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Abstract

Background Fucalyptus grandis, which was first comprehensively and systematically introduced to China

in the 1980s, is one of the most important fast-growing tree species in the forestry industry. However, to date, no core
collection has been selected from the germplasm resources of E. grandis based on growth and genetic relationship
analysis.

Results In the present study, 545 individuals of E. grandis collected from 28 populations across 5 countries were
selected for genetic diversity analysis using 16 selected SSR markers. The polymorphism information content (PIC)
was employed to assess genetic diversity, yielding a mean value of 0.707. Genetic structure analysis was conducted
on 492 individuals from 13 combined populations, revealing three clusters as the most suitable number. Principal
coordinate analysis (PCoA) demonstrated that the populations were divided into three major clusters. Additionally,
the analysis of molecular variance (AMOVA) indicated that the majority of variation occurred within populations.

Conclusions Based on the criteria for screening the core collection, we constructed a population consisting of 158
individuals and created unique fingerprinting codes. These results provide a crucial theoretical foundation for the pro-
tection and utilization of germplasm resources of £. grandis in China, which will be helpful in the selection of geneti-
cally distant parents for future multigenerational hybridization programs.
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important to understand the genetic relationships of
these populations, as their genetic characteristics influ-
ence the effectiveness and potential of genetic improve-
ment and determine the collection and utilization of
germplasm resources [7-9].

Eucalyptus, as a typical evergreen broad-leaved timber
species, should also follow the above theory [10, 11]. As a
large group of tree species native to Australia, Papua New
Guinea and the Philippines [12, 13], Eucalyptus has been
introduced around the world over the past century and
has become one of the most important artificial com-
mercial forest species providing a large amount of wood
for industrial production and sufficient raw material for
pulp and paper production [14]. At present from a global
perspective, most countries, including China [10, 15, 16],
Brazil [17-19], South Africa [20, 21], Australia [22, 23],
etc., mainly use E. grandis X E. urophylla or its backcross
hybrids for afforestation to take advantage of heterosis. It
should be noted that E. grandis is a widely used hybrid
parent, and the effective evaluation, protection and uti-
lization of the germplasm resources of E. grandis are the
premise and foundation for further inter- and intraspe-
cific hybrid breeding based on the multigeneration
breeding strategy for these tree species [10, 15, 24-27].

The existing Eucalyptus germplasm resources in
China were all derived from early introduction experi-
ments. Among these different tree species, E. grandis,
as one of the most preferred hybrid parent species,
was systematically and comprehensively introduced in
the 1980s as a part of the Dongmen State Forest Farm
Eucalypt Afforestation Project (1981-1989) under the
Australia-China Program of Technical Cooperation
[24, 28]. Subsequently, more than fifty provenances and
four hundred families of E. grandis have been tested in
Guangxi, Sichuan, Zhejiang and other provinces [25,
29-36]. These populations were used to evaluate suit-
able provenances and planting areas in China [25, 30,
35, 37], and the preliminarily elite individuals which
bloomed earlier were used for random mating to obtain
hybrid varieties suitable for local cultivation in the
early stage [38—40]. Unfortunately, for uncontrollable
reasons, much important information and germplasm
resources of E. grandis have been lost in the past few
years. With the exception of some sporadic distribu-
tions of E. grandis populations in Sichuan, Guangdong
and Zhejiang provinces, the Dongmen improved vari-
ety base in Guangxi is the place with the most pre-
served germplasms in China. At present, there are 28
populations and 265 families of E. grandis with a pres-
ervation rate of approximately 7% in Dongmen, which
will be used as a base population for genetic improve-
ment under the guidance of a multigeneration breed-
ing strategy. However, after many rounds of natural or
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unnatural selection, we do not know the corresponding
population structure or genetic diversity, which lim-
its further research on the genetic improvement and
germplasm utilization of E. grandis in southern China
[4, 41].

In recent years, the development of molecular mark-
ers and detection technologies, including RFLP (restric-
tion fragment length polymorphism), RAPD (random
amplified polymorphic DNA), AFLP (amplified fragment
length polymorphism), SSR (simple sequence repeat or
microsatellite sequence), and SNP (single nucleotide
polymorphism) methods, has greatly promoted research
on genetic diversity and genetic differentiation [42-46].
In particular, SSR markers have become increasingly
popular in genetic relationship analysis due to their
codominant inheritance, high polymorphism and trans-
ferability [47-50]. In previous studies, SSR markers were
used to investigate the genetic relationships and origins
of elite tea plant individuals (Camellia sinensis) [51], to
analyze the population structure and genetic differentia-
tion of the Populus tomentosa breeding population [52],
and to provide genetic information for the conservation
and breeding of black locust (Robinia pseudoacacia) [9].
In Eucalyptus, some genetic studies have also been car-
ried out using SSR or other molecular markers, and many
suitable markers have been developed for subsequent
studies on population genetics [12, 13, 53-56]. On the
basis of the above studies, it is appropriate and necessary
to carry out genetic analysis of the existing E. grandis
germplasm resources of China over time.

