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ABSTRACT. Progeny performances, variations and combining
abilities for growth traits were evaluated in a factorial mating design of
Eucommia ulmoides. Three marker systems, sequence-related amplified
polymorphism, amplified fragment length polymorphism, and inter-
simple sequence repeat, were used to determine genetic distances
between parents. Correlations of genetic distances with progeny
performances, within-family coefficients of variation and specific-
combining abilities were established for height and basal diameter
traits. Significant positive correlations were found between progeny
performances of growth traits and genetic distances of parents based
on sequence-related amplified polymorphism markers or a combination
of all 3 marker systems. This revealed that crosses between genetically
distant parents produced progenies with excellent growth performances.
The lack of correlations between parental genetic distances and within-
family coefficients of variation or specific-combining abilities suggested
that these characteristics were unpredictable. The results of this study

Genetics and Molecular Research 13 (3): 4736-4746 (2014) ©FUNPEC-RP www.funpecrp.com.br



Progeny performance and genetic distances in E. ulmoides 4737

represent a potential criterion to predict progeny performances and
choose parents in the breeding program.

Key words: Eucommia ulmoides; Progeny performance;
Specific-combining abilities; Genetic distance

INTRODUCTION

Eucommia ulmoides Oliv., whose bark and leaves have been proven to possess me-
dicinal activity, is one of the unique commercial tree species in China. Historically, only the
bark was officially recognized as a traditional Chinese tonic drug. However, modern scientific
research has reported that chemical constituents in the leaves of E. ulmoides are similar to
those in the bark, and the pharmaceutical effects are also similar (Takamura et al., 2007). These
constituents have high pharmacological activities and health care functions, such as lowering
blood pressure (Kwan et al., 2004) and sugar (Lee et al., 2005), antioxidant (Hsieh and Yen,
2000), and anti-mutation (Nakamura et al., 1997). Eucommia rubber, obtained from the seeds,
bark, and leaves, is a hard rubber with thermoplasticity, and it has properties that are similar to
those of plastic (Nakazawa et al., 2009). The E. u/moides male flower is abundant in bioactive
constituents, and it is suitable to be developed as a health-care flower tea (Dong et al., 2012).
Currently, E. ulmoides is widely cultivated in low mountains and hills of central China and has
been introduced to other parts of the world, such as Russia, Japan, Korea, Europe, and America.

Because the prospects of exploitation and utilization are very extensive, E. ulmoides
breeding programs have been carried out to select excellent clones from different parts of
China (Zhang et al., 2004). Genetic improvement strategies for E. ulmoides should include
crosses between divergent clones and progeny breeding to achieve the largest gains per unit
effort, but it is an expensive and time-consuming endeavor. Moreover, with respect to forest
trees, delays before assessing individual performances are long, and a strategy for predicting
heterosis before making the crosses and thereby reducing the number of combinations to be
tested would be particularly desirable. Many observations and studies consistently provided
evidence that there is a correlation between the genetic distance of parents and progeny perfor-
mance or heterosis for most crops (Zhang et al., 1996, 2007; Hale et al., 2007; Devi and Singh,
2011; Benin et al., 2012) and several forest trees (Vaillancourt et al., 1995; Kopp et al., 2002;
Dias et al., 2003). In these studies, genetic distances were estimated by molecular markers
involving restriction fragment length polymorphism, random amplified polymorphic DNA,
simple sequence repeat, amplified fragment length polymorphism (AFLP), sequence-related
amplified polymorphism (SRAP), and inter-simple sequence repeat (ISSR). The correlation
between the genetic distance of parents and progeny performance suggests a potential predic-
tion of heterosis and selection of parents.

