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1996). The species from the Aigeiros, Tacamahaca and 
Populus sections and their interspecific hybrids constitute 
more than 90% of the cultivated poplars of the world. Poplars 
are not only economically important for the pulp, paper, 
architecture, and lumber industries, but also have ecological 
significance because it is widely used for windbreakers and 
erosion control. Most of the poplar species and hybrids are 
cultivated clonally through vegetative propagation. The unit 
of cultivation and breeding in poplars is clone, and the indi-
vidual cultivars are represented by a single clone. Accurate 
identification of poplar cultivars and knowledge of their 
genetic relationships are essential for breeding, variety con-
trol and registration, stock handling, and protection of plant 
breeders’ rights. 

The genetic markers, which can be used for identifying 
poplar cultivars and determining the genetic relationships 
among them, mainly come from morphological, cytological, 
and molecular characteristics. Traditionally, poplar clone and 
cultivar identification has been attempted with the combina-
tion of morphological, phenological and floral characteristics. 
The method adopted by the International Poplar Commission 
(IUPOV, 1981) is based on a total of 64 morphological, 
phenological and floral traits for identification, registration, 
and certification of poplar clones. However, this method of 
clone identification is time-consuming and subjective. Qi 
et al. (2004) found that there are tiny differences among the 
karyotypes of species from the section Tacamahaca, indicat-
ing that it is possibly very difficult to identify poplar cultivars 
by the cytological markers such as karyotypes. In fact, the 
poplar seedling industry and breeding programs require 
especially reliable identification means that can be applied 
routinely to many samples.

Since the late 1980s, several molecular marker approaches 
have been successfully used for fingerprinting and identify-
ing poplar clones, cultivars and species, and for determining 
the relationships among them. Allozyme and randomly 
amplified polymorphic DNA (RAPD) analyses were initially 
used for this purpose because of their simplicity and rela tively 
low cost (Rajora, 1989; Castiglione et al., 1993; Lin et al., 
1994; Sigurdsson et al., 1995; Janssen, 1997; Heinze, 1998). 
However, the small numbers of polymorphism present in the 
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1 Introduction

The genus Populus L. (Salicaceae) is a deciduous tree and has 
a wide natural distribution in the Northern Hemisphere, with 
29 species grouped under six separate sections (Eckenwalder, 
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allozyme and the lack of reproducibility of RAPD limit the 
usefulness of these markers. Recently, the hypervariability, 
codominance and high reproducibility of simple sequence 
repeat (SSR) have led to its application for the fingerprinting 
and identification of poplar cultivars (Rahman and Rajora, 
2002; Rajora and Rahman, 2003), but developing SSR 
primers both is time-consuming and costly. Presently, no 
more than 30 SSR primer pairs have been developed success-
fully for a few poplar species, and moreover, whether these 
primers can be used in other poplar species is unknown.

Significant levels of DNA polymorphism in plants have 
been revealed by amplified fragment length polymorphism 
(AFLP) analysis (Vos et al., 1995). This technique is an 
efficient and reliable genetic molecular marker technique 
because it can detect a much higher number of polymorphisms 
per reaction than that revealed by restriction fragment length 
polymorphism (RFLP) and RAPD assay, and be of high 
reproducibility and accuracy. Now, it has been successfully 
applied for identification of cultivars and determination of 
their genetic relationships in many kinds of plants such as rice 
(Mackill et al., 1996), orchid (Chen et al., 1999), olive (Sensi 
et al., 2003), and Mulberry (Xu et al., 2005). In poplars, 
amplified fragment length polymorphism (AFLP) has been 
used to assess genetic diversity (Storme et al., 2004), screen 
interspecific hybrids (Chauhan et al., 2004), and construct 
genetic linkage maps (Arrens et al., 1998); however, it 
has been rarely applied for identification of cultivars and 
determination of their genetic relationships. 

In the present study, we selected AFLP primer pairs for 
fingerprinting and identification of 21 important poplar 
varieties, and used AFLP markers generated to determine the 
relationships among these varieties. This paper also explores 
the potential of adopting AFLP for poplar high throughput 

fingerprinting of poplar varieties and the determination of 
their genetic relationships.

2 Materials and methods

2.1 Materials

Cuttings from a single ramet of each cultivar listed in Table  1 
were planted in the collection of the Research Institute of 
Forestry at the Chinese Academy of Forestry.

2.2 DNA extraction

DNA was isolated from 0.5  g young leaf using the cetyl 
trimethyl ammonium bromide (CTAB) method according 
to Reichardt and Rogers (1993) with slight modifications. 
After the DNA pellet was re-dissolved, it was treated with 
RNase A (200  ng/µL) for 60  min at 37°C and was extracted 
(6,000  r/min, 10  min) with 1 volume mixture of chloroform:
isoamylalcohol (24:1). Finally, the high molecular weight 
DNA was checked for quality and quantity using agarose 
gel (0.8%) electrophoresis and fluorimetry (ND-1,000 
Spectrophotometer, NanoDrop).