Core collection is a part of the entire germplasm
resource selected using different methods to represent
the genetic diversity of the entire germplasm resource
to the greatest extent with the minimum number of
resources and genetic duplication. This approach can
promote the efficient evaluation, research and utiliza-
tion of germplasm resources [57]. The core collection
is a dynamic preservation process that is continuously
updated to replenish rare and useful individuals and rep-
resents the initial population to the greatest extent ensur-
ing that the core collection has a high level of genetic
diversity [58]. Problems, such as incomplete data and
technical defects, are common in early core collection
research and seriously affect the core collection construc-
tion and the accuracy of evaluation [59]. Many tree spe-
cies do not have a core collection: this way results in a
lack of important genotypes of the tree species, and the
tree species will not receive targeted protection. There-
fore, by constructing a core collection, it is easier to
understand the environmental adaptability and genetic
characteristics of different germplasms. The core collec-
tion can represent the genetic information and genetic
diversity of the entire germplasm resource.
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To improve the protection and utilization of existing
germplasm resources, we evaluated the genetic diver-
sity of all preserved E. grandis individuals and popu-
lations in the Dongmen improved variety base, which
is the most important eucalypt germplasm resource
in China. Population structure and genetic diver-
sity were analyzed using 16 SSR markers to establish
the core collection and their molecular fingerprints.
These results are very useful for constructing breeding
populations and carrying out inter- and intraspecific
hybridization based on multigeneration breeding strat-
egies in the future.

Results

Phenotypic diversity of all Eucalyptus grandis populations
The mean value and coefficient of variation (CV) of the
28 populations for average tree height (HT) and aver-
age Diameter at Breast Height (DBH) were shown in
Table S1. Compared with that in HT, the coefficient of
variation of DBH exceeded 10% in most of the popula-
tions except for CHA, CDA and DCM. In addition, the
coefficients of variation of HT and DBH were lowest in
the CDA population with values of 4.50% and 1.91%,
respectively. In contrast, the coefficients of variation
of HT and DBH were highest for MM and PAD popu-
lations, with values of 18.64% and 32.33%, respectively.
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Selection and analysis of SSR markers for all Eucalyptus
grandis populations
Twelve genotypes were selected from 545 individuals of
E. grandis for preliminary screening of markers. A total
of 87 pairs of SSR markers with high amplification effi-
ciency were selected. Furthermore, another twelve geno-
types of E. grandis were selected for secondary screening,
and 16 SSR markers with high amplification efficiency
and polymorphism were ultimately obtained (Table S2).
The genetic diversity of these 16 SSR markers was ana-
lyzed (Table 1). All information on the private alleles in
545 E. grandis individuals based on 16 SSR markers was
shown in Table S3. The inbreeding coefficient (Fig) was
consistently positive, ranging from 0.037 (Locus EUC-
eSSR0620) to 0.678 (Locus EUCeSSR0957), with an aver-
age of 0.334. The Wright’s fixation index (F;p) ranged
from 0.137 (Locus EUCeSSR0620) to 0.728 (Locus EUC-
eSSR0019), with a mean of 0.412. The fixation index (Fgr)
ranged from 0.090 (Locus EUCeSSR0615) to 0.175 (Locus
EUCeSSR1125), with an average of 0.122. All polymor-
phism information content (PIC) values of the markers
were greater than 0.55, averaging 0.707. Among the F,
Fi1, and PIC values, those of Locus EUCeSSR0620 were
the lowest of all the loci.

Genetic diversity analysis among 13 Eucalyptus grandis
populations

It is worth noting that some of the 28 populations were
not suitable for further genetic diversity and genetic

Table 1 Information of genetic diversity of 16 SSR markers assessed in 545 individuals

Locus GN RA Fis Fir Fsr Foun PIC

EUCeSSR0701 34 181-235 0.654 0.714 0.174 0.292 0.739
EUCeSSR0696 23 187-211 0.131 0.222 0.105 0.069 0.629
EUCeSSR0689 36 89-135 0.499 0.575 0.153 0.210 0.662
EUCeSSR0845 33 168-196 0557 0.608 0.116 0213 0593
EUCeSSR0056 31 214-262 0.168 0.274 0.127 0.107 0.784
EUCeSSR0037 38 166-208 0328 0.392 0.096 0.181 0.645
EUCeSSR0270 20 147-187 0.141 0.221 0.094 0.071 0.654
EUCeSSR0019 34 170-196 0.673 0.728 0.169 0.285 0.736
EUCeSSR0957 69 220-268 0678 0718 0.123 0318 0.884
EUCeSSR0615 74 178-226 0.288 0352 0.090 0.162 0.874
EUCeSSR0045 37 159-181 0316 0379 0.092 0.142 0.695
EUCeSSR0822 38 165-240 0394 0477 0.137 0.181 0.730
EUCeSSR0592 48 223-259 0.288 0.365 0.108 0.120 0.695
EUCeSSR1125 59 187-207 0.089 0.249 0.175 0.052 0.706
EUCeSSR0620 23 132-153 0.037 0.137 0.104 0.052 0.584
EUCeSSR0857 24 163-189 0.100 0.182 0.092 0.066 0.708
Mean 39 0334 0412 0.122 0.158 0.707

GN Genotype numbers, RA Range of allele sizes, F s Inbreeding coefficient, F,; Wright's fixation index, F; Fixation index, F,,, Estimated frequency of null alleles, PIC

Polymorphism information content
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structure analysis because of their remote geographical
distribution and small sample size. In addition, popula-
tions with relatively close geographical distributions and
small genetic distance gaps could be combined, and those
populations with more than 20 individuals after merging
were retained and were shown in Table S4. There were 13
populations, with a total of 492 individuals, for the subse-
quent analysis of genetic diversity and genetic structure.