Our goal in this study was to investigate the relationships between genetic distances of the
parents and progeny performances, variations or specific-combining abilities (SCA). The different
steps of the study were: 1) to assess progeny performances, variations and combining abilities based
on a factorial mating design; 2) to estimate genetic distances of the parents using SRAP, AFLP, and
ISSR markers; and 3) to study the relationships between genetic distances and growth performance,
variations or SCA of the progenies. It is expected that marker-based genetic distance may be utilized
as a guide to predict progeny performances and choose parents in the breeding program.
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MATERIAL AND METHODS

Plant materials and field experiments

The plant materials of this study consisted of a factorial mating design involving 5
clones as female parents and 5 clones as male parents (Table 1). All parents were produced
by researchers through controlled breeding of clones collected from different parts of China
(Zhang et al., 2004). Eight clones were planted in the village of Yantuo, Lingbao, Henan
Province, and 2 clones (Qinzhong No. 1 and Qinzhong No. 2) were planted in the museum
garden of Northwest A&F University. Controlled pollination was performed in the village
of Yantuo in April 2009, and seeds were collected in October and stored at 4°C. Seeds were
sown in germination cups in March 2010, and seedlings were transplanted to a greenhouse
until the next spring. Unfortunately, technical problems in the controlled pollination and
planting prevented the mating design from being complete and balanced, and 24 families
survived except the family of Yanci x Longguai (Table 2). Field experiments were carried
out in the nursery of Northwest A&F University in March 2011, and a complete randomized
block design was used with 3 replications and 20-tree plots. Height and basal diameter of the
seedlings were measured in October 2011 after approximately 7 months of growth.

Table 1. List of Eucommia ulmoides genotypes used in the factorial mating design.

No. Genotypes Sex Source Special characters
1 Xiaoye Female Luoyang, Henan Leaf oval oblong, small and dense, bark smooth.
2 Daye Female Lingbao, Henan Leaf ovate and large, bark smooth.
3 Daguo Female Lingbao, Henan Leaf oval oblong, bark smooth, fruit large.
4 Yanci Female Lingbao, Henan Leaf oval oblong, bark smooth, high yield of fruit
5 Huazhong No.2 Female Luoyang, Henan Leaf ovate, bark rough, cultivar, high yield, high resistance to diseases and insect pests.
6 Qinzhong No.1 Male Lueyang, Shaanxi Leaf oval oblong, bark rough, cultivar, high content of bioactive constituents and eucommia rubber.
7  Qinzhong No .2 Male Cili, Hunan Leaf oval oblong, bark smooth, cultivar, high content of bioactive constituents and eucommia rubber.
8 LuochaoNo.3  Male Luoyang, Henan Leaf oval oblong, bark smooth.
9 Ziye Male Cili, Hunan Leaf ovate and purple, bark smooth, ornamental tree.
10 Longguai Male Luoyang, Henan Leaf ovate, bark smooth, branch dragon shape, ornamental tree

SRAP, AFLP and ISSR markers

Genomic DNA was extracted from leaves of the parental trees by a modified cetyl-
trimethylammonium bromide procedure (Porebski et al. 1997). Three marker systems, SRAP
(10 primer combinations), AFLP (10 primer combinations), and ISSR (10 primers), were used
to determine genetic distances between parents. The SRAP reactions (25 pL final volume)
contained 30 ng DNA, 2.5 mM Mg?*, 0.2 mM dNTPs, 1.5 U Taq DNA polymerase, 0.4 uM
forward primer, 0.4 pM reverse primer, and 1X polymerase chain reaction buffer, and the
amplification program was carried out as described by Li and Quiros (2001). The AFLP and
ISSR reactions were performed according to the protocols of Wang et al. (2011) and Wu et al.
(2011), respectively. Amplification products were separated on 6% polyacrylamide gels and
visualized by silver nitrate staining.

