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Abstract Identifying and using heterotic loci in

breeding programs is crucial for increasing crop yield.

In this study, we planted 68 inbred lines and their 132

testcrosses at Wuhan and Xiangyang, China. We

performed a phenotypic analysis of nine yield-related

traits, including plant height, main inflorescence

length, branch number, seeds per silique, effective

silique number on the main inflorescence, thousand

seed weight, biomass yield per plant, seed yield per

plant, and harvest index (HI). Additionally, the mid-

parent heterosis (MPH) and better-parent heterosis

(BPH) for each trait were evaluated. The genetic

distance (GD) calculated using high-throughput single

nucleotide polymorphisms (SNPs) showed no corre-

lation with HI heterosis, and the difference in GD in

the two groups (H-154 and H-155) was not correlated

with the difference in HI heterosis levels. The MPH

and BPH of HI were significantly correlated with the

MPH and BPH of biomass yield per plant, but not with

the other traits. Our results indicate that yield-related

traits heterosis, including HI heterosis, are extremely

complex. The effectiveness of predicting heteroses

with GD based on SNPs may be limited, though the

SNPs can be used to instead of older markers for high-

throughput and accurate genotyping. Our findings may

contribute a better understanding to rapeseed breeding

and the natural variations of HI heterosis.
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Introduction

Heterosis refers to the superior performance of hybrids

over either parent in terms of plant biomass, fertility,

and other characteristics (Riddle and Birchler 2008).

Fully characterizing the genetic mechanism mediating

heterosis may help in the development of methods to

increase plant and animal productivity. Dominance

(Xiao et al. 1995), overdominance (Shull 1946),

epistasis (Yu et al. 1997; Hua et al. 2003), and

epigenomic and small RNA (Chen 2013) models were

proposed to explain the genetic basis of heterosis in

model or classical hybrid plants like Arabidopsis

thaliana, maize, and rice. However, none of the

current genetic models can completely explain the

heterosis phenomenon, especially for polyploid plants,

such as rapeseed. Calculating genetic distance (GD)
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based on DNA markers has typically been used to

explain the performance of rapeseed hybrids. One of

the common features of the aforementioned studies is

the use of traditional markers, such as morphological

characteristics (Ali et al. 1995), restriction fragment

length polymorphisms (Diers et al. 1996; Liu et al.

2002), sequence-related amplified polymorphisms

(Riaz et al. 2001), random amplified polymorphic

DNAs (Yu et al. 2005; Teklewold and Becker 2006),

amplified fragment length polymorphisms (Qian et al.

2007), and simple sequence repeats (Xing et al. 2014).

Rapeseed (Brassica napus L.; AACC, 2n = 38)

consists of a highly complex genome structure and has

an extremely high phenotypic and genetic diversity.

Therefore, low-density DNA markers cannot be used

to comprehensively examine the genetic diversity.

Fortunately, expressed sequence tag data, array anal-

yses, amplicon resequencing, sequenced genomes,

and next-generation sequencing technologies have

been used to identify high-throughput single nucleo-

tide polymorphisms (SNPs) in a given plant (Ganal

et al. 2009). This has enabled researchers to scan

genomic regions with high marker densities to screen

for genetic diversity (Blair et al. 2013), and perform

marker-assisted selection (Yan et al. 2010) and

genome-wide association studies (McCarthy et al.

2008). Recently, high-throughput SNPs covering the

whole B. napus genome were identified by Emei

Tongde Co. (Beijing) using the Brassica 60 K

Illumina� Infinium SNP array (Snowdon and Iniguez

Luy 2012). Sang et al. (2015) estimated the correlation

between GD based on 40,201 SNPs and 10 yield-

related traits heterosis. They determined that GD has a

very significant positive correlation with heterosis for

traits with high and universal heterosis, including plant

yield. There is currently no information regarding

harvest index (HI) heterosis and the relationship

between HI heterosis and heteroses of other yield-

related traits, let alone the relationship between GD

based on genomic SNPs and HI heterosis.