Based on the information provided by the new popu-
lations (Table S4), out of the 13 populations (Table 2),
the number of individuals (NI) within each population
ranged from 21 in BRI-2 to 103 in ASS. Mean observed
number of alleles (N,) ranged from 6.188 (POR) to 8.813
(ASS), averaging 7.245. Mean effective number of alleles
(Np) ranged from 3.448 (POR) to 4.274 (FLO), averaging
3.845. Mean observed heterozygosity (Ho) ranged from
0.403 (POR) to 0.483 (ASS), with a mean of 0.444, and
mean expected heterozygosity (He) ranged from 0.657
(POR) to 0.734 (ASS), with a mean of 0.705. Shannon’s
information index (/) ranged from 1.360 (POR) to 1.598
(ASS), averaging 1.497. The all I values of the populations
were greater than 1.35.

Genetic structure analysis of the Eucalyptus grandis
populations

Genetic structure of 545 individuals (28 populations)
and 492 individuals (13 populations) of E. grandis was
analyzed by genetic distance. Among the 545 individu-
als, cluster I contained the smallest number of individu-
als (n=40), and cluster III included the largest number
(n=282), followed by cluster II (n=223) (Fig. S1). The
genetic structure of 492 individuals was shown in Fig. S2.
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Based on the above results, the genetic structure of 492
individuals from 13 populations was further analyzed.
AK method showed that the most suitable number of
clusters was K=3 (Fig. 1A and B). Basic information of
the population Q-matrix from K=2 to K=4 was shown
in Table S5. Most of the values of population Q-matrix
were not more than 0.7. The result of each run with K=3
was shown in Fig. S3. Furthermore, the results of struc-
tural analysis with multiple K values ranged from K=2 to
K=4 (Fig. 1C).

Principal coordinate analysis (PCoA) was performed
with a matrix of pairwise Fgr values between 13 popula-
tions and 13 different E. grandis populations were divided
into three major clusters (Fig. S4). Cluster 1 (red) was
composed of two populations (WTA and FLO). Cluster
2 (green) and 3 (black) were composed of seven popula-
tions and four populations, respectively. In addition, the
percentages of the first two coordinates of the principal
coordinates analysis were 44.10% and 21.20%, respectively.

Population genetic differentiation analysis and Mantel test
analysis

Analysis of molecular variance (AMOVA) revealed
correlations revealed correlations among populations
and within populations and the value of Fg; was 0.042.
According to the results, the variance of all the E. gran-
dis individuals was within populations rather than among
populations (Table 3).

The Mantel test revealed no significant correla-
tion between geographic distance and genetic distance
(r=0.013, p=0.210), which means that the genetic differ-
ence was not due to geographic distance.

Table 2 Information of mean genetic diversity parameters of 13 Fucalyptus grandis populations

Population NI N, N Ho He Foutl I

BRI-1 43 8250 4.149 0443 0.720 0.163 1574
BRI-2 21 6.688 3628 0440 0681 0.149 1.444
POR 31 6.188 3448 0403 0.657 0.154 1.360
SRA 30 6.688 3.766 0.466 0712 0.152 1484
WTA 47 8250 3.660 0444 0.694 0.174 1496
CAl 51 7438 3839 0419 0713 0.153 1.505
SEM 22 6.500 3662 0432 0.688 0.143 1437
TCR 30 6.500 3701 0471 0.704 0.152 1450
TOW 38 7.750 3.983 0469 0.729 0.173 1.562
FHG 22 7.063 3.738 0421 0.696 0.148 1.480
ASS 103 83813 4.267 0483 0.734 0.151 1.598
FLO 24 7.063 4.274 0406 0.730 0.189 1.580
SSB 30 7.000 3.869 0475 o7m 0.147 1.495
Mean 38 7.245 3.845 0444 0.705 0.158 1497

NINumber of individuals, N, Mean observed number of alleles, Ny Mean effective number of alleles, Ho Mean observed heterozygosity, He Mean expected

heterozygosity, F,, Estimated frequency of null alleles, / Shannon’s information index
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Table 3 Basic information of analysis of molecular variance (AMOVA)

TCR TOW FHG FLO SSB

Source of variation d.f Sum of squares Variance components Percentage of variation  P-value
(%)

Among populations 27 409.26 0.25 4.24 <0.001

Within populations 1062 6047.16 5.69 95.76 <0.001

Total 1089 6456.42 595 100

d.f. Degree of freedom

Selection and evaluation of a core collection from 545
Eucalyptus grandis individuals

Both methods were effective in screening the core col-
lection of E. grandis. The first method analyzed Core
Hunter, Power Core and Core Finder to screen out their
respective core collections of E. grandis. The relationships

among the core collections screened by the three screen-
ing methods were analyzed through a Venn diagram
(Fig. 2). The core collection screened by Core Hunter was
the most common, with 109 individuals of E. grandis,
followed by 78 individuals screened by Core Finder and
only 63 individuals from Power Core. Among them, the
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difference between the most (Core Hunter) and the least
(Power Core) was 46 individuals. In addition, 27 individ-
uals of the core collections were idebtified by the three
screening methods. Their genetic diversity information
was analyzed through PowerMarker 3.25 software and
POPGENE32 1.32 software (Table 4). By comparing the
genetic diversity of the core collections screened, it was
found that the values of Fi, Fgr and allelic richness (Ay)
[60, 61] were significantly greater than the genetic diver-
sity of the initial population. In addition, although the
values of Ho in the three screening methods were roughly
consistent with the value of Ho in the initial population,
He significantly decreased, with a decrease of 0.105 (Core
Hunter) to 0.214 (Power Core). Among the three screen-
ing methods, the value of I also decreased significantly,
with the highest being 0.971 (Core Hunter) and the low-
est being 0.751 (Power Core). However, compared with
those of the Power Core and Core Finder populations,
the genetic diversity of the core collection screened by

27

10 24

17

Fig. 2 Venn diagram of core collections analyzed by three screening
methods (Core Hunter, Power Core and Core Finder)
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Core Hunter was 80% or greater than the genetic diver-
sity of the initial population.

