding population.
In this study, we utilized restriction-site-associated DNA-sequencing (RAD-seq) to estimate the
genetic diversity of breeding populations and phenotypic values or breeding values to estimate the
genetic gain of hundred-grain weight, diameter at breast height, and wood basic density. To achieve
a balance between genetic gain and genetic diversity, we combined the multiple populations and
core-main populations methods to construct the fourth cycle breeding population. Finally, the fourth
cycle breeding population was made up of a core population of 50 individuals with an inbreeding
coefficient of ~0, and an additional main population of 183 individuals, with an effective population
size of 108. Crossings made within and/or between different trait-targeted subpopulations could
facilitate bidirectional gene flow between the core and main populations, depending on the breeding
objectives. This structured breeding population of Chinese fir could aim for both short- and long-term
genetic gains and has the potential to support the preservation of germplasm resources for future
climate change.

Keywords: Chinese fir; breeding population; SNP; genetic diversity; genetic gain

1. Introduction

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) is a fast-growing timber conifer
species widely distributed from the south of the Qinling Mountains in China to northern
Vietnam (19◦30′–34◦03′ N, 101◦30′–121◦53′ E) (Figure 1) [1]. Its relatively straight tree trunk
and high cellulose content provide wood and fiber products. As such, the Chinese fir is
an important tree species for industrial raw materials, widely used in the construction,
interior decoration, and wood fiber bio-composites industries. Meanwhile, in China, it
spans management zones, as it not only represents a valuable source of timber but is also
situated within ecological remediation areas and public welfare forests. In fact, according
to the ninth National Forest Resources Inventory in China [2], the Chinese fir plantations
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cover an area of 9.9 million hectares, accounting for 17.3% of China’s total dominant tree
species in plantations, while the standing timber volume is 755.45 million cubic meters,
accounting for 22.3% of the total plantation volume.
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Figure 1. Natural distribution of Chinese fir.

Breeding populations are composed of elite trees that are mated for subsequent breed-
ing cycles, providing the genetic foundation for long-term selection and breeding. Therefore,
a breeding population must maintain a certain level of genetic diversity while reflecting
genetic improvements [3,4]. Currently, a structured breeding population concept has been
introduced to address the need for advanced-generation and multi-objective breeding,
where the single, unstructured whole population could be divided into the core/nucleus
and main populations, multiple populations, and sublines (Figure 2A–C) [5,6]. Recently,
several breeding models, including single-population, inbred hybrid, and rolling-front
strategies, have been proposed in tree breeding programs (Figure 2D–F) [7,8]. For example,
a model of dividing the breeding population into several sublines with a composite popu-
lation mating design was adopted for loblolly pine (Pinus taeda) [9] and slash pine (Pinus
elliottii) [10]. Meanwhile, an alternative strategy was used for New Zealand radiata pine
(Pinus radiata) [11] by dividing the breeding population into main and core populations
with unequal sizes as a means to ensure genetic diversity while effectively preventing
inbreeding and controlling the rate of coancestry (Table 1). Based on simulations, a single
breeding population with a coancestry control strategy or a core-main population breed-
ing strategy provides the highest genetic gain for intermediate (5–10 generations) and
long-term (15–20 generations) breeding [8]. Indeed, breeding population construction is
consistently one of the priority areas of forest genetic breeding research, particularly in
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terms of the composition and scale of the core breeding population, the design of subline
and the super line group structures, and division of the main and elite populations.
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Table 1. Breeding strategies used in forest tree species.

Species Program Cycle N Strategy Reference

Pinus radiata TBA 2 (1996–2011) 340 Subline and multiple populations [11]

3–4 (2012–) NA Rolling-front [8]

Pinus teada NCSU 3 (1995–2015) 1017 Subline within nucleus [12]

4 (2010–2024) NA Rolling-front [13]

Pinus elliottii CFGRP 1 (1953–1986) 2516 Unstructured [14]

2 (1987–2002) 1017 Subline within nucleus [14]

3 (2003–2013) NA Subline within nucleus [14]

Pinus sylvestris Skogforsk 1 NA Multiple populations [15]

2 NA Multiple populations [15]

3 NA Multiple populations and
partial rolling-front [15]

Picea abies Skogforsk 1 NA Multiple populations [16]

2 NA Multiple populations and
partial rolling-front [17]

TBA, Tree Breeding Australia Ltd., previously called the Southern Tree Breeding Association; NCSU, North
Carolina State University; Skogforsk, the Forestry Research Institute of Sweden; CFGRP, the Cooperative Forest
Genetics Research Program.
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The construction of an advanced-generation breeding population should aim to main-
tain genetic diversity while improving the genetic gain of the target population. The
breeding population of Chinese fir in the first three cycles has shown high genetic diver-
sity and genetic gain [18,19]. However, Chinese fir breeding has recently entered the 4th
cycle of genetic improvement. After 4 years of observation, 233 unique genotypes with
strong flowering and fruiting abilities were selected as the 4th cycle Chinese fir breeding
population [18]. 343,644 high-quality single nucleotide polymorphism (SNP) markers have
been developed to resolve the genetic diversity and population genetic structure of 233 Chi-
nese fir [20]. In this study, we aimed to use these markers to clarify the genetic diversity
and genetic gain of the 4th cycle of the Chinese fir breeding population and construct an
advanced-generation structured breeding population. Finally, we proposed a strategy for
constructing and managing the 4th cycle breeding population of the Chinese fir using two
structural breeding population construction methods, i.e., the core-main population and
multiple population models.