Data analyses

The presence and absence of DNA fragments were recorded for each parent, and the
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genetic similarity Sij between parents was calculated in NTSYS-PC version 2.1 (Rohlf, 1998)
using Nei and Li’s statistics (Nei and Li, 1979):

SU =2 NU/(NZ + ]\]j) (Equation 1)

where Njj is the number of DNA fragments shared by both parents i and j, Vi is the total num-
ber of DNA fragments presented by parent i, and Nj is the total number of DNA fragments
presented by parent j. Similarity matrices were transformed to genetic dissimilarity matrices
according to the following equation:

Dij=1-Sij (Equation 2)

where Djj is the genetic distance between each parental pair i and j. Progeny performances,
variations, general-combining abilities (GCA), and SCA were investigated for height and bas-
al diameter according to the methods of Wei et al. (2012). Correlations between the genetic
distances of the respective parents and progeny performances, within-family coefficients of
variation and SCA were calculated for each quantitative trait. The statistics was carried out
using SPSS (Statistical Product and Service Solutions) 13.0 for Windows.

RESULTS
Progeny performances, variances, and combining abilities

Analyses of variance indicated that highly significant phenotypic variations (P <0.01)
among the 24 families were found for the height and basal diameter traits. The average height
was 111.995 cm, with full-sib family means that ranged from 90.235 (family Huazhong No.
2 x Ziye) to 141.363 cm (family Xiaoye x Qinzhong No. 1), and within-family coefficients
of variation that varied from 18.009 (family Daguo x Longguai) to 38.341% (family Daguo x
Qinzhong No. 2) (Table 2). The basal diameters ranged from 8.463 (family Daguo x Qinzhong
No. 1) to 12.496 mm (family Xiaoye x Qinzhong No. 1), with an average of 10.906 mm,
and family coefficients of variation varied from 6.925 (family Daguo x Qinzhong No. 1) to
25.531% (family Daguo x Qinzhong No. 2) (Table 2). The high amount of variability offered
an opportunity to select for superior individuals within families.

The pooled analysis exhibited significant variance (P < 0.05) for the female GCA
to height and highly significant variance (P < 0.01) for diallel set effects to basal diameter.
Female Xiaoye and male Qinzhong No. 1 were found to be good general parents while the
cross Huazhong No. 2 x Qinzhong No. 1 was identified as a good specific combination with
the highest SCA effects both in height (11.105) and basal diameter (13.500) (Table 2). Other
good parental combinations were Daye x Ziye, Daguo x Luochao No. 3, Daguo x Longguai
and Xiaoye x Qinzhong No. 2 (Table 2). An SCA with a higher magnitude than that of GCA
indicated that non-additive gene action had a crucial effect in determining the height and basal
diameter traits.

Marker polymorphisms and genetic distances

The 10 parental lines were surveyed with 3 different marker systems: SRAP, AFLP
and ISSR. Ten SRAP primers generated 235 amplified products, of which 209 DNA fragments
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were polymorphic with an average of 20.9 polymorphic DNA fragments per primer. The
polymorphic ratio was 88.94%. In the case of the AFLP markers, 10 primers generated 192
amplified products, of which 123 DNA fragments were polymorphic with an average of 12.3
polymorphic DNA fragments per primer. The polymorphic ratio was 64.06%. For ISSR markers,
10 primers generated 147 amplified products, of which 129 DNA fragments were polymorphic
with an average of 12.9 polymorphic DNA fragments per primer. The polymorphic ratio was
87.76%. The maximum number of DNA fragments was produced by the SRAP primer MeACC/
EmCAA, for which all 45 DNA fragments that were produced were polymorphic.

Table 2. Family means (M), coefficients of variation (CV, %), general-combining abilities (GCA), specific-combining
abilities (SCA) and number of trees (N) of full-sib families for height (H, cm) and basal diameter (D, mm).