In the second method, cluster analysis was performed
using a neighbor-joining (NJ) tree. First, Nei’s genetic dis-
tance between 545 E. grandis individuals was analyzed
to construct the NJ tree using PowerMarker 3.25 soft-
ware (Table S6). Based on the NJ tree, branches contain-
ing only two genotypes were selected at the end of the
smallest genetic distance, and one of them was deleted
according to the criterion for deletion in each round of
screening. A total of six rounds of screening were per-
formed in this study, and the sample proportion was not
less than 5%. The percentage of individuals preserved
ranged from 100% (545 individuals) to 5.32% (29 individ-
uals) after six rounds of screening (Table 5). After all six
rounds of screening, the values of Ho and He ranged from
0.373 (6th round) to 0.454 (2nd round) and from 0.411
(6th round) to 0.617 (1st round), respectively. The Ho val-
ues of the 1st round (0.445), 2nd round (0.454) and 3rd
round (0.442) were greater than that of the initial popu-
lation (0.429). However, the values of He were all lower
than those of the initial population. A, and / among
these screenings ranged from 4.540 (1st round) to 5.180
(6th round) and 0.658 (6th round) to 1.207 (1st round),
respectively. These results illustrated that the third round
of screening, in which 125 individuals were preserved,
was selected as the core collection of the second method.

Discussion

Understanding the genetic relationship of the Euca-
lyptus grandis population and determining its genetic
diversity and genetic structure are highly important for
protecting and utilizing the germplasm resources of E.
grandis. Although the percentage of preservation was
only approximately 7%, the germplasm resources of the
E. grandis population in Dongmen are comprehensive
and unique and represent the provenance of E. grandis
in Southwest China. At the same time, the 545 indi-
viduals selected in this study not only revealed genetic
relationships but also provided help for the analysis of
multigeneration breeding and the selection of hybrid

Table 4 Genetic diversity information of three screening methods (Core Hunter, Core Finder and Power Core) for screening core

collection

Screening method  Numberof  Percentageof N, N Ho He uHe Fis Fir Fsr Ag 1
individuals  individuals

Core Hunter 109 20.00% 3363 2746 0435 0542 0669 0200 0447 0318 5170 0971

Core Finder 78 14.31% 3.182 2613 0439 0497 0620 0126 0433 0.363 5190  0.89%6

Power Core 63 11.56% 2.744 2328 0437 0433 0.585 0.015 0439 0448 5280  0.751

Initial population 545 100% 5453 3349 0429 0647 0.685 0334 0412 0122 4470 1.293

N, Mean observed number of alleles, Ny Mean effective number of alleles, Ho Observed heterozygosity, He Expected heterozygosity, uHe Unbiased expected
heterozygosity, Fis Inbreeding coefficient, F; Wright's fixation index, F¢; Fixation index, A, Allelic richness,  Shannon’s information index
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Table 5 Genetic diversity information of six screenings for screening core collection using cluster analysis of neighbor-joining (NJ)

tree
Round of screening Number of Percentageof = Ho He uHe Fis Fir Fsr Ap 1
individuals individuals

Origin 545 100.00% 0429 0.647 0.685 0.334 0412 0.122 4470 1.293
Tst round 335 61.47% 0.445 0617 0.680 0.274 0392 0.170 4.540 1.207
2nd round 202 37.06% 0454 0.603 0.690 0.246 0.392 0.202 4.660 1.147
3rd round 125 22.94% 0.442 0.592 0.691 0.249 0416 0.229 4.810 1.085
4th round 77 14.13% 0424 0.498 0634 0.150 0444 0355 4910 0.865
5th round 48 8.81% 0411 0.488 0.646 0.164 0.465 0.373 5.080 0.812
6th round 29 532% 0373 041 0573 0.112 0523 0479 5.180 0658

Ho Observed heterozygosity, He Expected heterozygosity, uHe Unbiased expected heterozygosity, Fis Inbreeding coefficient, F; Wright's fixation index, F; Fixation

index, Ag Allelic richness, / Shannon’s information index

combinations with relatively high genetic distances.
The core collection is selected for more efficient utili-
zation and to further screen elite breeding populations
through phenotypic traits, such as the average tree
height (HT) and the average diameter at breast height
(DBH).

In the present study, we analyzed the genetic diversity
and genetic structure of the E. grandis population. We
selected twelve genotypes of E. grandis from 545 indi-
viduals, and 16 SSR markers with high amplification effi-
ciency and high polymorphism were selected. These 16
SSR markers not only provide efficient marker informa-
tion for the present study, but also for future experimen-
tal research on E. grandis. In addition, among the 16 SSR
markers, some were also present in the literature. Locus
EUCeSSR1125 was used to analyze the genetic diversity
of Corymbia citriodora populations, and the Shannon’s
information index () and polymorphism information
content (PIC) values were 2.681 and 0.911, respectively
[62]. These two values were slightly greater than the val-
ues in this study (/=1.537 and PIC=0.706). The locus
EUCeSSR0620 was used to analyze the genetic diversity
of Eucalyptus cloeziana F. Muell. populations, and the
value of I was 2.0216 [63]. Similarly, this value was also
higher than that of this study (/=1.078). The genetic
diversity level of the population in this study was lower
than that in the previous two studies, possibly because
the E. grandis in this study experienced long-term high-
intensity selection, and the remaining individuals fully
adapted to the local growth environment.