2. Materials and Methods
2.1. Test Material

The experimental materials were obtained from the 4th cycle selection/candidate
population of Chinese fir for breeding and deployment, comprising 233 individuals. These
individuals were selected based on the volume, disease resistance, survival, and wood
density from a range of experiments, including the 2nd and 3rd cycle breeding popula-
tions [21,22], long-term range-wide provenance tests, and the regional deployment test of a
selected national elite family line and family lines for infertile sites [23–25]. According to
the pedigree analysis (Supplementary Figure S1), the test material could be divided into
four generations: 1st (n = 2), 2nd (n = 56), 3rd (n = 146), and 4th (n = 29) (Supplementary
Table S1).

The selected individuals were grafted at the Daoping site (26◦49′ N, 117◦53′ E) of
Yangkou State-owned Forest Farm, Fujian Province. Yangkou is in the central production
area for Chinese fir, within the low mountainous and hilly area of the Wuyi Mountains, with
a subtropical monsoon climate, an annual average temperature of 18.5 ◦C, and a summer
high temperature of 40.3 ◦C. The lowest temperature was −6.8 ◦C, the average annual
precipitation was 1880 mm, the annual frost-free period was approximately 280 days, and
the average relative humidity was 82% in 2022. The dominant soil is a type of yellow-red
mountain soil developed from granite, with a deep soil layer and a site condition classified
as grade II. The location is at an altitude of 175–240 m and formerly consisted of mixed
coniferous and broadleaved forest crops with multiple tree species, including Chinese fir,
Pinus massoniana, and Superba spp. After clearing the site by removing existing trees in
autumn 2014, rows of large holes (60 × 40 × 40 cm) spaced 3 × 3 m apart for each rootstock
plant were prepared. The scions were grafted in 2016–2017, and a minimum of eight ramets
were grafted for each selected individual.

2.2. SNP Marker Development

Whole genome DNA from the 233 samples was extracted from the fresh needles of
Chinese fir using the DP-320-02 kit from the Tiangen Biotechnology Company (Beijing,
China). Genomic DNA was sequenced using restriction-site-associated DNA-sequencing
(RAD-seq) technology. The population RAD-tag collection was used as the assembled
reference sequence, sequencing reads were compared using TopHat software v2.1.0 (TopHat,
Toronto, ON, USA), and population SNP detection was performed using GATK variant
detection software v4.1.9. Marker filtering was performed using Plink v1.9 with the
following criteria to keep SNPs: integrity > 0.8, minimum allele frequency ≥0.05, and loci
conforming to the Hardy–Weinberg equilibrium. The more detailed description is shown
in Jing et al. [20].
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2.3. Trait Determination

In this study, we measured diameter at breast height (DBH) and wood basic density
(WBD) in 31 progeny trials (Supplementary Table S2), including 18 and 13 progeny trials
from the 2nd and 3rd generations, respectively. Two experimental designs, namely a
randomized complete block design [24] and a balanced lattice design [23], were used in
the 31 trials. The details of the experimental design for each trial are shown in Table S2.
The DBH was measured at a breast height of 1.3 m using a perimeter ruler at field age
seven [23,24]. For WBD, 5 mm increment cores at breast height were obtained using a
tree growth core at field age 25. Using the saturated water content method, the weight
(kg) of the wood increment cores at saturated water content was recorded as W1; the
mass (kg) after drying in an oven at 105◦ was recorded as W2. WBD was calculated using
Equation (1):

WBD = 1/
(

W1
W2
− 0.346

)
, (1)

Seeds were collected from the grafted trees on Yangkou State-owned Forest Farm, and
the mass of one hundred randomly sampled seeds was weighed on a balance; the average
of three replicates was taken as the hundred-grain weight (HGW) of the genotype.

The genetic gains of HGW, DBH, and WBD in the selected population at different
diversity levels were based on the estimated breeding values of the 2nd and 3rd cycle
breeding programs; the genetic gains of HGW, DBH, and WBD were recorded as ∆GHGW ,
∆GDBH , and ∆GWBD, respectively.

