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Towards the improved preservation and management of high-quality germplasm resources for Alnus nepalensis, 
a total of 84 samples from 28 superior A. nepalensis trees were used as an original germplasm collection. An 
optimal strategy for the creation of a core collection of superior A. nepalensis trees was devised by comparing 
the validity of 18 germplasm subsets. Each of these germplasm subsets was configured using unweighted 
average clustering and improved minimum distance stepwise sampling methods that integrated six sampling 
proportions, three data types, and three genetic distance methods. The germplasm subsets for the original 
germplasm collection were evaluated by quantitative and qualitative trait independence tests according to 
the data types. The results revealed that the developed germplasm subsets based on phenotype data and 
Euclidean genetic distances at 55, 45, 35 and 25% sampling proportions; molecular marker data and Nei’s 
genetic distances at 55, 45, 35, 25 and 15% sampling proportions; and combined phenotype and molecular 
marker data and mixed genetic distances at 55, 45, 35 and 25% sampling proportions could represent the 
original germplasm collection. The strategy of phenotype values and Euclidean genetic distance were more 
appropriate than integrating the phenotype and molecular markers data and mixed genetic distance for 
the creation of a core collection for superior A. nepalensis trees.Considering the effectiveness, practicability, 
and cost of the development of a core collection for superior A. nepalensis trees, an optimal strategy included 
an unweighted average technique, improved minimum distance stepwise sampling method, SRAP markers 
data, Nei’s genetic distance, and a 15% sampling proportion.

Keywords: Quantitative and qualitative trait independence tests, sampling proportion, data type, genetic 
distance methods

INTRODUCTION

Many crop germplasm banks have been developed 
to protect the increasing loss of genetic diversity 
of germplasm resources (Arriel et al. 2023). 
Germplasm banks have become steadily larger 
through the continuous collection of germplasm 
resources. Therefore, the management burden 
of germplasm banks has increased but the 
genetic variation of germplasm resources has 
not. Frankel (1984) proposed the concept of 
core collections, which can mediate the direction 
of plant germplasm resource conservation. To 
date, more than 100 core collections for 80 
plant species have been developed worldwide. 
However, research into core collections for 
perennial woody plants is very poor. For trees, 
the research into core collections for economic 
tree species (e.g. Litchi chinensis., Juglans regia, 
Ziziphus jujuba, Malus sieversii, Canarium album, 

Vitis vinifera) are greater than those for timber 
tree species (Pinus yunnanensis, Populus deltoides, 
Cinnamomum camphora, Pinus massoniana, etc.) 
(Li et al. 2020, Zhang et al. 2018, Guardo et al. 
2019, Wang et al. 2021). Thus far, research into a 
core collection for Alnus nepalensis has not been 
conducted.
	 In 2010, a provincial improved seed base for 
A. nepalensis was established at the state-owned 
Yipinglang Forest Farm in Lufeng County, and 
Yubaiding Forest Farm in Eshan County, Yunnan 
Province, China. With this, the conservation of 
germplasm resources for A. nepalensis was now 
under development. However, all of the superior 
A. nepalensis trees in the germplasm bank were 
from Yunnan Province, with some of them even 
from the same town. Thus, there are likely close 
genetic relationships between various superior 
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trees; specifically, there may be a high genetic 
redundancy of these resources in the germplasm 
bank. To reduce genetic redundancy, it is 
extremely urgent to create a high-quality core 
collection for the germplasm bank. 
	 The key to the development of core collection 
for plants is to devise an optimal strategy, which 
primarily includes the optimal data type, sampling 
strategy, and evaluation method (Guruprasad  
et al. 2014, Zeng et al. 2014). For this study, a 
strategy for the development of a core collection for  
A. nepalensis (the original germplasm resources 
of which were from superior A. nepalensis trees 
in the germplasm bank) was discussed following 
that of a core collection for P. yunnanensis (the 
original germplasm resources of which were 
from natural forests in the overall P. yunnanensis 
distribution area) (Wang et al. 2019a, b, 2021). 
This research may provide an approach towards 
the creation of core collections for superior 
trees and clones obtained through breeding, in 
order to improve the conservation efficiencies of  
A. nepalensis germplasm resources.