In this study, we completed a phenotypic analysis

of nine traits [plant height (PH), main inflorescence

length (IL), branch number (BN), seeds per silique

(SS), effective silique number on the main inflores-

cence (ISN), thousand seed weight (TSW), biomass

yield per plant (BY), seed yield per plant (SY), and HI]

and their heteroses with 68 inbred lines and 132

testcrosses at two locations. The purpose of the present

study was to investigate: (1) the phenotypic variation

of HI heterosis, (2) the GD between the parental lines,

(3) the relationship between HI heterosis and heteroses

of other yield-related traits, and (4) the relationship

between GD and HI heterosis.

Materials and methods

Plant materials and field experiments

The parental lines were derived from an association

mapping population containing 155 Chinese winter

rapeseed lines genotyped with the 60 K Illumina�

Infinium SNP array (Luo et al. 2015). Of the parental

lines, 153 were crossed with the other two lines (L154

and L155) by hand crossing during flowering in the

2010/2011 growing season in Wuhan, China. We

collected 218 F1 seeds from the crosses of 149 lines

with L154 or L155 at maturity. The hybrids along with

the other lines were grown in a randomized complete

block design with two replications at Wuhan

(29.58�N, 113.53�E) and Xiangyang (32.01�N,
112.08�E) along the middle reaches of the Yangtze

River, China in the 2012/2013 growing season. A plot

consisting of three rows was used for the two

replications with 12 plants per row. We used a spacing

of 30 9 20 cm between rows and between plants

within a row at both locations. The mature plants from

the middle of each plot were selected for trait

evaluation, and the mean value of each trait was used

for analyses. Measurements for PH, IL, BN, SS, ISN,

TSW, BY, and SYwere completed as described by Shi

et al. (2011). The HI (%) was calculated as the ratio of

SY to BY. To ensure accurately assess phenotypes, the

heterosis values for 132 hybrids produced from 66

lines crossed with L154 and L155, a completed

testcross mating population, were used to study in

the paper (Online Resources 1 and 2).

Genetic distance analysis

The genetic diversity of the parental lines was

estimated using 7600 SNPs with AA and BB frequen-

cies[0.03 (i.e., monomorphic), call frequency[0.9,

and minor frequency[0.05 (Luo et al. 2015). The GD
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between parental lines was calculated using these

SNPs and the unweighted pair-group method with

arithmetic mean of NTSYSpc Version 2.10e software

(Rohlf 2000). The polymorphism information content

of the 7600 SNPs was estimated using PowerMarker

version 3.51 (Liu and Muse 2005).

Statistical analysis

The hybrids were classified into two groups (H-154

and H-155) according to different testers, and pheno-

typic variance in two groups (H-154 and H-155) was

analyzed, respectively. The mid-parent heterosis

(MPH) was calculated as: MPH (%) = (F1-MP)/

MP 9 100, and the better-parent heterosis (BPH)

was calculated as: BPH (%) = (F1-BP)/BP 9 100,

where MP refers to the mean of the two parents and BP

corresponds to the value of the better parent. The

variances of the additive effect (A), dominant effect

(D), and additive-by-additive effect (AA), and their

interaction with the environment (AE, DE, and AAE)

were estimated using the QGA Station Version 1.0

software (Zhu and Weir 1994). The significant differ-

ence between group mean values for each trait

heterosis was estimated by t test. The differences in

GD and heterosis levels were determined by the value

difference between the two groups according to

different testers. The correlation analysis was per-

formed with SPSS version 19.0 (IBM Corp., Armonk,

NY, USA). P values of 0.05 and 0.01 were considered

to be statistically significant and highly significant,

respectively.

Results

Heterosis performance of hybrids

Hybrids were classified into two groups (H-154 and

H-155). For MPH, H-154 had significantly higher

mean values than H-155 for SY, BY, IL, ISN, and SS

(P = 0.01) and HI (P = 0.05) (Online Resource 1).

For BPH, H-154 also had significantly higher mean

values than H-155 for SY, BN, IL, PH, ISN, and SS

(P = 0.01) and BY and HI (P = 0.05) (Online

Resource 2).