2.4. Statistical Analysis
2.4.1. Estimates of Breeding Values

Chinese fir typically has a very low genetic correlation between WBD and DBH.
Therefore, we estimated the breeding values of DBH and WBD using a univariate linear
mixed model across sites based on adjusted phenotypic data from 31 progeny trials. First,
we used a linear mixed model to adjust environmental/design effects, such as block effects,
for phenotypic value [23]. Secondly, an individual-tree linear mixed mode was used to
estimate the final breeding values, which can be expressed in matrix form as

y = Xb + Zu + e

where y is a vector of adjusted phenotypic values for sites 1 to 31, b is a vector of a fixed
effect of the general mean with its design matrix X, u is a vector of random effects with its
corresponding design matrix Z, e is a vector of residuals. Fixed and random effect solutions
are obtained by solving the linear mixed model equations:[

X′R−1X X′R−1Z
Z′R−1X Z′R−1Z + G−1

][
b̂
û

]
=

[
X′R−1y
Z′R−1y

]
where R is the variance–covariance matrix of the residuals and G is the variance–covariance
matrix of each of the random effects. Residuals are assumed to be independent among
sites, and the residual matrix (R) is

R =

σ2
1 I1 · · · 0
...

. . .
...

0 · · · σ2
31 I31


where σ2

i is the residual variance for trial i, Ii is the identity matrix for trial i. To make the
model converge, a factor analytic variance structure was used to fix the G matrix. ASReml
R V4.1 was used to fit the model for both traits [26].
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2.4.2. Genetic Diversity Analysis

The genetic diversity and structure of breeding populations were estimated through an
analysis of the detected SNPs. Using Plink v1.9 [27], effective allele number (Ne), expected
heterozygosity (He), observed heterozygosity (Ho), and the proportion of missing SNP
loci (PN) were measured. Minor allele frequency (MAF), Shannon–Wiener index (Shi), and
polymorphic information content (PIC) were calculated by the Perl programming-based
method. The genetic diversity index (Nei) and genetic differentiation index (Fst) were
calculated using Vcftools v0.1.14 [28]. The genetic distances between individuals were
calculated using MEGA7 [29]. The population structure was analyzed using Admixture
(Version 1.3.0), assuming K values from 1 to 9, and the minimum value of the cross-
validation error rate was used as the optimal number of bins for the population.

2.4.3. Core Subpopulation Collection Strategy

For core subpopulation collection/selection, a step-wise pruning procedure was im-
plemented, and Core Hunter [30] was used for evaluation. Core Hunter is a tool to sample
diverse, representative subsets from large germplasm collections with minimum redun-
dancy. Such so-called core collections have general applications in plant breeding and
genetic resource management. Core Hunter can construct cores based on genetic marker
data or phenotypic traits, optimizing one of the many provided evaluation measures
depending on the precise purpose of the core (e.g., high diversity or representativeness).

Core hunter was used to classify core collections based on SNP markers using a rate
between 10% and 70%, with an increment of 5%, for a total of 13 core collections, designated
the S collections. Genetic gain for different S collections of Chinese fir breeding populations
was calculated based on estimated breeding values. Based on the genetic gain from the
largest to the smallest of the three traits (HGW, DBH, and WBD), the core subpopulations
were selected from the largest to the smallest gain, with a selection rate of 10% to 70% and
a 10% increment. The seven phenotypic subpopulation collections were classified as the
MP1 collection for HGW, the MP2 collection for DBH, and the MP3 collection for WBD.

Significant differences between core collections and the whole population were as-
sessed using an independent sample t-test with the following model and R software v4.0.2:

t =

↼
X1 −

↼
X2√

(n1−1)S2
1+(n2−1)S2

2
n1+n2−2

(
1

n1
+ 1

n2

)
where X1 and X2 are two population means, S2

1 and S2
2 represent two population variances,

and n1 and n2 are the number of samples in the two populations.

2.4.4. Structured Breeding Population Construction

Using a multi-group structured breeding population construction method suitable for
multiple breeding objectives, four Chinese fir collections with genetic diversity in HGW,
DBH, and WBD were plotted with Venn diagrams using the TB tools (https://github.com/
CJ-Chen/TBtools) software v1.109. Based on the plots, the four subpopulations could be
divided into two subgroups: the main breeding population and the core population. The
intersection of the four subpopulations represented the core population, which combined
high genetic diversity and genetic gain; the remainder constituted the main population.
Within the core population, the genetic gain of the three target traits was used as the basis
for classification, and the core population was divided into three categories (MP1, MP2, and
MP3) to construct an advanced-generation structured breeding population of Chinese fir.

3. Results
3.1. Construction of Subpopulations Based on Molecular Data

The S collection based on SNP data and their genetic parameters are presented in
Table 2. The MAF, He, Ho, and Nei of the 13 proposed core subpopulations gradually

https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools
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decreased with increasing selection rates, and the number of effective alleles, PIC, Shi, and
Fst, gradually increased with increasing selection rates. However, the genetic parameters
of these proposed core subpopulations differed from the whole population by a p-value
≥ 0.05 without significant changes, indicating that the genetic diversity of the S collection
was relatively preserved.

Table 2. Parameters of genetic diversity and genetic gain of the core subpopulation.