MATERIALS AND METHODS

Original germplasm materials

A total of 84 samples from 28 superior A. nepalensis 
trees were investigated, all of which were from 
Yunnan Province, China (Table 1). Three samples 
of 11-year-old trees were randomly selected from 
the half-sibling progenies of each superior tree, 
which were planted in the provincial A. nepalensis 
germplasm bank being established at the state-
owned Yubaiding Forest Farm in Eshan County. 
An amount of 10 g mature leaves of each sample 
were used for the extraction of genomic DNA 
and analysis of SRAP (sequence-related amplified 
polymorphism) markers. We immediately sorted 
the leaves of each sample as they were collected 
from the trees into paper bags containing silica 
gel for rapid dehydration at room temperature. 
Simultaneously, 30 ripe infructescences of 
each sample were collected to determine their 
phenotype traits using vernier callipers and 
ruler. Immediately after being removed from the 
trees, infructescences of each sample were sorted 
into yarn mesh bags. Once the infructescences 
were dehiscent by natural drying, the seeds were 
obtained, and the phenotype traits of the seeds 
were quantified using a pair of vernier callipers. 
The tree height (TH), diameter at breast height 

(DBH), east–west crown diameter (EWCD) 
(long crown diameter), and north–south crown 
diameter (NSCD) (short crown diameter) of each 
sample were determined separately. 

Determination of phenotype characteristics 
and analysis of data

Indicators and techniques for the determination 
of the phenotype traits of trees were employed 
to measure 10 quantitative characteristics 
of the infructescences, seeds and vegetative 
growth (Boratynska et al. 2008, Xu 2015,  
Wang et al. 2021). For this study, the 10 quantitative 
characteristics included infructescence weight 
(IW), infructescence length (IL), infructescence 
diameter (ID), seed length (SL), seed width 
(SW), thousand seed weight (TSW), TH, DBH, 
EWCD and NSCD. The IL, ID, SL, and SW were 
determined using vernier callipers. An electronic 
balance was used to weigh IW and TSW. A total 
of 30 ripe infructescences from each sample and  
30 seeds from each infructescence were randomly 
selected and their indicators were measured, 
after which the mean of each indicator was 
computed for each sample. DBH and TH of each 
sample were measured using diameter tape and 
laser height finder respectively. The decussation 
method was utilised to separately measure EWCD 
and NSCD of each sample using linen tape. 
The phenotype values were standardised on the 
basis of a standard deviation and divided into 
10 grades (Xu et al. 2008, Liu et al. 2013, Wang 
et al. 2021). The intergroup linkage method and 
Euclidean genetic distance were employed for 
the phenotype similarity matrix of the samples 
(Wang et al. 2019a).

SRAP markers and data analysis

SRAP markers can detect the polymorphisms 
of open reading frames in a genome through 
a unique double primer design. Universal 
primers are employed as SRAP markers, thus, 
DNA samples can be directly amplified by 
PCR (polymerase chain reaction), and sample 
sequence data are not required. Hence, SRAP 
markers have been increasingly applied in the 
research of genetic diversity of plant germplasm 
resources, and the construction of a core 
collection (Budak et al. 2004, Wang et al. 2021). 
The reformed CTAB (cetyltrimethylammonium 
bromide) method (Porebski et al. 1997,  
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Table 1	 Data on superior Alnus nepalensis trees and samples used in this research

Province of  
superior tree

Name of superior tree Sampling 
number of  
half-sibling 

progeny for each 
superior tree

Longitude
(E)

Latitude
(N)

South of Yunnan No. 2 of Menglie town of Jiangcheng County 
(JCML2) 

3 101° 53' 22° 32'

No. 2 of Mengxian town of Ninger County 
(NEMX2) 

3 101° 15' 22° 56'

South-east of  
Yunnan 

No. 2 of Wenliu town of Qiubei County 
(QBWL2) 

3 104° 25' 24° 17'

No. 1 of Jinping town of Qiubei County (QBJP1) 3 104° 14' 24° 4'

No. 6 of Xiajinchang town of Malipo County 
(MLPXJC6) 

3 104° 48' 23° 10'

No. 2 of Jinping town of Qiubei County (QBJP2) 3 104° 14' 24° 4'

No. 5 of Xiajinchang town of Malipo County 
(MLPXJC5) 

3 104° 48' 23° 10'

No. 2 of Zhela town of Yanshan County (YSZL2) 3 104° 28' 23° 40'