Ho is the observed heterozygosity, and He is the
expected heterozygosity. Both of these indices are critical
for analyzing genetic diversity. Previously, SSR markers
were used to analyze the genetic diversity of 159 E. gran-
dis individuals from 16 provenances, and the Ho and He
values were 0.743 and 0.774, respectively [64]. The rea-
son why the values were significantly greater than those

in the present study (Ho=0.444 and He=0.705) might
be the large geographical range, high levels of population
diversity and genetic differentiation among populations
[64]. The mean PIC for 16 pairs of markers was 0.707 in
this study. Similar results were also obtained by two pre-
vious studies. In a commercial eucalypt forest, 80 E. gran-
dis individuals were selected for genetic diversity analysis
using 17 EST-SSR markers, and the PIC was 0.648 [65].
Furthermore, 12 pairs of SSR markers were used to ana-
lyze the genetic diversity of the E. grandis population, and
the PIC value was 0.54 [66]. According to the research
[67], the values of the PIC in the three previous studies
were all within the ideal range, but the PIC in this study
was significantly greater. The reason is that this study
selected markers with high amplification efficiency and
high polymorphism. Furthermore, the sample size in this
study was greater, the geographical range was wider, the
genetic diversity of the E. grandis population was greater,
and there was a certain degree of genetic differentiation
between populations. At the same time, in other euca-
lypt species, we also found that the influence of abundant
sample numbers and large geographical range coverage
on genetic diversity was significant. In a previous study,
the genetic diversity of 707 E. grandis individuals, includ-
ing 114 open-pollinated families from 17 provenances,
was analyzed [68]. These individuals were analyzed by 12
pairs of SSR markers, and the values of Ho, He and PIC
were 0.432, 0.682 and 0.645, respectively. These three val-
ues of genetic diversity were very close to those in this
study (Ho=0.444, He=0.705 and PIC=0.707).

In this study, among the 28 populations, a few popula-
tions were removed due to containing small numbers of
individuals and were not suitable for subsequent genetic
structure analysis. We also combined populations with
relatively close geographical provenances and small
genetic distance differences. A total of 492 individuals
from 13 populations were obtained. Principal coordinate
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analysis (PCoA) revealed three major clusters, and the
clusters in the PCoA analysis were also reflected in the
neighbor-joining (NJ) tree and genetic structure analysis.
The genetic structure analysis provided a clear indication
of the clusters and the genetic composition. The most
likely number of genetic clusters was K=3.

To determine the genetic diversity among the popula-
tions and within the populations, we carried out analysis
of molecular variance (AMOVA) and the results showed
that the percentage of variation within the populations
was much greater than that among the populations.
These results revealed that there was variation within
the populations, and the following analysis was also car-
ried out within the populations. In addition, the Mantel
test showed that geographic distance was not related to
genetic distance.

According to the above results, it could be found that
the inbreeding coefficient (Fg) value of each population
was relatively high, which indicated that the populations
had a high inbreeding. This may be related to the origin
source of the population in China. As an introduced tree
species in China, Eucalyptus originated from the Aus-
tralia. Due to the significant role of Eucalyptus in the
industrial production, it had been introduced in many
countries in order to improve the productivity and sta-
bility of forests, scientists have divided different climate
zones according to phenological conditions and deter-
mined suitable climate zone through provenance tests
[69]. With the development of the Dongmen State Forest
Farm Eucalypt Afforestation Project (1981-1989) under
the Australia-China Program of Technical Cooperation
[24, 28], China also began to introduce targeted Eucalyp-
tus from Australia, Brazil, South Africa and other coun-
tries. The greatest likelihood of successful introduction of
woody plants lay in the similarity of climatic conditions
at the origin of the tree species [70]. The provenance
of introduced E. grandis was determined by compar-
ing the climate in China and the provenance area [71].
As time passed, the number of E. grandis would gradu-
ally decrease, due to natural conditions such as climate
and soil condition and artificial screening and thinning
[72]. During the above introduction process, on the one
hand, when E. grandis is introduced from similar climate
zones in different countries, there may be close genetic
relationships and repeated introductions. On the other
hand, these provenances introduced into China may have
originated from the same or similar original provenances
earlier, and experienced the natural and unnatural selec-
tion to adapt to the local climate [73, 74]. As a result,
individuals retained after intensive selection may have
close genetic relationships, or even originally originated
from similar provenances or families. An important char-
acteristic of the small and isolated bottleneck populations
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left over from intense selection is inbreeding [75-77].
However, the adverse effects of inbreeding on plants are
minimal. Compared with the reproductive mode of ani-
mal K strategy, r strategy of plant was to eliminate effects
of inbreeding by increasing the seed yield and reproduc-
tive rate [78-83].

The estimated frequency of null alleles (F,;) was cal-
culated and analyzed. Null alleles are a common issue in
the microsatellite markers, they are not caused by DNA
quality or experimental technology. Instead, they primar-
ily arise during the amplification, the in-flanking region
sequences of mutations and substitutions or short alleles
preferential amplification owing to inconsistent DNA
template quality and quantity [84]. The influence of null
alleles is very significant, which may lead to an excess of
homozygotes in the population, making the Ho, He and
other values lower than the normal. The genetic differen-
tiation and genetic distance between populations can be
increased. In this study, only 5 out of 16 F, ; were below
0.10, and the average F,; was 0.158. The relatively high
Fig and F,;; values might indicate that these factors influ-
enced the estimate of genetic diversity in the E. grandis,
although the natural and unnatural selection could lead
to close genetic relationships [85, 86].