Core
Collection Size (n) MAF Ne He Ho PIC Shi Nei Fst PN/% CV/%

The Most
Feasible K

Value

S-10% 23 0.1613 1.3881 0.2428 0.2528 0.2147 0.4132 0.2538 0.1652 1.7122 98.2878 1
S-15% 35 0.1603 1.3891 0.2426 0.2487 0.2150 0.4136 0.2497 0.1650 0.3344 99.6656 1
S-20% 47 0.1583 1.3900 0.2404 0.2409 0.2152 0.4138 0.2456 0.1655 0.1018 99.8982 1
S-25% 58 0.1574 1.3911 0.2395 0.2382 0.2154 0.4140 0.2437 0.1673 0.0271 99.9729 1
S-30% 70 0.1569 1.3921 0.2392 0.2369 0.2156 0.4143 0.2427 0.1687 0.0064 99.9936 2
S-35% 82 0.1563 1.3932 0.2386 0.2348 0.2158 0.4146 0.2415 0.1697 0.0009 99.9991 2
S-40% 93 0.1567 1.3944 0.2393 0.2367 0.2160 0.4151 0.2419 0.1707 0.0003 99.9997 2
S-45% 105 0.1561 1.3955 0.2384 0.2348 0.2162 0.4152 0.2407 0.1716 0.0003 99.9997 3
S-50% 116 0.1564 1.3964 0.2390 0.2358 0.2164 0.4152 0.2411 0.1725 0 100 3
S-55% 128 0.1563 1.3973 0.2389 0.2355 0.2165 0.4158 0.2408 0.1729 0 100 3
S-60% 140 0.1560 1.3982 0.2386 0.2347 0.2168 0.4158 0.2403 0.1736 0 100 4
S-65% 151 0.1562 1.3994 0.2389 0.2353 0.2171 0.4159 0.2405 0.1750 0 100 4
S-70% 163 0.1562 1.4004 0.2388 0.2362 0.2173 0.4162 0.2403 0.1767 0 100 4

MP1-10% 23 0.1516 1.3944 0.2292 0.2234 0.2160 0.4150 0.2396 0.1849 3.1099 96.8901 1
MP1-20% 47 0.1542 1.3954 0.2348 0.2300 0.2162 0.4151 0.2399 0.1831 0.1493 99.8507 1
MP1-30% 70 0.1550 1.3964 0.2365 0.2289 0.2164 0.4152 0.2399 0.1836 0.0070 99.9930 2
MP1-40% 93 0.1552 1.3973 0.2371 0.2329 0.2167 0.4157 0.2397 0.1826 0 100 2
MP1-50% 117 0.1553 1.3985 0.2375 0.2328 0.2169 0.4159 0.2395 0.1809 0 100 3
MP1-60% 140 0.1552 1.3992 0.2375 0.2325 0.2171 0.4159 0.2392 0.1798 0 100 3
MP1-70% 163 0.1550 1.4004 0.2373 0.2319 0.2173 0.4162 0.2388 0.1792 0 100 4

MP2-10% 23 0.1525 1.3942 0.2306 0.2291 0.2162 0.4149 0.2411 0.1857 2.9859 97.0141 1
MP2-20% 47 0.1530 1.3953 0.2331 0.2287 0.2164 0.4154 0.2382 0.1828 0.1857 99.8143 1
MP2-30% 70 0.1536 1.3963 0.2345 0.2298 0.2166 0.4154 0.2379 0.1840 0.0131 99.9869 2
MP2-40% 93 0.1538 1.3973 0.2352 0.2297 0.2168 0.4158 0.2378 0.1825 0.0003 99.9997 3
MP2-50% 117 0.1543 1.3983 0.2360 0.2298 0.2169 0.4157 0.2380 0.1811 0.0003 99.9997 3
MP2-60% 140 0.1547 1.3992 0.2366 0.2318 0.2171 0.4160 0.2383 0.1786 0 100 4
MP2-70% 163 0.1547 1.4002 0.2367 0.2302 0.2172 0.4163 0.2382 0.1782 0 100 4

MP3-10% 23 0.1530 1.3943 0.2308 0.2305 0.2160 0.4149 0.2413 0.1860 3.6031 96.3969 1
MP3-20% 47 0.1540 1.3953 0.2342 0.2320 0.2163 0.4153 0.2393 0.1844 0.2654 99.7346 1
MP3-30% 70 0.1542 1.3964 0.2350 0.2327 0.2165 0.4155 0.2384 0.1829 0.0422 99.9578 2
MP3-40% 93 0.1549 1.3973 0.2363 0.2346 0.2166 0.4157 0.2389 0.1826 0.0081 99.9919 2
MP3-50% 117 0.1548 1.3984 0.2363 0.2322 0.2168 0.4159 0.2383 0.1815 0.0009 99.9991 3
MP3-60% 140 0.1549 1.3993 0.2368 0.2331 0.2170 0.4161 0.2385 0.1801 0 100 3
MP3-70% 163 0.1551 1.4003 0.2372 0.2327 0.2172 0.4163 0.2387 0.1778 0 100 4

Entire
collection 233 0.1552 1.4013 0.2377 0.2323 0.2175 0.4165 0.2387 0.1773 0 100 4