No. 4 of Xiajinchang town of Malipo County 
(MLPXJC4) 

3 104° 48' 23° 10'

No. 5 of Zhujie town of Guangnan County 
(GNZJ5) 

3 104° 56' 23° 44'

 No. 4 of Zhujie town of Guangnan County 
(GNZJ4) 

3 104° 56' 23° 44'

 No. 1 of Zhela town of Yanshan County 
(YSZL1) 

3 104° 28' 23° 40'

 No. 3 of Zhujie town of Guangnan County 
(GNZJ3) 

3 104° 56' 23° 44'

 No. 2 of Xier town of Mile City (MLXE2) 3 103° 11' 24° 25'

No. 3 of Zhela town of Yanshan County (YSZL3) 3 104° 28' 23° 40'

Central region No. 5 of Xiaojie town of Yimen County (YMXJ5) 3 102° 8' 24° 51'

of Yunnan No. 5 of Yangwu town of Xinping County 
(XPYW5) 

3 102° 9' 23° 55'

No. 3 of Xiaojie town of Yimen County (YMXJ3) 3 102° 8' 24° 51'

No. 9 of Xiaojie town of Yimen County (YMXJ9) 3 102° 8' 24° 51'

No. 3 of Pingdian town of Xinping County 
(XPPD3) 

3 101° 57' 24° 3'

No. 1 of Fuliangpeng town of Eshan County 
(ESFLP1) 

3 102° 5' 24°18'

South-west of Yunnan No. 1 of Gelanghe town of Menghai County 
(MHGLH1) 

3 100° 34' 21°52'

No. 1 of Yizhi town of Jinggu County (JGYZ1) 3 100° 35' 23°12'

No. 6 of Yaoquyaozu town of Mengla County 
(MLYZ6)

3 101° 32' 21° 43'

No. 3 of Mengsong town of Menghai County 
(MHMS3) 

3 100° 34' 22° 3'

No. 1 of Menghai town of Menghai County 
(MHMH1) 

3 100° 26' 21° 59'

No. 1 of Fuyan town of Menglian County 
(MLFY1) 

3 99° 31' 22°28'

No. 2 of Yongping town of Jinggu County 
(JGYP2) 

3 100° 21' 23° 18'
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Mi et al.2017) was used for genomic DNA 
extraction from the leaves of each sample. We read 
the primer sequences of SRAP marker according 
to Budak et al. (2004). In view of the number, 
clarity and repeatability of amplification bands, 
28 pairs of primers were screened out for formal 
amplification (Table 2). We consulted Ablitif 
(2014) for the SRAP–PCR procedure and made 
some necessary changes, on which the reaction 
mixture system and amplification procedure 
for the research was established (Table 3). The 
amplification products of SRAP–PCR were tested 
using 8% polyacrylamide gel electrophoresis 
(Ablitif 2014). NTSYSpc2.10e and POPGENE32 
software were employed to calculate the Nei’s 
genetic distance and indices of genetic diversity 
respectively according to the SRAP marker data 
of the samples (Wang et al. 2019b).

Creation of core collection 

The Euclidean genetic distance (Wang et al. 
2019a) was computed on the basis of 10 phenotype 
trait values. Clustering was achieved using an 
unweighted average method with SPSS17.0 and 
NTSYSpc2.10e software. Six sampling fractions 
(i.e. 10, 15, 25, 35, 45 and 55%) were established 
to screen the optimal sampling fraction. For each 
cluster, when a sample had a minimum genetic 
distance from other samples, it was removed and 
not added to the core collection, which was the 
improved minimum distance stepwise sampling 
method (IMDSSM) adopted for this study (Xu 
2005, Wang et al. 2021). Six germplasm subsets 
were established using the strategies above.
	 Nei’s genetic distance (Wang et al. 2019b) 

Table 2	 Sequences of primers used in the SRAP–PCR system based on the results of screened primers