The average MPH and BPH values showed a

positive trend for all traits (Table 1). The MPH values

ranged from -30 % for SY of H-155 to 82 % for SY

of H-154, and the BPH values ranged from-33 % for

SY of H-155 to 69 % for SY of H-154. The ISN trait

had the highest average MPH (44 %) and BPH (33 %)

among all traits. The average MPH values for HI were

14 and 12 % in H-154 and H-155, respectively, and

were up to 43 % for certain testcrosses in H-155. The

average BPH values for HI were 8 and 4 % in H-154

and H-155, respectively, and were up to 39 % for

certain testcrosses in H-155.

Estimation of variance ratios for traits

Results of the two-factor analysis of variance for the

performance of the parental lines and hybrids are

provided in Online Resource 3. The residual variance

ratio of yield-related traits ranged from 10 to 33 %.

The A and D variance ratios were significant for all

Table 1 Heterosis performance of hybrids

Traits MPH (H-154) MPH (H-155) BPH (H-154) BPH (H-155)

Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range

TSW 0.13 ± 0.01 -0.09 to 0.46 0.16 ± 0.01 -0.05 to 0.44 0.06 ± 0.01 -0.20 to 0.40 0.04 ± 0.01 -0.14 to 0.29

SY 0.41 ± 0.02 -0.21 to 0.82 0.23 ± 0.03 -0.30 to 0.75 0.25 ± 0.02 -0.32 to 0.69 0.10 ± 0.02 -0.33 to 0.48

BY 0.19 ± 0.02 -0.19 to 0.53 0.04 ± 0.02 -0.29 to 0.49 0.14 ± 0.02 -0.23 to 0.55 0.09 ± 0.02 -0.26 to 0.45

PH 0.15 ± 0.01 -0.01 to 0.29 0.14 ± 0.01 0.06 to 0.27 0.10 ± 0.01 -0.03 to 0.18 0.03 ± 0.00 -0.06 to 0.12

BN 0.20 ± 0.01 -0.14 to 0.60 0.17 ± 0.02 -0.09 to 0.64 0.10 ± 0.01 -0.27 to 0.43 0.04 ± 0.01 -0.20 to 0.29

IL 0.33 ± 0.01 0.11 to 0.61 0.20 ± 0.01 -0.01 to 0.48 0.23 ± 0.02 -0.05 to 0.55 0.07 ± 0.01 -0.11 to 0.23

ISN 0.44 ± 0.02 0.13 to 0.81 0.27 ± 0.02 -0.02 to 0.59 0.33 ± 0.02 0.00 to 0.62 0.12 ± 0.01 -0.12 to 0.31

SS 0.32 ± 0.02 0.02 to 0.80 0.11 ± 0.01 -0.12 to 0.44 0.17 ± 0.02 -0.13 to 0.53 0.03 ± 0.01 -0.20 to 0.22

HI 0.14 ± 0.01 -0.16 to 0.31 0.12 ± 0.01 -0.13 to 0.43 0.08 ± 0.01 -0.25 to 0.20 0.04 ± 0.01 -0.24 to 0.39

H-154 L-154 as the tester in the hybrid group, H-155 L-155 as the tester in the hybrid group
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traits (P = 0.01), ranging from 26 to 49 % and 24 to

39 %, respectively. However, AA was not significant

for all traits. Regarding the interactions with the

environment, AE was statistically significant for all

traits except HI (P = 0.01) and there was a small but

significant DE value for TSW (4 %) and BY (6 %)

(P = 0.01), but not for the other traits. The AAE

values were only significant for BN and HI

(P = 0.01), with HI (8 %) having a much higher

AAE than BN (1 %).

Correlations between HI heterosis and heteroses

of other yield-related traits

In general, the MPH and BPH of HI were significantly

correlated with the MPH and BPH of BY (P = 0.01)

for both H-154 and H-155 (r = 0.35, 0.37 and

r = 0.48, 0.44, respectively) (Table 2). The MPH

and BPH of HI were strongly and positively correlated

with the MPH and BPH of TSW (r = 0.34 and 0.42,

respectively) (P = 0.01) for H-154, but not for H-155.