Note: S collection was based on Genetic Diversity; MP1 collection was based on the phenotypic trait of HGW;
MP2 collection was based on the phenotypic trait of DBH; MP3 collection was based on the phenotypic trait of
WBD; minor allele frequency (MAF); effective numbers of alleles (Ne); expected heterozygosity (He); observed
heterozygosity (Ho); polymorphic information content (PIC); Shannon–Wiener index (Shi); Nei’s gene diversity
index (Nei); genetic differentiation index (Fst); the proportion of non-informative alleles in the proposed core
population relative to non-informative alleles in the breeding population (PN%); the proportion of allele coverage
of proposed core populations compared to allele coverage of breeding populations (CV%); The most feasible K
value represents the number of groups inferred using ADMIXTURE in each core collection.

To retain the high-quality SNP loci, the MAF was set to >0.05. When the selection
rate was set to 50% and 116 selected individuals were included, the conservation rate of
allelic information for the proposed core subpopulation was 100%, and the polymorphic
information of all SNP loci was retained. The genetic structure reflects the genetic diversity
of the population, while the genetic structure of the core subpopulation should mimic the
original population to better retain all genetic information from the original population [31].
When the selection rate reached 60% and 140 selected individuals were included, the
optimal number of four available structured populations in the whole population was
approached. Therefore, considering the genetic diversity, allele conservation, and specific
genetic structure, the SNP-based core population comprised 140 individuals.

The mean values of HGW, DBH, and WBH for the core population constructed based
on SNP loci were 0.560 g, 23.73 cm, and 324.12 kg/m3, respectively, with genetic gains
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of −1.59%, 2.82%, and −0.85%, respectively. However, no significant differences were
observed in the performance of the three phenotypic traits between the selected and whole
populations (Supplementary Table S3).

3.2. Construction of Multiple Populations of Chinese Fir Based on Phenotypic Data

The genetic parameters of each of the seven Chinese fir subpopulations constructed
based on HGW are presented in Table 3; the overall changes were consistent with the trend
in the core subpopulation constructed based on SNP loci. When the selection rate was
70%, the genetic diversity, alleles, and specific genetic structure of the tested population
were preserved. There were 163 individuals selected in the Chinese fir subpopulation
based on HGW, and the subpopulation had mean HGW, DBH, and WBD values of 0.638
g, 23.10 cm, and 324.12 kg/m3, respectively, with genetic gains of 12.12%, −0.87%, and
−0.82%, respectively. The HGW of the selected population showed a significant difference
from that of the whole population (p < 0.05); however, there were no significant differences
for DBH and WBD (Supplementary Table S3).

Table 3. Mean values and genetic gains of subpopulation phenotypic traits.

Core
Collection Size (n) HGW/g DBH/cm WD/(kg/m3) ∆GHGW ∆GDBH ∆GWBD

S-10% 23 0.575 21.92 306.57 1.05% −5.94% −6.21%
S-15% 35 0.570 23.30 316.21 0.17% −0.02% −3.27%
S-20% 47 0.570 23.32 326.23 0.17% 0.07% −0.20%
S-25% 58 0.566 23.39 327.15 −0.53% 0.37% 0.08%
S-30% 70 0.563 23.48 325.39 −1.06% 0.76% −0.46%
S-35% 82 0.556 24.10 327.18 −2.29% 3.42% 0.09%
S-40% 93 0.568 24.15 326.88 −0.18% 3.63% 0.00%
S-45% 105 0.559 24.35 327.32 −1.76% 4.49% 0.13%
S-50% 116 0.559 24.17 326.73 −1.76% 3.72% −0.05%
S-55% 128 0.567 23.97 324.92 −0.36% 2.86% −0.60%
S-60% 140 0.560 23.96 324.12 −1.59% 2.82% −0.85%
S-65% 151 0.556 23.73 325.71 −2.29% 1.83% −0.36%
S-70% 163 0.573 24.00 326.90 0.70% 2.99% 0.00%

MP1-10% 23 0.873 21.60 324.91 53.42% −7.31% −0.60%
MP1-20% 47 0.792 22.52 327.71 39.18% −3.36% 0.25%
MP1-30% 70 0.748 23.03 328.33 31.45% −1.17% 0.44%
MP1-40% 93 0.715 22.79 322.22 25.65% −2.20% −1.43%
MP1-50% 117 0.686 22.98 322.33 20.55% −1.39% −1.39%
MP1-60% 140 0.661 22.94 322.33 16.16% −1.56% −1.39%
MP1-70% 163 0.638 23.10 324.21 12.12% −0.87% −0.82%
MP2-10% 23 0.587 33.13 361.14 3.16% 42.17% 10.48%
MP2-20% 47 0.558 30.54 351.94 −1.94% 31.05% 7.66%
MP2-30% 70 0.530 29.33 345.33 −6.86% 25.86% 5.64%
MP2-40% 93 0.535 28.40 344.13 −5.98% 21.87% 5.28%
MP2-50% 117 0.540 27.45 342.00 −5.10% 17.79% 4.62%
MP2-60% 140 0.556 25.57 337.35 −2.29% 9.73% 3.20%
MP2-70% 163 0.558 25.73 332.34 −1.94% 10.41% 1.67%
MP3-10% 23 0.511 26.76 405.17 −10.20% 14.83% 23.95%
MP3-20% 47 0.524 25.82 387.76 −7.91% 10.80% 18.62%
MP3-30% 70 0.543 25.57 376.87 −4.58% 9.73% 15.29%
MP3-40% 93 0.546 25.03 367.95 −4.05% 7.41% 12.56%
MP3-50% 117 0.550 24.77 359.84 −3.35% 6.29% 10.08%
MP3-60% 140 0.557 24.48 325.69 −2.12% 5.05% −0.37%
MP3-70% 163 0.561 24.31 346.40 −1.41% 4.32% 5.97%