SRAP primer sequence
28 pairs of primers in the experiment

Number Sequence Number Sequence

Me1 TGAGTCCAAACCGGATA Em1 GACTGCGTACGAATTAAT Me1 + Em5, Me3 + Em7, Me1 + Em7
Me2 + Em2, Me6 + Em7, Me7 + Em5
Me9 + Em2, Me9 + Em4, Me9 + Em5
Me10 + Em4, Me10 + Em8, Me10 + Em9
Me1 + Em6, Me2 + Em3, Me3 + Em1
Me3 + Em10, Me4 + Em5, Me4 + Em6
Me4 + Em8, Me5 + Em1, Me5 + Em5
Me5 + Em9, Me6 + Em1, Me6 + Em5
Me6 + Em8, Me7 + Em8, Me9 + Em10
Me10 + Em10

Me2 TGAGTCCAAACCGGAGC Em2 GACTGCGTACGAATTTGC

Me3 TGAGTCCAAACCGGCAG Em3 GACTGCGTACGAATTGAC

Me4 TGAGTCCAAACCGGACC Em4 GACTGCGTACGAATTTGA

Me5 TGAGTCCAAACCGGAAG Em5 GACTGCGTACGAATTAAC

Me6 TGAGTCCAAACCGGTAA Em6 GACTGCGTACGAATTGCA

Me7 TGAGTCCAAACCGGTCC Em7 GACTGCGTACGAATTCAA

Me8 TGAGTCCAAACCGGTGC Em8 GACTGCGTACGAATTCTT

Me9 TGAGTCCAAACCGGAAC Em9 GACTGCGTACGAATTGAG

Me10 TGAGTCCAAACCGGTAG Em10 GACTGCGTACGAATTGCC

Table 3	 Amplification reaction system and amplification program of the SRAP–PCR

Amplification reaction system
Amplification programComposition Dosage 

(µL)

DNA (50 ng μL-1) 2 Initial denaturation at 94 °C for 5 min and 5 cycles of 
denaturation at 94 °C for 1 min, annealing at 35 °C for 1 
min and extension at 72 °C for 1 min, followed by 35 cycles 
of denaturation at 94 °C for 1 min, primer annealing at 
44 °C for 1 min, and extension at 72 °C for 1 min. The 
amplification process was completed with a 7 min final 
extension at 72 °C and the PCR products were maintained 
at 4°C

Forward primer(10 µmol L-1) 1.5

Reverse primer(10 µmol L-1) 1.5

MIX(MgCl2 2 mM, KCl 50 mM, 10 mM  
(NH4)2 SO4, BSA 100 mg mL-1 T61U)

10

ddH2O 5

Total 20



Journal of Tropical Forest Science 35(4): 476–488 (2023) 	  Wang XL et al.

480© Forest Research Institute Malaysia

was computed based on 201 polymorphic loci 
of SRAP markers data. The clustering was 
achieved via unweighted average method using 
POPGENE32 and NTSYSpc2.10e software. Six 
sampling fractions (i.e. 10, 15, 25, 35, 45 and 
55%) were established to screen the optimal 
sampling fraction, and IMDSSM was adopted 
for sampling (Xu 2005, Wang et al. 2021). Six 
germplasm subsets were established using the 
strategies above.
	 The mixed genetic distance was computed on 
the basis of integrating 10 phenotype trait values 
and 201 polymorphic loci of SRAP markers data. 
The formulae for the mixed genetic distance, 
genetic distance of phenotype traits, and genetic 
distance of molecular markers are as reported 
by Liu et al. (2012) and Wang et al. (2021). 
Clustering was achieved via unweighted average 
method using Matlab (R2017a) software. Six 
sampling fractions were established to screen the 
optimal sampling fraction, and IMDSSM (Wang 
et al. 2021, Xu 2005) was adopted for sampling. 
Thus, six germplasm subsets were established 
using the strategies above.

Evaluation of core collection

Appraisal of the core collection was carried out 
to identify an optimum sample strategy and 
germplasm subset based on the representativeness 
of the core collection for the original germplasm 
collection through the indicators system. For 
this research, the quantitative characteristics 
consisted of 10 phenotype traits with continuous 
values. Meanwhile, the qualitative characteristics 
consisted of 201 polymorphic loci with 
discontinuous values. For the 18 germplasm 
subsets of this study, six were established using 
quantitative characteristics, six were established 
via qualitative characteristics, and the remaining 
six were established by combining quantitative 
and qualitative characteristics. In earlier 
research, the effective appraisal indices for the 
representativeness of a core collection for the 
original germplasm collection were classified 
into two categories (i.e. appraisal parameters 
of quantitative characteristics and appraisal 
parameters of qualitative characteristics). One 
of the categories was entirely appropriate for 
the appraisal of a core collection established by 
quantitative characteristics, while another was 
suitable through qualitative characteristics (Zhao 