The MPH and BPH of HI were strongly and positively

correlated with the MPH and BPH of BN and ISN

(r = 0.35, 0.24 and r = 0.33, 0.25 at P = 0.01,

respectively) for H-155, but not for H-154. The

MPH of HI was negatively correlated with the MPH

of SY (r = -0.27) (P = 0.05) for H-154, but not for

H-155. No correlation was found between HI heterosis

and the heteroses of the other traits (PH, IL, and SS) in

either of the two hybrid groups.

Estimation of the genetic distance of parental lines

The GD of the parental lines was estimated using a

total of 7600 SNPs (average major allele frequency

[0.78 and gene diversity ranging from 0.19 to 0.29) in

different B. napus linkage groups (Online Resource 4).

Linkage group A10 had the fewest markers (182) with

a marker density of one per 97.90 kb, while C03 had

the most markers (915) with a marker density of one

per 67.79 kb. Except for linkage groups A01, A04,

A07, A10, C03, C05, and C07, more than 50 % of the

SNPs in each linkage group had a polymorphism

information content value over 0.20. The GD based on

the SNPs between parental lines ranged from 0.20 to

0.60 for the H-154 group, and 0.15–0.50 for the H-155

group (Fig. 1; Online Resource 5). The GD between

L-154 and L-155 was 0.47 (Online Resource 5). The

GD values were unchanged when they were calculated

using 35,791 SNPs selected for genome-wide associ-

ation studies (Luo et al. 2015).

Correlations among GD, hybrid yield,

and heterosis

The correlations among GD, hybrid yield, parental

mean, and heterosis levels varied for seed yield and

agronomic parameters (Table 3). For the H-154 and

H-155 hybrids, GD was negatively and weakly

correlated with hybrid yield for all traits, but was

positively correlated with the MP of BY (r = 0.27)

(P = 0.05) in the H-155 group. For heterosis, GD

showed a positive and statistically significant correla-

tion with the MPH and BPH of SY and BY (r = 0.25,

0.27 and r = 0.27, 0.29, respectively) (P = 0.05) in

the H-154 group. No significant relationship was

found between the difference in GD and the difference

in heterosis levels of the traits in the two groups

(Table 4). Additionally, significant negative correla-

tions were observed between parental line yields and

heterosis levels of hybrids for the most of the HI-

related traits (P = 0.01 or P = 0.05), except the MPH

and BPH of BY in the H-154 group, the BPH of BY in

the H-155 group, and the BPH of BN in the H-155

group (Online Resource 6). The HI values for the

parental lines were negatively correlated with the

MPH and BPH of HI (P = 0.01) in the H-154 and

H-155 groups (r = - 0.63, -0.51 and r = - 0.55,

-0.48, respectively).

Table 2 Correlation coefficients between HI heterosis and

heteroses of other yield-related traits

Traits H-154 H-155

MPH BPH MPH BPH

TSW 0.34** 0.42** -0.04 0.04

SY -0.27* -0.23 0.03 -0.09

BY 0.35** 0.37** 0.48** 0.44**

PH -0.02 -0.03 0.14 0.00

BN 0.19 0.23 0.35** 0.24*

IL -0.10 -0.10 0.02 -0.05

ISN 0.15 0.10 0.33** 0.25*

SS 0.22 0.23 0.14 0.08

** Significant at P = 0.01
* Significant at P = 0.05
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Discussion

Previous attempts to increase crop yields and avoid

inbreeding depression had relied heavily on heterosis

or hybrid breeding, for example, in maize (Duvick

2001), rye (Miedaner et al. 2002), sugar beet (Panella

L, Lewellen R 2007), rice (Virmani 2012) and

rapeseed (Gehringer et al. 2007; Ofori and Becker

2008). In the present study, all yield-related traits had

high MPH and BPH, with widely variable values

(Table 1). These results were consistent with those of

previous studies (Qian et al. 2007; Xing et al. 2014),

suggesting that HI possesses strong heterosis similar to

other yield-related traits. Additionally, there is a

possibility of improving HI in rapeseed through hybrid

breeding. Furthermore, the mean values of most of the

HI-related trait heteroses were significantly higher in

H-154 than in H-155 (Online Resources 1 and 2),

indicating that H-154 may be a promising parental

inbred line for the production of elite hybrids in China.