Entire
Collection 233 0.569 23.30 326.89

Note: ∆GHGW, ∆GDBH, and ∆GWBD refer to the genetic gains of hundred-grain seed weight, diameter at breast
height, and wood basic density, respectively.
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The genetic parameters of each of the seven fir subpopulations constructed based
on DBH are presented in Table 3; the overall changes were consistent with the trend in
the core subpopulation constructed based on SNP loci. When the selection rate was 60%,
the genetic diversity, alleles, and specific genetic structure of the test population were
preserved. The Chinese fir subpopulation constructed based on DBH had 140 selected indi-
viduals, with mean HGW, DBH, and WBD values of 0.556 g, 25.57 cm, and 337.35 kg/m3,
respectively, and genetic gains of −2.29%, 9.73%, and 3.20%, respectively. The DBH and
WBD of the selected populations differed significantly from those of the whole popula-
tion (p < 0.05; Supplementary Table S3). The negative genetic gain for HGW could result
from a non-significant negative Pearson correlation between breeding values of DBH and
environmental-adjusted phenotypic values of HGW (Supplementary Table S4).

The genetic parameters of each of the seven Chinese fir subpopulations constructed
based on WBD are presented in Table 3; the overall changes were consistent with the trend
in the core population constructed based on SNP loci. When the selection rate was 70%, the
genetic diversity, alleles, and specific genetic structure of the test population were preserved.
The subpopulation of Chinese fir based on WBD had 163 selected individuals, with mean
HGW, DBH, and WBD values of 0.561g, 24.34 cm, and 346.40 kg/m3, respectively, and
genetic gains of −1.41%, 4.32%, and 5.97%, respectively. The genetic gains for HGW, DBH,
and WBD for the selected subpopulation were −1.41%, 4.32%, and 5.97%, respectively. The
DBH and the WBD of the selected populations differed significantly from those of the test
populations (p < 0.05; Supplementary Table S3).

3.3. Construction of a Core Breeding Chinese Fir Population

The 4th cycle breeding Chinese fir population was divided into core and main popula-
tions according to the breeding objectives. In the previous two sections, four subpopulations
were selected based on marker-based genetic diversity: HGW, DBH, and WBD, respectively,
and the intersection of the four subpopulations with 50 individuals was selected as the core
population (Figure 3, Supplementary Table S5); the remaining 183 individuals constituted
the main population.
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S, collection based on genetic diversity; MP1, collection based on the phenotypic trait of HGW; MP2,
collection based on the phenotypic trait of DBH; and MP3, collection based on the phenotypic trait
of WBD.

The average minor allele number, Ne, average He, average Ho, PIC, Shi, Nei, and
population differentiation index of the core population were 0.1550, 1.3997, 0.2345, 0.2359,
0.2168, 0.4160, 0.2393, and 0.1805, respectively. A total of 441 SNP loci had an MAF of 0
and missing polymorphic information of 0.12%, retaining 99.88% genetic diversity. A total
of 39,193 SNP loci had an MAF < 0.05, while >88.59% of the SNP loci had an MAF > 0.05,
which maximized the genetic diversity from the original germplasm. The HGW of the core
population ranged from 0.484 to 1.088 g, including the highest seed weight of the whole
population, with an average HGW of 0.612 g and a genetic gain of 7.49%; the DBH of the
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core population ranged from 21.40 to 44.30 cm, including the fast-growing tree of the test
population, with an average DBH of 27.98 cm and a genetic gain of 20.08%. The WBD of
the core population ranged from 304.15 kg/m3 to 451.39 kg/m3, and the average WBD
was 343.69 kg/m3, with a genetic gain of 5.14%. The statistical analysis showed significant
differences in the phenotypic traits between the core population and the original whole
population, indicating that the genetic gain of the core population was significant.