Female Male Female GCA
Qinzhong No. 1 Qinzhong No. 2 Luochao No. 3 Ziye Longguai
Xiaoye
H
M 141.363 134.167 119.577 120.291 119.604
(0)% 25.746 22.463 29.179 26.521 23.759
SCA 5.326 5.391 -3.666 -3.339 -2.991 13.483
D
M 12.496 12.171 11.443 10.907 11.550
Cv 21.763 17.998 25.172 18.592 19.010
SCA 4.687 6.041 -4.174 -3.300 -3.502 9.275
N 60 60 55 60 60
Daye
H
M 113.016 92.011 101.415 112.022 96.941
Cv 31.116 31.391 27.723 25.930 30.676
SCA 1.190 -10.798 1.695 10.726 -2.091 -7.991
D
M 10.875 10.044 10.763 10.717 10.882
Ccv 17.374 18.957 19.660 16.362 19.348
SCA -0.186 -8.914 3.514 6.487 -1.142 -5.562
N 60 60 60 49 38
Daguo
H
M 97.750 111.111 113.214 108.834 110.500
Ccv 27.984 38.341 21.338 29.915 18.009
SCA -18.302 2.095 6.793 3.689 6.445 -3.820
D
M 8.463 11.089 11.330 11.557 11.040
(0)% 6.925 25.531 11.364 18.803 18.455
SCA -19.542 0.042 6.081 5.831 7.360 -0.402
N 34 39 34 32 38
Yanci
H
M 121.527 113.947 101.000 112.983
(@)% 24.977 23.432 33.685 27.273
SCA 0.577 0.000 -6.512 3.055 0.520
D
M 11.030 10.774 10.003 10.879
Ccv 17.423 17.429 21.579 18.291
SCA 1.610 1.124 -1.576 5.810 -0.363
N 58 38 38 60
Huazhong No. 2
H
M 130.200 113.807 107.868 90.235 104.491
Ccv 28.125 24.967 29.072 32.017 24.756
SCA 11.105 3.209 1.587 -14.235 -0.947 -2.087
D
M 11.867 11.261 10.791 9.124 10.692
Ccv 15.773 19.169 19.120 22.504 19.495
SCA 13.500 1.779 2.241 -14.752 -3.010 -3.043
N 40 35 60 40 60
Male GCA
H 7.596 0.998 -3.084 -2.631 -3.600
D 13.500 1.782 2.244 -14.748 -3.011
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Genetic distances based on 209 SRAP markers (GD_ ), 123 AFLP markers (GD ),
129 ISSR markers (GD,_ ) and all of the 461 markers (GD, ) were computed (Table 3). GDSrap
ranged from 0.206 to 0.359, with an average of 0.269; GD ; ranged from 0.252 to 0.500, with
an average of 0.347; GD,_ ranged from 0.240 to 0.442, with an average of 0.346; and GD_,
ranged from 0.234 to 0.377, with an average of 0.311. No significant correlation among these
GDs was observed.

Table 3. Genetic distances (GD) between parents consisting of a factorial mating design.

Female Male
Qinzhong No. 1 Qinzhong No. 2 Luochao No. 3 Ziye Longguai
Xiaoye
o 0.335 0.325 0.354 0.349 0.359
o 0.500 0.276 0.350 0.333 0.325
GD,, 0.333 0.442 0.426 0.388 0.426
ol 0.377 0.345 0.373 0.356 0.369
Daye
GD_, 0.301 0.215 0.225 0.249 0.297
GD,, 0.447 0.309 0.317 0.415 0.390
GD_ 0.372 0.434 0.341 0.318 0.264
ol 0.360 0.302 0.282 0.312 0.312
Daguo
ap 0.225 0.244 0.234 0.306 0.220
o 0.350 0.341 0.252 0.415 0.407
- 0.411 0.349 0.302 0.326 0.318
ol 0.310 0.299 0.258 0.341 0.297
Yanci
GD_ 0.258 0.278 0.297 0.206
. 0.374 0.285 0.276 0.276
GD,, 0.419 0.357 0.279 0.240
ol 0.334 0.302 0.286 0.234
Huazhong No. 2
v 0.211 0.268 0.220 0.263 0.215
i 0.415 0.309 0.268 0.366 0.325
GD, 0.380 0.364 0.256 0.248 0.302
0.312 0.306 0.243 0.286 0.269

total

Relationships between genetic distance and progeny performance, within-family
variability, and SCA