& Zhang 2007, Zhang 2010). A coalition between 
the two categories was adopted to appraise 
a core collection established by combining 
quantitative and qualitative characteristics 
(Liu et al. 2012). Evaluation parameters of 
quantitative characteristics included the mean 
difference percentage, variance difference 
percentage, range coincidence rate, change 
rate of variation coefficient, retention ratio of 
phenotype trait, and Shannon-Weaver diversity 
indices (H’) (Hu et al. 2000, Liu et al. 2013, 
Wang et al. 2019a). The evaluation parameters of 
qualitative characteristics included the number 
of alleles, retention rate of alleles, number of 
effective alleles, Nei’s genetic diversity index 
(H), and Shannon’s information index (I) 
(Wang et al. 2019b). The evaluation parameters 
of the quantitative characteristics and those of 
the qualitative characteristics were calculated 
using Excel 2012 and POPGENE 32 software 
respectively (Wang et al. 2021).

Confirmation of core collection

It is necessary to confirm core collection in order 
to verify the effectiveness of the optimum sample 
strategy and germplasm subsets through specific 
approaches. For this purpose, genetic distance 
comparison (Ablitif 2014, Wang et al.2019b) 
and clustering analysis (Wang et al. 2021) were 
employed to confirm the efficacy of the core 
collection being screened out using Matlab 
(R2017a) and POPGENE32 software separately.

RESULTS

Evaluation of quantitative traits of original 
germplasm collection and germplasm subsets

For each of the six developed germplasm subsets 
based on phenotype values and Euclidean 
genetic distance, the average values of H’ for 
the 10-phenotype characteristics of a germplasm 
subset initially increased and then decreased with 
the diminution of the sampling fraction, of which 
the maximum was the sampling proportion at 
45% (Table 4). The H’ of the three germplasm 
subsets (2.030, 2.052, 2.039) at 55, 45 and 35% 
sampling proportions were greater than that 
of the original germplasm collection (1.986). 
However, those of the other three germplasm 
subsets (1.966, 1.826, 1.660) at 25, 15 and 10% 
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sampling proportions were lower than that of 
the original germplasm collection. For the six 
germplasm subsets being established through the 
integration of phenotype and molecular markers 
data and mixed genetic distance, the average H’ 
values for the 10 phenotype characteristics of a 
germplasm subset decreased with the diminution 
of the sampling fraction (Table 4). The H’ of the 
three germplasm subsets (2.027, 2.024, 1.990) 
at 55, 45 and 35% sampling proportions were 
greater than those of the original germplasm 
collection. However, those of the other three 
germplasm subsets (1.938, 1.762, 1.596) at 25, 
15 and 10% sampling proportions were lower 
than that of the original germplasm collection. 
Consequently, the six germplasm subsets at 55, 
45 and 35% sampling proportions from the two 
data types and two genetic distance methods 
were advantageous for promoting the genetic 
diversity indicators and decreasing genetic 
redundancy.
	 In this study, H’ showed highly significant 
differences between the germplasm collections 
(i.e. the original germplasm collection and the 
12 germplasm subsets being developed using 
six sampling proportions, two data types, and 
two genetic distance methods) through mean 
variance analysis. Furthermore, the average 
H’ for the 10 phenotype characteristics of the 
original germplasm collection was significantly 
larger than that of the four germplasm subsets 
that were created based on two sampling 
proportions (15 and 10%), two data types and 
two genetic distance methods through mean 
multiple comparison analysis. However, no 
marked differences were observed between the 
original germplasm collection and the other eight 
germplasm subsets (Table 4). In summary, the 
eight germplasm subsets being constructed based 
on 55, 45, 35 and 25% sampling proportions, 
two data types and two genetic distance methods 
embodied the genetic diversity of the original 
germplasm collection.
	 Using the same sampling proportion, the 
average of H’ for the 10 phenotype characteristics 
of the germplasm subsets created based on the 
phenotype values and Euclidean genetic distance 
was higher than that of the germplasm subsets 
developed through the integration of phenotype 
and molecular markers data and mixed genetic 
distance; however, no significant differences were 
observed between them (Table 4). To sum up, 
considering the H’ of the germplasm subsets, 