3.4. Strategies for Managing Core Populations of Chinese Fir

The genetic similarity (kinship) heatmap and clustering dendrogram of the core
Chinese fir population (n = 50) are shown in Figure 4. According to the pedigree analysis
(Supplementary Figure S4), the core population could be divided into three generations:
2nd (n = 20), 3rd (n = 27), and 4th (n = 3). Excluding two pairs of individuals between E66
and E110 (0.1222) and between E42 and C22 (0.1174), whose genetic similarity was >0.1,
the genetic similarity between the remaining individuals was <0.1. Among the genetic
similarities between the 1225 individual pairs, only 104 pairs had a genetic similarity >0,
accounting for only 8.48% of all related pairs. The relationship pairs based on the pedigree
of the core population with kinship coefficients of 0.5, 0.25, 0.125, 0.0625, and 0.03125 were
2, 1, 32, and 26, respectively. Thus, the overall kinship between individuals in the core
population was low.
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A schematic diagram of the structured breeding population construction for Chinese
fir is shown in Figure 5. The core population will be used for intensive breeding to achieve
a genetic gain of target traits in the short term, and the main population will be used to
maintain population genetic diversity as well as provide genetic material for new breeding
objectives in future generations. The mating designs for the core population and the main
population differed. Specifically, the core population, as a source of high-performing mate-
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rial, has a full sibling mating design according to specific breeding objectives. Meanwhile,
for the main population, a multilineage pollination mating design or an open pollination
mating design will be applied to create more variation and provide a genetic basis for
the increase or change in breeding objectives in future generations. Simultaneously, each
material from the core population was allowed to participate in other hybrid groupings to
maximize the use of genetic information from the core population.
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Figure 5. A schematic diagram of the 4th cycle structured breeding population of Chinese fir. The
main population was used to maintain long-term genetic diversity (GD) in breeding populations;
MP1, MP2, and MP3 are the core subpopulations used to achieve high short-term genetic gains for
the target traits.

Two designs can be considered to increase the genetic gain per unit of time. First, in
the case of a fixed breeding target, a directional inbreeding-control design can be carried
out based on the kinship matrix, and the effect of increasing the genetic gain of the target
trait can be achieved by artificially controlling the inbreeding level. Second, the use of
different selection intensities or different genetic assay designs can be adopted for the core
and main populations to accelerate the breeding cycle of the core population.

Different management strategies are suggested for the core and main subpopulations
to control the inbreeding level of the Chinese fir advanced-generation breeding population
(Figure 6). Within different lines of the core subpopulation, successive high-intensity
crosses may be used for different breeding objectives without controlling the inbreeding
level within the group. Different lines of the same breeding target can be selected for
cross-mating to reduce the inbreeding level while achieving a high genetic gain. Different
lines with different breeding targets can also be selected for cross-mating to achieve multi-
objective breeding. Meanwhile, different subpopulations can be selected in the main
population for new breeding targets, thus meeting the need for advanced-generation
breeding of forest trees.
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Figure 6. Management strategy of the core Chinese fir population. The subpopulations were selected
according to the breeding target traits and can be mated with each other within the core subpopulation
to achieve single-target breeding, and mating between subpopulations can achieve multi-target
breeding, thus realizing advanced-generation multi-target breeding of Chinese fir. MP4, MP5, and
MP6 are the core subpopulations that were used to achieve short-term high genetic gains for future
target traits. BG1, BG2, and BG3 were the breeding target traits of MP4, MP5, and MP6, respectively.
Single-objective breeding (STB); multi-objective breeding (MTB); hundred-grain weight (HWG);
diameter at breast height (DBH); wood basic density (WBD).

4. Discussion
4.1. Breeding Objectives of Chinese Fir

Chinese fir has finished three cycles of breeding, and the goal of the fourth cycle is
to maintain genetic diversity while maximizing genetic gain and reproductivity. In this
study, we have proposed an alternative approach for the construction of a core breeding
population by taking the intersection of four subpopulations representing genetic diversity
and three different phenotypic traits, which are HGW, DBH, and WBD. The DBH and WBD
are the most important breeding traits related to growth and wood quality, respectively.
Meanwhile, the HGW is to evaluate reproductive ability [32].

4.2. The Breeding Population Size

The size of the breeding population directly affects the genetic outcomes. A large
population size can delay inbreeding; however, it may result in a smaller breeding gain.
Moreover, a small population size with the best trees may initially accelerate breeding
progress; however, the genetic variation will decrease rapidly. In fact, a small population
can result in the loss of favorable alleles, particularly for low-frequency or non-selected
traits. Thus, the 2nd generation breeding populations of the slash pine and loblolly pine in
the southeastern region of the United States and the radiata pine in Australia are composed
of hundreds to thousands of superior trees [12,14]. The New Zealand radiata pine (Pinus
radiata D. Don) breeding cooperative had a target effective population size of 400 individ-
uals [11]. In the present study, the overall kinship of the whole population studied was
0.0023, and the effective population size (Ne) was 108 for the 4th cycle breeding population
of the Chinese fir. The results showed that when the effective population size is greater
than 50, a low frequency of favorable genes can theoretically maintained in the breeding
population, ensuring genetic gains for multiple generations [33].
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4.3. How to Maintain Genetic Diversity and Control Inbreeding