The genetic diversity and genetic structure analysis of
492 E. grandis individuals had been calculated by Pow-
erMarker 3.25, STRUCTURE 2.3.3 and other software,
and the cluster analysis was further carried out. However,
it was worth noting that when we analyzed the genetic
structure, we found that the bootstrap values were not
high, only close to 50% (Fig. S2). In general, the over-
all bootstrap values are low, which may be caused by
the number of individuals or the similarity between the
individuals is too strong [87]. This phenomenon will
directly cause the population genetic structure is not
obvious, and have a certain impact on the final cluster-
ing result [88]. However, by Structure Harvester and NJ
tree analysis (we set both the burn-in period and MCMC
to 300,000 in order to increase the accuracy of calcula-
tion results), 492 individuals were able to cluster well and
obtained the most suitable number of clusters, which
had the similar situation in Erianthus arundinaceum and
Vaccinium spp [89, 90]. It indicates that this phenom-
enon is relatively common in the genetic research. The
inbreeding of E. grandis in each population constantly
increased and genetic admixing was high because of
the long-term natural and unnatural influence, result-
ing in the increase of Fig value and the lower Q-matrix
and bootstrap values. However, due to different countries
and provenances, there were differences between differ-
ent populations of E. grandis in essence. But the effects of
inbreeding prevented them from being visually observ-
able in the numerical value, or the number of individuals
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were still insufficient. In the next few decades, it is nec-
essary to continue comprehensive and systematic intro-
duced in order to cluster more intuitively.

To better collect and protect the germplasm resources
of E. grandis, we selected and evaluated the core collec-
tion. We compared the two methods of screening core
collection with respect to genetic diversity, and ulti-
mately, the genetic diversity values of Core Hunter met
the criteria for screening the core population. All values
of genetic diversity were 80% or greater of the genetic
diversity values of the initial population. Therefore, the
first method used the core population screened by Core
Hunter as the core population of E. grandis. The first
method identified 109 individuals as the core popula-
tion of E. grandis. In the second method, the 3rd round
of screening was selected as the core collection. In the
third round of screening, 125 individuals of E. grandis
were screened, the percentage of individuals was approx-
imately 23% of the initial population, and the percentage
of each genetic diversity value was approximately 80%
that of the initial population. Furthermore, 76 individuals
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of the core collections were shared by the first method
(Core Hunter) and second method (cluster analysis using
an NJ tree). Excluding those 76 individuals in total, 33
individuals and 49 individuals still existed in the first and
second methods, respectively. In this study, we collected
all the individuals screened via the first method as the
core collection of E. grandis and collected the remaining
individuals via the second method as the expanded col-
lection. Overall, 158 individuals were selected as the final
core collection by the two methods (including 109 in the
main core collection and 49 in the expanded collection).
Genetic structure analysis of the 158 selected individu-
als based on a NJ tree is shown in Fig. 3. Among the 158
individuals, cluster B contained the largest number of
individuals (7=92), and cluster y included the smallest
number (n=7), followed by cluster a (n=>59).

The experiment used as few markers as possible to
completely separate the 158 individuals and built better
fingerprinting codes [51, 91]. Therefore, identity analy-
sis was performed on 158 individuals using CERVUS
3.0.7 software, and 158 individuals could ultimately be
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Fig. 3 Genetic structure of 158 selected populations based on the neighbor-joining (NJ) tree. A total of 158 individuals were separated into three
major clusters. The numbers of individuals in cluster q, cluster 3 and cluster y are 59 (orange), 92 (pale blue) and 7 (pink), respectively
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distinguished using 9 SSR markers among the 16 SSR
markers. The 9 SSR markers were the EUCeSSR0270,
EUCeSSR0019, EUCeSSR0957, EUCeSSR0045, EUC-
eSSR0822, EUCeSSR0592, EUCeSSR1125, EUCeSSR0620
and EUCeSSR0857 loci. The unique fingerprinting codes
of the 158 individuals were established based on 9 SSR
markers and allele sizes (Table S7). In addition, QR codes
were established among the 158 individuals (Fig. S5) and
three QR codes (C03, F01, 104) were shown as examples
(Fig. 4). QR codes information included the ID, species,
cultivation region and fingerprinting codes. Furthermore,
the distributions of the HT and DBH tended to increase
during core collection and raw collection/initial collec-
tion (Fig. S6). These results revealed that the core collec-
tion was highly consistent with the raw collection, and
the 158 selected core collection could fully represent the
entire population.

The 158 selected core collection of E. grandis can be
used for further research, for instance, research on the
selection of superior parents of E. grandis as superior
hybrid parents and combinations of superior hybrid par-
ents is lacking. Many studies have shown that genetic
distance is positively correlated with heterosis and supe-
rior hybrid parents can be selected based on genetic
distance [10, 25-27]. In view of phenotypic determina-
tion (screening individuals with excellent HT and DBH

A

ID: CO03

ID: FO1

1D: 104

Cultivation region:
Guangxi Dongmen Forest Farm, China

Fingerprinting code:
A147-181 B170 C240-242 D163-175 E210 F247-250 G197-199 H132-150 1171

Cultivation region:
Guangxi Dongmen Forest Farm, China

Fingerprinting code:
A171 B180-184 C246-254 D169-173 E207-216 F241-256 G197-199 H132-153 1189

Cultivation region:
Guangxi Dongmen Forest Farm, China

Fingerprinting code:
A173-181 B178 C242 D163-167 E201 F250-256 G187-199 H144-165 1177-181
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phenotypic traits) and analysis of genetic diversity and
genetic distance, superior hybrid parents of E. grandis
can be conducive to the further development of intra-
and interspecific hybrid breeding of E. grandis, the con-
struction of dominant hybrid parent combinations of E.
grandis and the provision of superior parent resources
for germplasm innovation research and breeding popula-
tion construction. We could better select elite individu-
als with fast-growing, good stem type and strong stress
resistance through this method to achieve better planting
effects.