time, economic costs, and the convenience 
of obtaining data for the development of the 
germplasm subsets, it was revealed that the 
strategy of phenotype values and Euclidean 
genetic distance was more appropriate than 
integrating the phenotype and molecular 
markers data and mixed genetic distance for 
the creation of a core collection for superior  
A. nepalensis trees.
	 For the 12 germplasm subsets (six were 
created based on phenotype values and Euclidean 
genetic distance, and the rest, developed by 
integrating phenotype and molecular markers 
data and mixed genetic distance), the mean 
difference percentages (0.39–9.77%) between 
the germplasm subsets and original germplasm 
collection were < 20%, and the coincidence rates 
(82.01–100%) between the germplasm subsets 
and original germplasm collection were > 80%. 
The retention ratios of phenotype traits (87.10–
100%) of the eight germplasm subsets (i.e. 55, 45, 
35 and 25% sampling proportions, two data types, 
and two genetic distance methods) were > 85%, 
while those (59.14–74.27%) of the other four 
germplasm subsets (i.e. 15 and 10% sampling 
fractions, two data types and two genetic distance 
methods) were < 75% (Table 5). For the four 
germplasm subsets created based on phenotype 
values and Euclidean genetic distance (i.e. 55, 
45, 35 and 25% sampling proportions), the 
change rate of variation coefficient (125.84%) 
and variance difference percentage (21%) 
of the germplasm subset at a 25% sampling 
proportion were maximum. Similarly, for the 
four germplasm subsets developed by integrating 
phenotype and molecular markers data and 
mixed genetic distance (i.e. 55, 45, 35 and 
25% sampling proportions), the change rate 
of variation coefficient (116.02%) and variance 
difference percentage (30%) of the germplasm 
subsets at a 25% sampling proportion were also 
maximum. Thus, the 25% sampling fraction was 
superior to the other five sampling fractions 
from the perspective of these five evaluation 
parameters (Table 5). With the evaluation 
results of quantitative characteristics, we found 
that the germplasm subset created based on 
phenotype values and Euclidean genetic distance 
at a 25% sampling fraction was optimal in terms 
of the representativeness, effectiveness, and 
practicability for the development of a core 
collection for superior A. nepalensis trees.
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Evaluation of qualitative traits of original 
germplasm collection and germplasm subsets

The number of polymorphic loci, percentage 
of polymorphic loci, number of alleles, and 
retention rate of alleles of the germplasm 
subsets, developed using molecular markers data 
and Nei’s genetic distance, and by integrating 
phenotype and molecular markers data and 
mixed genetic distance, decreased with the 
diminution of the sampling fraction. Further, 
with the same sample proportion, the above 
indicators of the six germplasm subsets being 
developed based on molecular markers data and 
Nei’s genetic distance were greater than, or equal 
to, that of the six germplasm subsets created 
by integrating the phenotype and molecular 
marker data and mixed genetic distance. The 
number of alleles of the original germplasm 
collection was significantly larger than that of 
the three germplasm subsets (one germplasm 
subset created based on molecular markers data 
and Nei’s genetic distance at a 10% sampling 
proportion, and the other two were developed by 
integrating the phenotype and molecular marker 
data and mixed genetic distance at sampling 
proportions of 15 and 10%) through variance 
and multiple comparison analyses, however, no 
marked differences were observed between the 
original germplasm collection and the other nine 
germplasm subsets (Table 6).
	 The number of effective alleles, Nei’s genetic 
diversity index, Shannon’s information index, 
and population genetic diversity of the six 
developed germplasm subsets based on molecular 
markers data and Nei’s genetic distance were 
greater than that of the original germplasm 
collection. These indicators initially increased 
and then decreased with the reduction of the 
sampling fraction. Further, through variance 
and multiple comparison analyses, the genetic 
diversity indices of the four germplasm subsets 
created based on molecular markers data and 
Nei’s genetic distance at sampling proportions 
of 45, 35, 25 and 15% were significantly larger 
than those of the original germplasm collection 
(Table 6). The genetic diversity indices of all 
six germplasm subsets developed by integrating 
phenotype and molecular markers data and 
mixed genetic distance also initially increased 
and then decreased with the decreased sampling 
fraction. All of the above germplasm subset 
indices at a 10% sampling proportion were lower 