Genetic diversity is the basis of long-term breeding, and higher genetic diversity
guarantees the sustainability of breeding effects and genetic gain. It was reported that
genetic diversity (0.49–0.66) for Mason pine (P. massoniana) breeding was maintained and
balanced with a high genetic gain in three rounds of selective breeding [34]. Typically,
heterozygous plants have high genetic diversity [35], and Chinese fir is a predominantly
heterozygous plant with dioecious flowers that rely on wind pollination. Many studies
have shown high levels of genetic diversity for Chinese fir using SSR (Simple Sequence
Repeat) [19], RAPD [36], and SNPs [37] to study the 1st, 2nd, and 3rd cycles of breeding
populations, respectively. This study found that the 4th cycle breeding population of
Chinese fir possessed a high level of genetic diversity. Such maintenance of diversity, in
combination with the reported high genetic gain of Chinese fir breeding [38], indicated
that the breeding strategy and advanced-generation method for Chinese fir in China were
scientifically effective.

Inbreeding depression poses a significant challenge to conifer breeding, resulting
in reduced fertility, slower growth, and lower survival rates [39,40]. In this study, we
observed that the inbreeding coefficient of the core population was ~0. The average kinship
of 233 individuals based on pedigree and molecular markers was 0.0067 and −0.0226,
respectively (Supplementary Table S6, Supplementary Figures S2 and S3). In the present
study, the genomic relationship matrix calculated from SNP loci using RAD-seq was applied
to control inbreeding, which may be more effective than pedigree analysis.

In traditional tree breeding, discrete generations are maintained, and new cycles of
testing and selection are started only after the completion of crosses between previous
generations [7]. Several important conifer species have shifted from previously discrete
generation breeding programs to a rolling-front breeding strategy with overlapped gen-
erations [8,41]. The rolling-front breeding strategy could potentially yield higher overall
returns per unit of time than the discrete generation strategy, with potentially higher in-
breeding accumulation [7]. For example, within the 3rd cycle, a rolling-front breeding
strategy was implemented in radiata pine. This strategy could increase the genetic gain
by 25%–35% after 40 years compared to that of the previous strategy, primarily owing to
the shorter breeding cycles [42]. To implement the rolling-front strategy, a dynamic genetic
evaluation system such as TREEPLAN® should be developed for Chinese fir.

4.4. Construction and Management of the Core Breeding Population

Given that phenotypic traits are easy to measure and their differences among individ-
uals are relatively large, they are often used as the basis for core population construction in
crops. However, as molecular marker technology advances, molecular markers, which are
not influenced by the external environment, provide a large amount of genetic information
and can be used for core population construction [43–45]. In this study, we also employed
RAD-seq genomic data to control inbreeding.

The size of the core population is related to the biological characteristics of the species,
the level of genetic diversity of the population, and the objectives of core population
construction, depending on the specific situation. Brown et al. [46] derived from the neutral
theory that more than 70% of the genetic variation of the base population can be covered
using 5%–10% of the individuals of the base population as the core germplasm. According
to available reports [47], most of the core samples of various crops account for 10%–30%
of the base population, for example, 17%, 10%, and 10% in alfalfa (Medicago sativa) [48],
peach (Prunus persica) [49], and rice (Oryza sativa) [50], respectively. In this study, 50 core
materials were selected from 233 selected individuals based on SNP markers in combination
with three phenotypic traits, and the core population accounted for 21% of the 4th cycle
Chinese fir breeding population, which can maximize the genetic diversity of the entire
breeding population; however, inclusion of a smaller number of genotypes could reduce
management costs. Finally, the core (or nucleus) and main populations are bidirectional in
germplasm exchange. Bidirectional gene exchange between the two parts of the breeding
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population reduces the difference between the main and core populations to exchange
selected trees.

The structured population construction method with the combination of the core and
main populations with multiple populations is expected to achieve a common genetic gain
in multi-objective breeding while maintaining high genetic diversity in the 4th breeding
Chinese fir population. Based on other studies [8], the genetic gain of different sublines
constructed for breeding populations is higher. However, the core and main population
strategies were more effective in maintaining the inbreeding level than those of subline
breeding and multiple breeding strategies. Therefore, we propose a structured breeding
strategy for forest trees considering genetic diversity and genetic gain, in which those at the
intersection of different subpopulations based on each trait constitute the core population
and the other materials are retained as the main population.

5. Conclusions

The present work mainly focuses on the analysis of genetic diversity and genetic gain
in the 4th cycle of the Chinese fir breeding population. Using a core-main population and
multiple population models, we successfully constructed an advanced-generation struc-
tured breeding population. The population was divided into core and main populations
to maintain genetic diversity and obtain genetic gain. The core population consisted of
individuals from multiple populations that overlapped according to the different breeding
objectives. Through different mating schemes between different subpopulations, the needs
of multi-objective breeding can be met. The findings permitted us to gain insight into
the mating system, maintain genetic diversity, control inbreeding, and achieve a high
genetic gain.
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