Conclusions

Through various analysis, 158 individuals (28.99% of the
initial population) were selected as the core collection
of Eucalyptus grandis. It was composed of the individu-
als based on the intensive natural and unnatural selection
through further genetic analysis and other screenings,
which could better preserve the germplasm resources of
E. grandis in China with a small number of individuals
and relatively rich genetic diversity. Individuals excluded
in the core collection would be expanded collection, fully
representing the entire population. The core germplasm
can be preserved in different regions through asexual
reproduction and plays an important role in genetic
improvement. For example, based on the genetic distance

Species: Eucalyptus grandis

Species: Eucalyptus grandis

Species: Eucalyptus grandis

Fig. 4 Examples of DNA Fingerprint QR codes for 158 individuals of Eucalyptus grandis. A, B and C are three examples that can be scanned to read
information, which contains the ID, species, cultivation region and fingerprinting code
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and other analysis in this study, high-quality hybrid com-
binations with high genetic distance were selected from
the core collection, and genetic parameters such as gen-
eral combining ability and specific combining ability were
calculated through the hybridization among individu-
als within the population and progeny test. Based on the
above analysis, the excellent hybrid parents and high-
quality hybrid combinations could be selected. Then,
targeted breeding of excellent hybrid offspring can be
carried out to obtain excellent individuals of E. grandis.
This study provides valuable genetic materials and
has an important theoretical foundation for construct-
ing breeding population of E. grandis in China, which is
helpful to promote the breeding cycle in this tree species.

Materials and methods

Plant material and phenotypic data

In this study, we used all existing Eucalyptus grandis
germplasms from the Dongmen improved variety base
(Guangxi Dongmen Forest Farm, Chongzuo, China),
which were preserved at the Dongmen State Forest Farm
through the Eucalypt Afforestation Project (1981-1989)
under the Australia-China Program of Technical Coop-
eration [24, 28], as the research material. During this
project, a total of 11813 individuals of E. grandis from
33 populations and 522 families were introduced from
Australia, the USA, Brazil and South Africa to Dongmen,
China. After multiple rounds of natural and unnatural
selection, only 805 individuals belonging to 28 popu-
lations and 265 families survived and were preserved.
In the present study, 545 individuals were sampled and
renumbered after individuals with serious insect pests,
disease, obvious growth deficiency or redundancy were
removed (Table S4). Due to differences in the number of
individuals in different families, some families had only
1 or 2 individuals, and the growth of some individuals

Australia (3625 NMC (16) =
YONWIas)
MSS (26) .;lITJWT a2) oo
PAD@2)  gyG(22)
Brisbane (64) CON (15)
. CHA (9)
MMS (8) MM (2)
e LY PCW (16)
WSF (14) N

30 SC (5)

TCR (30)
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in such families was not ideal. Therefore, to ensure the
integrity of the sample and the authenticity of the data,
during the sampling process, we tried to ensure that all
families with fewer than or equal to 3 individuals were
chosen [92, 93]. The information of the above popula-
tions was shown in Fig. 5, which was made with Tab-
leau Desktop software (https://www.tableau.com/zh-cn/
products/desktop/download). To ensure the number of
samples and facilitate the subsequent extraction of DNA,
four to six tender leaves were harvested from each indi-
vidual, and stored in a package containing silica gel until
they were completely dry before moving on to the next
operation.

In addition, 545 individuals of E. grandis were tested for
phenotypic traits. To ensure the authenticity and valid-
ity of the phenotypic data, 545 individuals of E. grandis
were measured for six years. The tested phenotypic traits
included average tree height (HT) and average Diameter
at Breast Height (DBH). The fixed time for measuring
phenotypic traits was maintained annually. The pheno-
typic traits of each individual were measured three times.

DNA extraction

The dry leaves of each sample were torn into small pieces
and stored in a 1.5 mL centrifuge tube. Then, 5 mm
steel balls were added to each centrifuge tube, and the
leaves were disrupted using a Mini-Bead beater-96 cell
disrupter (Biospec Products, Bartlesville, OK, USA).
Finally, approximately 0.5/g disrupted leaves were placed
into a new 1.5 mL centrifuge tube. Genomic DNA was
extracted using the DP360 Super Plant Genomic DNA
Kit (TIANGEN Biotech, Beijing, China). After extrac-
tion, the quality of the genomic DNA was determined
using 1% agarose gel, and quantitative analysis was per-
formed using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). All the

WTA (47)

Brazil (103)

China (16)

CDPA)
SWA (10) ASS (103)

LMC (35) DKM (16)

USA (34)
3 WKE (10)

South Africa (30)

SSB (30)

"FLoea -

Fig. 5 Information of twenty-eight populations analyzed. The number of accessions analyzed is shown in parentheses. All the information

of Population ID is presented in Table S4
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extracted DNA was quickly stored at -20 °C freezer for
further analysis.

SSR marker screening and PCR amplification

A preliminary experiment was designed to screen 240
highly polymorphic SSR markers [94]. These 240 SSR
markers were screened for Eucalyptus in previous stud-
ies. However, due to the different genotypes of Eucalyp-
tus, it is necessary to further verify which SSR markers
are suitable for the materials in this study. 12 different
genotypes of E. grandis were selected from the 545 indi-
viduals to maximize the selection of SSR markers with
high polymorphism and high amplification efficiency.
Through screening, SSR markers with poor amplification
efficiency and low polymorphism were removed, and 87
SSR markers were obtained. Then, another 12 different
genotypes of E. grandis were selected for rescreening.
According to the two screening results, 16 pairs of SSR
markers with high polymorphism and high amplification
efficiency were ultimately selected. These SSR markers
were synthesized by TSINGKE Biological Technology
Co., Ltd. (Beijing, China).