GD_,. GD,, GD,, and GD_  were used for correlation analysis with progeny
growth performances (family means), within-family coefficients of variation, and SCA (Table
4). Significant correlation coefficients were detected between progeny growth performances
and GD__ (Figure 1) and between progeny growth performances and GD,, (Figure 2). How-
ever, GD , and GD,  showed no significant correlations with progeny growth performances,
except for GD,  with height trait. All of the other correlations, including those between genet-
ic distances and within-family coefficient of variation or SCA, were low and non-significant.
When individual marker systems were used to estimate genetic distances, the SRAP-based
genetic distances were always more highly correlated with height and basal diameter than
AFLP- and ISSR-based genetic distances. Regardless of the traits, genetic distances based on
the combination of all 3 marker systems had a higher correlation with progeny growth perfor-
mances than genetic distances based on any single marker system.
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Table 4. Correlation coefficients (probability values in parentheses) of genetic distances with hybrid performances (family
means, M), coefficients of variation (CV), and specific-combining abilities (SCA).

Genetic distances Height Basal diameter
M cvV SCA M Ccv SCA
GD_,, 0.425 0.002 -0.068 0.386" 0.344 -0.101
(0.019) (0.496) (0.376) (0.031) (0.050) (0.319)
GD,,, 0.260 0.077 0.201 0.213 0.092 0.163
(0.110) (0.361) (0.173) (0.159) (0.334) (0.223)
GD,, 0.381" -0.161 -0.111 0.191 -0.143 -0.104
(0.033) (0.226) (0.302) (0.186) (0.253) (0.314)
GD, ., 0.521 -0.037 -0.003 0.394 0.173 -0.034
(0.005) (0.432) (0.495) (0.028) (0.210) (0.436)

* *#*Significant at P = 0.05 and P = 0.01, respectively.

Figure 1. Correlation between height and GD

Figure 2. Correlation between height and GD
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DISCUSSION

We revealed a significant positive correlation between genetic distances of parents
based on SRAP markers or a combination of all 3 marker systems and performances of the
progenies with respect to the height and basal diameter growth characteristics. The two traits
were highly correlated. This suggests that high levels of heterozygosity provide advantages to
progeny trees for growth characteristics. A similar result was reported by Dias et al. (2003),
who observed a significant positive correlation between the genetic distances of parents and
performances of the progenies for yield traits in cacao. Moreover, significant correlations of a
quadratic equation between the genetic distance of parents and height or basal diameter were
established in Liriodendron (Li and Wang, 2002) and poplar (Li et al., 2008).

Nevertheless, the parental genetic distance often failed to predict progeny perfor-
mance. A decrease in the progeny performance was usually observed when crosses involved
generally related parents, but only a slight increase in progeny performance was obtained when
the genetic distance between the parents increased. For crop species, the predictive value of
the genetic distance based on molecular markers is often restricted to crosses between parents
from the same heterotic group and is not extended to crosses between different heterotic groups
(Zhang et al., 1996; Devi and Singh, 2011). In studies involving forest trees, a lack of asso-
ciation between genetic distance and various traits has generally been observed in Eucalyptus
(Vaillancourt et al., 1995; Baril et al., 1997) and Salix (Kopp et al., 2002); this also holds for
our study in E. u/moides when the genetic distance was calculated by AFLP and ISSR markers.