than those of the original germplasm collection. 
Furthermore, the Shannon’s information index 
of the germplasm subset created by integrating 
phenotype and molecular markers data and 
mixed genetic distance at 10% sampling fraction 
was significantly lower than that of the original 
germplasm collection as shown by the variance 
and multiple comparison analyses (Table 6). 
With the same sampling proportion, these 
genetic diversity indices of germplasm subsets 
developed through the integration of phenotype 
and molecular markers data and mixed genetic 
distance were lower than that of the germplasm 
subsets created based on molecular markers 
data and Nei’s genetic distance. With the 
evaluation results of qualitative characteristics, 
it was found that the germplasm subset created 
using molecular markers data and Nei’s genetic 
distance at 15% sampling fraction was optimal 
in terms of the representativeness, effectiveness, 
and practicability for the development of a core 
collection for superior A. nepalensis trees.
	 In conclusion, for the 18 germplasm subsets 
(six germplasm subsets created based on 
phenotype values and Euclidean genetic distance, 
six germplasm subsets developed using molecular 
markers data and Nei’s genetic distance, and 
the remaining six germplasm subsets generated 
using combined phenotype and molecular 
markers data and mixed genetic distance), 
the sampling proportions of 55, 45, 35, and 
25% could represent the original germplasm 
collection, as well as those based on molecular 
markers data and Nei’s genetic distance at a 15% 
sampling proportion. In particular, molecular 
markers data, Nei’s genetic distance, and a 
15% sampling proportion were the elements of 
an optimal strategy for the establishment of a 
core collection for superior A. nepalensis trees. 

Verification of core collection

All minimum and average genetic distances of 
the germplasm subset, created using molecular 
markers data and Nei’s genetic distance at a 15% 
sampling fraction, were higher than those of the 
original germplasm collection. The germplasm 
subset increased these indicators by 235.97 and 
40.04% respectively (Table 7) Thus, several 
redundant original germplasm collection samples 
could be removed. The germplasm subset and 
original germplasm collection clustering revealed 
that the genetic distances between the germplasm 
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subset samples were higher than those of the 
original germplasm collection (Figures 1 and 
2). The results revealed that the germplasm 
subset, developed using molecular markers data 
and Nei’s genetic distance at a 15% sampling 
proportion, was an efficient core collection for 
superior A. nepalensis trees.

DISCUSSION

Data types for establishing a core collection 
for superior A. nepalensis trees

Three types of data were employed for the 
establishment of a core collection, which included 
agronomic morphological traits, molecular 

markers and combined phenotype and molecular 
markers data.  Liu et al. (2012) compared three 
data types, namely, agronomic morphological 
characteristics data (15 agronomic traits of 
leaves, flowers, and fruits) and Euclidean genetic 
distance, SSR molecular markers data and Nei's 
genetic distance, and integrated phenotype and 
SSR molecular markers data and mixed genetic 
distance. They observed that the representativeness 
of the core collection developed by integrating 
phenotype and SSR molecular markers data and 
mixed genetic distance was superior to that of 
the core collection created based on agronomic 
morphological characteristics data and Euclidean 
genetic distance, or the SSR molecular markers 
data and Nei's genetic distance alone. 

Figure 1	 Cluster analysis map of the original germplasm collection (molecular markers data and Nei’s genetic  
		  distance) for Alnus nepalensis
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	 We used  780  samples  f rom natura l  
P. yunnanensis populations as the original 
germplasm collection to explore the optimal 
development strategy of its core collection. 
The three data types, including agronomic 
morphological characteristics data (18 agronomic 
traits of needle, fascicle, cone, seed, stem and 
crown) and Euclidean genetic distance, SRAP 
molecular markers data (669 polymorphic loci) 
and Nei’s genetic distance, and the integrated 
phenotype and SRAP molecular markers data 
and mixed genetic distance, were compared 
by evaluating the representative of the core 
collection for the original germplasm collection. 
The results indicated that the representativeness 
of the core collection created by integrating the 
phenotype and SRAP molecular markers data 
and mixed genetic distance was better than that 
of the core collection developed using agronomic 
morphological characteristics data and Euclidean 
genetic distance, or SRAP molecular markers 
data and Nei’s genetic distance alone (Wang et al. 
2021). Results show that the representativeness of 
the core collection created using SRAP molecular 
markers data and Nei’s genetic distance was better 
than that of the core collection developed using 
agronomic morphological characteristics data 
and Euclidean genetic distance, and combined 
phenotype and SRAP molecular markers data 
and mixed genetic distance. In summary, the 
optimal data types being utilised to create the 
core collection for different plant germplasm 
resources are not always the same. They change 
with plant species, sample size, and genetic 
diversity of the original germplasm collection, 
as well as with the genetic distance calculation 

method. Thus, the optimal data type needs to be 
screened according to the specific study.