The TP-M13-SSR polymerase chain reaction (PCR)
system was performed in a 20 pL reaction system includ-
ing 2 pL (30 ng/pL) of genomic DNA, 10 pL 2 X Accurate
Taq Master Mix (TSINGKE, Beijing, China), 0.08 uL for-
ward marker, 0.32 pL reverse marker, 0.4 pL M13 labeled
marker and 7.2 uM ddH,O [95, 96]. PCR amplification
was performed using a Bio-Rad T100 Thermo Cycler
(Bio-Rad Laboratories Inc. Hercules, CA, USA) with the
following conditions: initial denaturation for 4 min at
94 °C; 8 cycles of 30 s at 94 °C, 30 s at 60 °C, and 30 s at
72 °C; 10 cycles of 30 s at 94 °C, 30 s at 52 °C and 30 s at
72 °C; 10 cycles of 30 s at 94 °C, 30 s at 56 °C and 30 s at
72 °C; 10 cycles of 30 s at 94 °C, 30 s at 60 °C and 30 s
at 72 °C; and a final extension at 72 °C for 10 min and
holding at 4 °C [97]. The PCR products were subjected
to capillary electrophoresis using an ABI 3730XL DNA
sequencer (Applied Biosystems, CA, USA). The results
were analyzed using GeneMarker 2.2.0 software (Soft-
Genetics LLC., PA, USA), which can determine allele
sizes and peak intensities [98].

Genetic diversity analysis

We sorted the range of allele sizes (RA) and calculated
the genotype numbers (GN) and polymorphism infor-
mation content (PIC) for the SSR markers using Pow-
erMarker 3.25 software [99]. According to previous
research [67], when the PIC value is greater than 0.5, it is
very informative, when the PIC value is between 0.25 and
0.50, it is somewhat informative, and when it is less than
0.25, the PIC value is not very informative. The genotype
data were converted into different formats for further
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statistical analysis using Convert 1.3.1 software [100].
The inbreeding coefficient (Fig), Wright’s fixation index
(Fir) and fixation index (Fgp) for each SSR marker were
estimated using GenAlEx 6.51 software [101]. Estimated
frequency of null alleles (F,,;) was analyzed by FreeNA
software [102]. The number of individuals (NI), mean
observed number of alleles (N,), mean effective number
of alleles (N), mean observed heterozygosity (Ho), mean
expected heterozygosity (He) and Shannon’s information
index (I) for the populations were calculated using POP-
GENE32 1.32 software [103]. Allelic richness (Ap) was
analyzed by HP-Rare Desktop Software [104].

Population structure and principal coordinates analysis
(PCoA)

The population structure was analyzed using the Bayes-
ian clustering algorithm in STRUCTURE 2.3.3 software
[105]. In this analysis, we evaluated 1 to 15 K values, and
each K value was calculated in 10 runs. Each run was per-
formed with a burn-in period of 300,000 iterations and a
Markov chain Monte Carlo (MCMC) of 300,000 replica-
tions. The online program Structure Harvester [106] was
used to determine the most likely number of clusters (K)
based on the AK method [107]. Bar plots of the Q-matrix
results were generated with CLUMPP 1.1.2 software
[108] and Distruct 1.1 software [109]. PowerMarker
3.25 software [99] was used to analyze the genetic rela-
tionships based on Nei’s distance analysis to construct a
neighbor-joining (NJ) tree, which was further visualized
using FIGTREE 1.3.1 software (http://tree.bio.ed.ac.uk/
software/figtree/) [110]. The different genotypes of E.
grandis were grouped via principal coordinate analysis
(PCoA) in the GenAlEx 6.51 software [101]. PCoA was
based on the data type of the tri-distance matrix and the
distance-standardized method to determine the differ-
ences among the populations and within the populations.

Differentiation analysis and Mantel analysis

Analysis of molecular variance (AMOVA) was performed
using Arlequin 3.5 software [111, 112], and statistical
significance was determined from 1,000 permutations.
According to the genetic distance and geographic distance
data, the Mantel test was used to analyze the correlations
between them via the GenAlEx 6.51 software [101].

Core collection analysis

The core collection of E. grandis was constructed by
different methods. In the first method, Core Hunter
[113], Power Core [114] and Core Finder [115] could be
used to screen the core collection of 545 individuals of
E. grandis, analyze their genetic diversity, and compare
it with the genetic diversity of the initial population.
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For the most suitable core collection, each value of
genetic diversity should not be less than 80% of the ini-
tial population. In the second method, one of the only
two genotypes at the end of the branches in the NJ tree
was deleted. The criteria for deletion were as follows:
first, the proportion of the core collection was approxi-
mately 5%-30% of the initial population; second, the
percentage of each value of the core collection should
be approximately 80% of the initial population and
the phenotype of the core collection could not vary by
approximately 20% [116]. CERVUS 3.0.7 software (Field
Genetics Ltd., London, UK) was used to select and con-
struct the fingerprinting codes [117, 118]. In addition,
QR codes were created using an Ostools online pro-
gram (OSCHINA) (https://tool.oschina.net/qr/) to dis-
tinguish all selected individuals. Furthermore, a Venn
diagram was created through a Jvenn online program
(http://jvenn.toulouse.inra.fr/app/example.html) to
analyze and compare the relationships between various
methods of screening the core population.
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