2.3 AFLP analysis

The AFLP method was performed essentially according 
to Vos et al. (1995) with minor modifications. Briefly, 
100–150  ng of genomic DNA was digested with 1.5 U of both 
EcoR I and Mse I (Shanghai Sangon, China) at 37°C for 3  h, 
and then 20  pmol Mse I adaptor and 2  pmol EcoR I adaptor 
were ligated to the restriction fragments with 0.5 U T4-DNA 

Table 1 List of poplar materials used in this study

Variety (clones) Species Section Locality of collection  Code

Xiaoyeyang (328) Populus simonii Tacamahaca Datong, Shanxi  T1
Qinghaiqingyang (107) Populus cathayana  Datong, Shanxi T2
Wutaiqingyang (77) Populus cathayana  Datong, Shanxi T3
Beijingqingyang (Huairou) Populus cathayana  Beijing Huairou T4
Maoguoyang (309) Populus trichocarpa  Datong, Shanxi T5
Zhongqing-10 Populus cathayana  Datong, Shanxi T6
Zhongqing-48 Populus cathayana  Datong, Shanxi T7
Jianadayang (Gu’an) Populusxcanadensis Aigeiros Gu’an, Hebei  A1
Oumeiyang-107 Populusxeuramericana  Shuenyi, Beijing  A2
Liaoheyang Populus deltoides  Datong, Shanxi A3
Langfang-2 Populus deltoides  Langfang, Hebei  A4
Gaiyang Populusxeuramericana  Dalian, Liaoning  A5
Liaoningyang (Fengning) Populus deltoides  Fengning, Hebei  A6
Liaoningyang (Dalian) Populus deltoides  Dalian, Liaoning  A7
Liaoningyang (Gu’an) Populus deltoides  Gu’an, Hebei  A8
Jianganyang (Shanying) Populus nigra  Datong, Shanxi A9
Oumeiyang-13 Populusxeuramericana  Datong, Shanxi A10
Hezuoyang Populus nigraxPopulus simonii TacamahacaxAigeiros Datong, Shanxi TA1
Beijingyang-2 Populus nigraxPopulus cathayana  Changping, Beijing  TA2
Zhongshang-8 Populus nigraxPopulus cathayana  Datong, Shanxi TA3
Mamei (Jianshi) Populus maximowicziixPopulus deltoides  Jianshi, Hubei  TA4

Note: Codes were used along the article



206

ligase (Shanghai Sangon, China) at 15°C overnight. After 
pre-amplification, selective amplification was conducted by 
combining 30  ng of both EcoR I primers and Mse I primers 
having three selective nucleotides with 0.5  U Taq DNA 
polymerase (TOYOBO, Japan). Amplification products were 
separated on 6% denaturing polyacrylamide gels running at 
30  W for 1.5  h. After silver staining (Bassam et al., 1991), the 
gels were dried at room temperature and photographed. In a 
preliminary experiment, 64 AFLP primer pairs were tested for 
selective amplification. Of these, four primer pairs that gener-
ated clear patterns with high polymorphism were selected 
for use in this study (Table  2). Two independent polymerase 
chain reaction (PCR) amplifications were performed using 
the selected AFLP primer pairs, and the products were sepa-
rated on independent gels, in order to get reproducible data. 
In addition, two DNA extraction replicates of a subset of 
samples (T1 T5, A1 and A9) were conducted to assess the 
reproducibility of the band profiles.

2.4 Data analysis

AFLP bands behave as dominant markers and were scored for 
the presence (1) or absence (0) of co-migrating fragments for 
all varieties. Only those reproducible bands ranged from 100 
to 400  bp were considered for scoring. The genetic relation-
ships among the studied varieties were determined by calcu-
lating the simple matching (SM) coefficient, estimated as 
SMij = (a+d)/(a+b+c+d), where SMij is the measure of 
SM between sample i and j, a is the number of shared present 
fragments by i and j, b is the number of fragments present in 
i and absent in j, and c is the number of fragments present in 
j and absent in i, d is the number of shared absent fragments 
by i and j. The resultant pairwise similarity matrix was 
employed to construct cluster plots by the unweighted pair 
group method with arithmetic average (UPGMA). Then, the 
co-phenetic coefficient between the matrix of similarity co-
efficient and the matrix of co-phenetic value was calculated 
with Mantel matrix correspondence tests (Mantel, 1967), and 
the significance of co-phenetic coefficients was determined 
by 5,000 permutations. In addition, the multidimensional 
scaling on Lance and Williams coefficient was conducted 
to visualize the dispersion of the individuals in relation to 
the first two dimensions. Data were analyzed using SPSS 11.5 
program.