Sampling fraction for establishment of a core 
collection for superior A. nepalensis trees 

An optimal sampling proportion was critical for 
the core collection development. There was more 
genetic redundancy in a core collection when 
the sampling proportion was excessively high. 
Therefore, the practicability and effectiveness of 
the core collection were reduced. On the contrary, 
some important germplasm materials could be 
lost when the sampling proportion was too low. 
In general, a relatively high sampling proportion 
is required if the original germplasm collection 
has a small sample size and high genetic diversity, 
while a relatively low sampling proportion is 
required if the original germplasm collection has 
large sample size and low genetic diversity. Thus, 
the sampling proportion is 30%, which is typically 
~10% (Li et al. 2002). To give a few examples, a 
total of 161 samples from Manihot esculenta were 
used as original germplasm collection, and the 
optimal sampling proportion for the creation of 
its core collection was 15% (Wei et al. 2016); 45 
samples from Capsicum annuum were used as the 
original germplasm collection, and the optimal 
sampling fraction for the development of its core 
collection was 30% (Jiao et al. 2018); and 1197 
samples from Citrullus lanatus were used as original 
germplasm collection, and the optimal sampling 
fraction of its core collection creation was 10.9% 
(Zhang et al. 2016). Other such examples can be 
found in Yuan (2012), Zhang et al. (2019) and 
Wang et al. (2021). 

Figure 2	 Cluster analysis map of the core collection (molecular markers data and Nei’s genetic distance at  
		  15% sample proportion) for Alnus nepalensis
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	 For this study, a total of 84 samples from A. 
nepalensis were used as the original germplasm 
collection, and the optimal sampling fraction 
for its core collection creation was 15%. This fell 
within the generally accepted range of sampling 
fraction for the development of a core collection 
for plants. Of course, the optimal sampling 
proportion depended on the sample size and 
genetic diversity of the original germplasm 
collection, and the sampling strategy (i.e. data 
types, methods for calculating genetic distance, 
sampling methods, and clustering methods) used 
in the core collection development.

CONCLUSION

In this study, 18 germplasm subsets were created 
based on three data types (i.e. phenotype values, 
SRAP molecular markers data, and combined 
phenotype and SRAP molecular markers data), 
three methods for calculating genetic distance 
(i.e. Euclidean genetic distance, Nei’s genetic 
distance, and mixed genetic distance), six 
sampling proportions (i.e. 55, 45, 35, 25, 15, 
and 10%), IMDSSM, and unweighted average 
method. The effectiveness and representativeness 
of the 18 germplasm subsets for the original 
germplasm collection were evaluated by the 
indicators of quantitative and qualitative 
characteristics. The results reveal that 13 
germplasm subsets can represent the original 
germplasm collection, of which four germplasm 
subsets were developed based on phenotype 
values and Euclidean genetic distances at 
sampling proportions of 55, 45, 35 and 25%. 
A total of five germplasm subsets were created 
based on SRAP molecular markers data and Nei’s 
genetic distance at sampling proportions of 55, 
45, 35, 25 and 15%, while four germplasm subsets 
were developed using integrated phenotype and 
SRAP molecular markers data and mixed genetic 
distance at sampling proportions of 55, 45, 35  
and 25%. Using the same sampling proportions, 
the germplasm subsets created using SRAP 
molecular markers data are more representative 
of the original germplasm collection than 
those created based on two other data types. In 
conclusion, we obtained an optimal sampling 
strategy for the development of a core collection 
for superior A. nepalensis trees, which primarily 
included SRAP molecular markers data, Nei’s 
genetic distance, a 15% sampling proportion, 
unweighted average method and IMDSSM. This 

sampling strategy may be employed to establish 
core collections for superior trees and clones 
obtained through breeding projects.
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