Conflicting results could be a reflection of the different marker systems that were used
and the rate of genome coverage. Yu et al. (2005) pointed out that many DNA markers were
located in non-expressed regions or had little or no association with agronomically important
traits and heterosis. Markers such as SRAPs were generally more tightly linked to expressed
regions of the genome than markers such as AFLPs and ISSRs. Thus, they could presumably
more accurately represent areas contributing to heterosis. In this study, when genetic distances
were based on individual marker systems, their associations with progeny performances were
less pronounced than when using a combination of marker systems. Genetic distances based
on AFLPs and ISSRs were not as highly correlated with progeny performances as SRAP-based
genetic distances. This is probably because of the low number of AFLP and ISSR markers
used in this study and the lack of adequate genome coverage by these markers.

Estimates of genetic distances between the parental genotypes based on unselected
DNA markers alone were not promising for predicting performance (Jaikishan et al., 2010),
and 10 “key” informative expressed sequence tag-SSR markers that showed a higher positive
correlation with grain yield heterosis were recommended to predict heterosis in rice breed-
ing programs. These findings were in agreement with theoretical results of Charcosset and
Essioux (1994), who attributed the low correlation between heterosis and genetic distance
to no or only loose linkage of heterosis-affecting quantitative trait loci (QTL) to the molecu-
lar markers employed in estimating genetic distance. Effective prediction of progeny perfor-
mance using molecular marker as suggested by Bernardo (1992) would be feasible only when
a significant portion (30-50%) of the selected markers are linked with QTLs. In this present
study, we found that the correlation coefficient between GD_ = and height (0.425) indicated
a moderately strong relationship (Figure 1), so it is possible that some of the SRAP markers
might be linked to QTLs for height. It is expected that this correlation might increase by add-
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ing more SRAP marker loci in the screening, which will increase the chance of association
with additional QTLs.

Besides DNA markers, the prediction effect was affected by many other factors. First, the
materials used to produce cross-combinations affected the prediction. Increasing the number of
parental genotypes analyzed resulted in a significant relationship between the parental genetic dis-
tance and progeny performance in poplar (Li et al., 2008). Second, the prediction effect varied with
the traits, and the prediction effects of the traits with high heredity power were better than those of
the traits with lower heredity power (Manjarrez-Sandoval et al., 1997). For example, predictions
of the basal diameter are more difficult than those of the height in this study. Third, most important
traits of crops and trees are quantitative traits that are controlled by more genes and are easily af-
fected by the environment; therefore, predictions of these traits might not be very effective.

No significant correlation between the genetic distance and SCA was noticed. This
may simply be because the dominance variation for early growth was just too small in this
factorial, which may change with age (Vaillancourt et al., 1995). An SCA value with a higher
magnitude than that of GCA confirmed breeding strategies in E. ulmoides that select primarily
based on SCA to obtain more genetic gain in growth traits. Thus, confidence in the prediction
of progeny growth performances using GD__and GD,  must be tempered because of the low
correlation between genetic distance and SCA.

No significant correlation could be established between the genetic distance and
within-family coefficient of variation. Speculatively, limitations in the experimental design,
especially the small number of progeny per family, and differing numbers of progeny per fam-
ily may have influenced the observed variability. The variability in height and basal diameter
growth was not uniform across families in this study, and the observed variability appears to
be due, at least in part, to genetic causes. This offered an opportunity to select within families
for superior individuals that far exceed the mean family performance. However, genetic dis-
tances appeared to have little value in selecting parents whose progeny will be highly variable
in the breeding program.

The relationships between genetic distances and progeny performances are complex
because of the complexity of the genetic basis of heterosis (Zhang et al., 1996). Fortunately,
we have shown a significant and positive correlation between the genetic distance of the par-
ents and growth performance of the progeny. This result represents a potential selection crite-
rion in the breeding program if growth is the requested characteristic. Crosses should then be
carried out between parents with a maximal genetic distance. Concerning other traits such as
bioactive constituents and Eucommia rubber, investigations should focus on the identification
of markers linked to QTLs involved in the expression of the characteristic that could lead to a
marker-assisted selection scheme in E. ulmoides breeding programs.
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