3 Results

3.1 Fingerprint patterns and varieties identification

Each of the four primer pairs produced clear fingerprint 
patterns unique to each of the 21 varieties studied, and there-
fore, any of them can distinguish between these varieties 
(for example, Fig.  1). The four primer pairs generated a total 
of 233 scorable fragments among the 21 varieties, of which, 
181 (84%) were polymorphic, 26 fragments were unique 
to ten of the sampled varieties, and 26 were monomorphic 
(Table  2). The average number of scorable fragments per 
primer was 58, with a range from 55 (E-AAGxM-CAA) 
to 67 (E-ACTxM-CAA), while the average number of 
polymorphic fragments per primer was 45, with a range from 
36 to 57. In the current experiment, consistent results were 
obtained across two DNA extraction replicates respectively 
with over 98% scoreable fragments reproducible, and very 
faint fragments and few well-amplified fragments were not 
reproducible, indicating that AFLP analysis in this study 
possessed very high reproducibility.

3.2 Inter-varieties genetic relationships

The similarity coefficients (data not shown) for the 210 
possible pairs of 21 poplar varieties ranged from 0.922  6 
(between A7 and A8) to 0.442,0 (between A3 and TA3). The 
dendrogram (Fig.  2) on the basis of AFLP truly was represen-
tative of their similarity matrices since the cophenetic correla-
tion values were 0.868 8 (P<0.000,4, Good fit). The varieties 
studied were separated into five major groups (Fig.  2): All 
Populus deltoides varieties were grouped into cluster 
C1 (TA4 belongs to the hybrids between P. deltoids and P. 
maximowiczii) and all varieties from Populusxeuramerican 
formed cluster C2; Most of the varieties with exotic origins 
from Tacamahaca were grouped in cluster C3 and most of the 
varieties native to China from Tacamahaca formed cluster 
C4; Cluster C5 included Populus nigra and the hybrid 
between P. nigra and P. cathayana. The first two dimensions 
from multidimensional scaling explained 92.08% of the total 
variation among 21 poplar varieties (RSQ = 92.08%, Krus-
kal Stress = 0.129,8), indicating that the resultant multidi-
mensional scaling space plot can also be used to analyze the 
genetic relationships among these varieties. The result of the 

Table 2 Fragments detected by four AFLP primers in the 21 varieties

Primers1 Total fragments Polymorphic fragments Percent polymorphic fragments Unique fragments Monomorphic fragments

E-ACTxM-CAA 67 57 85% 6 4
E-AACxM-CAG 55 41 75% 4 10
E-AAGxM-CAA 55 36 65% 9 10
E-AAGxM-CTG 56 47 84% 7 2
Total 233 181 78% 26 26
Average 58 45 78% 6.5 6.5

Note: 1Only three selective nucleotides were shown; see Vos et al. (1995)
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multidimensional scaling analysis was generally consistent 
with UPGMA dendrogram: G1, G2, G3, G4 and G5 corre-
sponded to C1, C2, C3, C4 and C5, but A9 formed a different 
group—G6. However, two main differences existed between the 
two plots: TA4 belonged to group C1 (G1) in the dendrogram, 
but was included in group G3 (G3) in the multidimensional 
scaling space plot while T5 belonged to group C3 (G3) in 
the dendrogram, but was included in group G2 (C3) in the 
multidimensional scaling space plot.

4 Discussion

In this study, all four AFLP primer pairs produced highly 
polymorphic band profiles among the studied varieties (181 

polymorphic fragments), and distinguished between these variet-
ies, indicating they are of high informativeness. It is worth noting 
that each variety produced its own unique fingerprinting profile 
using any one of these four primer pairs, and therefore, any of the 
primers could be used separately to identify these cultivars in the 
future. Moreover, it was possible to fingerprint and discriminate 
other cultivars not contained in this study because of the high 
informativeness of four primer pairs used. Furthermore, the study 
detected 21 fragments unique to 11 of 21 poplar varieties, and they 
may be converted into variety-specific markers for identifica-
tion. In addition, the A9 possessed much more specific frag-
ments than other varieties (the specific fragments of A9 was 8 
while average specific fragment per variety was 1.24), indicating 
it could be a particular germplasm resource. In fact, a few elite 
varieties such as “Jianhumaoyang” and “Jianerbaiyang” have 
been developed by using A9 as one of the cross parents (Liu, 1986; 
Xu, 1988).