Yield traits are complex, interrelated quantitative

traits that are usually affected by genetics and the

Fig. 1 Distributions of

genetic distance between

parental lines and L-154

(a) and L-155 (b)

Table 3 Correlation

coefficients among hybrid

yield, MP, trait heterosis,

and GD

* Significant at P = 0.05

Traits H-154 H-155

Yield MP MPH BPH Yield MP MPH BPH

TSW 0.10 -0.01 0.14 0.10 -0.08 0.02 -0.07 -0.06

SY 0.13 -0.02 0.25* 0.27* -0.02 0.16 -0.12 -0.08

BY 0.09 -0.09 0.27* 0.29* -0.10 0.27* -0.13 -0.04

PH -0.15 0.12 -0.09 -0.07 0.08 0.11 -0.10 0.00

BN -0.08 0.01 -0.02 -0.07 0.12 -0.10 0.08 0.07

IL -0.06 -0.16 0.10 0.13 0.01 0.13 -0.12 -0.03

ISN -0.08 -0.18 0.15 0.07 -0.05 0.09 -0.22 -0.19

SS -0.08 0.04 0.03 0.02 -0.02 -0.07 0.18 0.15

HI 0.08 0.14 -0.01 0.03 -0.17 -0.07 -0.05 -0.10

Table 4 Correlations between the difference in heterosis and the difference in GD

Traits TSW SY BY PH BN IL ISN SS HI

MPH a 0.068 0.035 a a 0.026 -0.026 0.119 0.022

BPH a 0.084 0.076 -0.047 -0.138 0.126 0.006 0.108 0.045

a No differences in heterosis
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environment, as well as the interaction between these

two factors. The total genetic (A and D) variance ratio

was statistically significant for all traits (P = 0.01),

ranging from 50 % (BY) to 87 % (PH and BN). The

total genetic variance ratio for HI was 69 % and

statistically significant. These results indicate that HI

is mainly controlled by genetic effects (A and D),

similar to other associated traits.

A total of 7600 SNPs distributed across 19 chro-

mosomes were used to estimate the GD between the

parental lines (Fig. 1; Online Resources 4 and 5) (Luo

et al. 2015). As mentioned, the GD values were

unchanged when calculated using 35,791 SNPs. Sang

et al. (2015) used 40,201 loci to calculate the GD

between parental lines and were unable to estimate the

GD with fewer SNPs. However, our findings revealed

that estimating the GD between parental lines can be

achieved with considerably fewer markers.

In the present study, we first explored the relation-

ship between GD and HI heterosis with high-through-

put genomic SNPs, and found that GD was only

correlated with the MPH and BPH of SY and BY in

H-154 (Table 3). This suggested that GD is a valuable

genetic parameter for predicting heterosis levels for

these traits in the H-154 group. However, GD was not

correlated with the HI of hybrids, the MP of parental

lines, or HI heterosis (Table 3). The difference in the

GD between parental lines was also not correlated

with the difference in HI heterosis (Table 4). Which

was inconsistent with the previous study, as seen in

Sang et al. (2015). Inconsistent results have also been

observed for traditional markers. Qian et al. (2007)

found no significant correlations between heterosis

and GD based on amplified fragment length polymor-

phisms. Xing et al. (2014) determined that GD based

on simple sequence repeats was significantly corre-

lated with the BPH of TSW. Additionally, parental

line yield traits, including HI, were negatively corre-

lated with their heteroses (Online Resource 6). These

results reiterate that yield-related traits heterosis,

including HI heterosis, are extremely complex. The

efficiency of predicting heteroses with GD based on

SNPs may be limited, even if the SNPs are an

improvement over previous markers in terms of utility

in high-throughput and accurate genotyping. There-

fore, future studies will need to focus on the heterotic

loci mapping with high-throughput genomic SNPs.

These investigations may help to characterize the

genetic mechanism of heterosis, which may aid in

predicting heterosis in rapeseed.
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