Our results indicate that the genetic relationships among poplar 
varieties inferred by using the AFLP marker were in accordance 
with their genetic origin and genealogy. The dendrogram (Fig.  2) 
and the multidimensional scaling space plot (Fig.  3), to 
some extent, not only showed a separation of cultivars among 
different sections of the poplar genus, but also differentiated 
between varieties that were native to China and those of 
exotic origin. In the two plots, cluster C1/G1 and C2/G2 
included varieties developed by using introduced P. deltoides 
germplasm as parents and introduced Populusxeuramerican 
varieties separately, and furthermore, these two groups formed 
a greater group which mainly composed of varieties from 
Aigeiros. The varieties with exotic origins from Tacamahaca 
and the varieties native to China from Tacamahaca formed 
cluster C3/G3 and C4/G4 separately, but these two groups 
were not grouped as a greater group that included varieties 

Lanes 1–26 corresponding to T1, T6, T7, DNA Marker, T3, T5, T4, TA1, T2, positive control, A3, TA3, A1, TA2, DNA Marker, A8, A7, 
TA4, A2, A4, A5, DNA Marker, A6, A10, A9, DNA Marker. Arrows indicating unique fragments

Fig. 1 AFLP fingerprint patterns generated for 21 poplar varieties using primer pair E-AAGxM-CTG

Fig. 2 UPGMA dendrogram for 21 poplar varieties
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from Tacamahaca. The origin of T6 and T7 in group C3/G3 
is ambiguous and our results indicated they could be a hybrid 
between P. nigra and P. simonii. The cluster C5/G5 included 
hybrid varieties between P. nigra and P. cathayana (Duan 
and Zhang, 1997; Zheng et al., 2002, 2003a, 2003b). A9, T5 
and TA4 belonged to different groups in the two plots, and the 
complicated origin, genealogy and ambiguous identity of these 
three varieties and the methods used in the study are likely 
to be the main causes for this. It is impossible to clarify these 
issues by combining molecular marker techniques and 
morphological methods.

Especially, our results indicate that the genetic relationships 
among closely related poplar cultivars, inferred by using inter 
simple sequence repeat (ISSR) markers, were in accordance with 
their genetic origin and genealogy. “Liaoningyang” is developed 
through cutting branches, water culturing, artificial pollination and 
group selection from a cross “I-69 (P. deltoides Bartr. cv. Lux ex 
I-69/55)xP. deltoides cv. Shanhaiguanensis by Chen et al. in the 
Liaoning Research Institute of Poplar and consists of six clones 
that are difficult to discriminate morphologically (Zheng et al., 
2003b). A6, A7 and A8 belong to “Liaoningyang” and were 
collected from different areas. In terms of our results, the three 
varieties were very closely related, and thus they might be different 
“Liaoningyang” clones. A4 originated from the same cross as 
“Liaoningyang” and was developed by Ling et al. in the Langfang 
Academy of Agriculture and Forestry (Zheng et al., 2003b). There-
fore, in the dendrogram (Fig.  2) and the multidimensional 
scaling space plot (Fig.  3), these four accessions were grouped 
into a cluster with a higher similarity level (0.841 of similarity). 
A3 and A5 originated from a half sib family with “Liaoningyang” 
and A4, of which, P. deltoides cv. Shanhaiguanensis is their 
common parent. The other parents of these two varieties are I-63 
(P. deltoides Bartr. cv. Harvard ex I-63/51) and I-72 [Populusx 
euramericana (Dode) cv. San Martino I-72/58], respectively 
(Zheng et al., 2003b). I-69 and I-63 belong to southern P. deltoide 
genotypes while I-72 is an interspecific hybrid genotype between 

P. deltoides and P. nigra. These three varieties, however, possess 
very similar agronomic traits and are cultivated in the same area 
(Zheng et al., 2003a). Therefore, “Liaoningyang”, A3, A4 and 
A5 were grouped into a cluster with a higher similarity level (0.811 
of similarity). Ma (1995) concluded that P. deltoides germplasm 
resources in China have a narrow genetic base and most of the 
varieties developed from the 1970s are genetically closely related. 
Our results seemed to prove this at the DNA level. At present, the 
studies that use molecular marker techniques in combination 
with morphological and phenological methods are in 
progress.

It is essential for future breeding programs to determine the 
genetic diversity and genetic relationships of native and exotic 
germplasm resources in poplar. China is one of the countries 
poplar species of which are the most and possesses a great deal of 
native poplar germplasm resources. However, few studies on these 
germplasm resources have been put in practice (Ma, 1995). The 
present work has shown that AFLP analysis can not only distin-
guish between closely related varieties (cultivar/clones), but 
also generate information abundant on genetic relationships 
between them, and therefore it can completely be applied for this 
purpose. 
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