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Abstract Waterlogging tolerance (WT) is a major

objective in chrysanthemum breeding programs, and

although certain genotypes with different tolerance

levels have been identified, their value as parents for

WT breeding is unknown. Here, twelve F1 crosses

derived from an incomplete diallel mating

scheme were conducted to investigate combining

ability and heterosis for WT and their relationships

with parental genetic distance. The results showed that

the membership function value of waterlogging

(MFVW) was controlled by additive and non-additive

gene effects, whereas other growth and biomass traits

were mainly controlled by non-additive gene effects.

The estimated broad and narrow sense heritabilities of

the MFVW were 97.5 and 51.5%, respectively.

Combining ability analyses indicated that ‘Nannong

Xuefeng’ showing the largest general combining

ability (GCA) effect for the MFVW was the best

combiner, and identified several best cross combina-

tions with high positive specific combining ability

(SCA) effects for most WT-related traits. Mid- and

high-parent heterosis occurred widely. The three

distance measures, based on phenotypic traits (PD),

molecular markers (GD) and markers linked with

quantitative trait loci (QTL-GD), presented a non-

significant correlation with combining ability except

for the GDwith GCA for the relative root fresh weight.

The correlations between the QTL-GD and heterosis

were significant for certain traits and generally higher

than that of the PD or GD and heterosis. The SCA

effects were positively correlated with heterosis for

most of the WT traits (0.51 B r B 0.80). The findings

benefit understanding the inheritance mode and then

achieving desirable improvement for WT in

chrysanthemum.
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Introduction

Chrysanthemum (Chrysanthemum morifolium Ramat.)

is a traditionally important flower in China and ranks in

the top four cut-flower industriesworldwide (Zhang et al.

2011; Teixeira da Silva et al. 2013). Chrysanthemum is

highly heterozygous and self-incompatible, and usually

regarded as a natural hybrid arising from multiple

Chrysanthemum species (Chen et al. 1996; Dai et al.

1998; Anderson 2007); as a result, it is often vegetatively

propagated. Despite the advent of molecular breeding

designs in chrysanthemum, conventional crossbreeding
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between parental cultivars with contrasting target traits is

the most effective breeding method, in which excellent

F1 hybrids with traits of interest will be selected and

vegetatively cultivated into a cultivar. Waterlogging

stress is a main abiotic constraint that limits chrysanthe-

mum productivity (Yin et al. 2009a, b). Chrysanthemum

is usually cropped in South China during summer, which

is a season that experiences heavy rainfall and frequent

soil waterlogging. In such environments, it is important

to produce cultivars that express an acceptable level of

waterlogging tolerance (WT).

Understanding the gene action of the targeted traits

and selecting suitable parents are two important

strategies for achieving desired genetic improvements

for chry santhemum. Combining ability is an impor-

tant parameter that reflects the breeding value of

cultivars and includes general combining ability

(GCA) and specific combining ability (SCA), which

are usually evaluated based on a series of crosses.

Diallel or factorial (line 9 tester) crossing is most

frequently employed (Ahuja and Dhayal 2007). An

incomplete diallel cross design can significantly

reduce the number of crosses relative to that of a

diallel analysis, which requires less effort and has been

applied in many crops. In chrysanthemum, Zhang

et al. (2010) conducted a 3 9 4 NCII design to explore

the combining ability and genetic parameters for

certain horticultural traits and revealed that plant

height and leaf length are principally controlled by

non-additive genes. However, previous studies were

considerably restricted to agronomic and yield traits

rather than tolerance or resistance traits.

The heterosis effect has been used in breeding both

open-pollinated and self-pollinated plants, such as

maize (Suwarno et al. 2014), tomato (Jindal 2016) and

wheat (Boeven et al. 2016). In chrysanthemum,

heterosis has been widely observed for a few horti-

cultural and resistance traits (Zhang et al. 2011,

2013; Wang et al. 2014). Nevertheless, chrysanthe-

mum is hypothesized to be allohexaploid (2n =

6x = 54), and the species exhibits a complex genetic

background that which increasing the difficulty of

studying the genetic mechanisms underlying quanti-

tative characteristics. Moreover, identifying beneficial

behaviors in progenies via field trials is a time-

consuming and costly process. Thus, the ability to

accurately predict superior hybrids prior to field

evaluations will enhance the efficiency of breeding

activities.

The extent of pair-wise parental genetic distances has

been considered a predictor of hybrid performance and

heterosis (Marsan et al. 1998). Different methods have

been used to evaluate the level of genetic distance,

including morphological markers, isozymes and molec-

ular techniques (Weeden andWendel 1989; Ferriol et al.

2003; Smýkal et al. 2008). Significant time and effort are

required to obtain morphological markers, which are

frequently influenced by environmental factors. Various

molecular markers are currently used for estimating

genetic distance, and the SRAP, SSR and SCoT markers

have been reported as markers for the genetic diversity

and QTL mapping of chrysanthemum (Li et al.

2013, 2016; Zhang et al. 2013). Recently, QTL-linked

marker-based GDs (QTL-GDs) have been reported to

facilitate effective predictions of heterosis (Wegary et al.

2013). In our earlier study, evaluation of WT in a

collection of one hundred chrysanthemum cultivars

under three conditions resulted in some genotypes with

contrast waterlogging tolerance that could be used as

potential donors for future improvement of WT, and

some 80 markers (P B 0.05) associated with WT have

been identified using association mapping (Su et al.

2016). Therefore, we attempted to estimate the pair-wise

parental genetic distance with the WT-associated mark-

ers (equivalent to QTL-GD).

Previous attempts to analyze the relationship

among heterosis, GD and combining ability have

resulted in different conclusions for various crop

species. Betrán et al. (2003) reported a highly signif-

icant correlation between GD and SCA effects

(r = 0.8) in maize under stress and non-stress condi-

tions. Devi and Singh (2011) demonstrated that SCA

could emerge as an important factor in the determi-

nation of heterosis and per se performance of the

hybrids. However, Ceballos et al. (2016) observed

weak associations between the GD and SCA effects,

which presented r2 values ranging from 0.00 to 0.28.

Ndhlela et al. (2015) and Dreisigacker et al. (2005)

found no explicit correlation between GD and hetero-

sis. Cress (1966) proposed that the extent of GD

between parents is necessary for significant heterosis

but is not sufficient to guarantee it. Betrán et al. (2003)

suggested that heterosis can be better predicted only

when GD is smaller than a certain threshold. More-

over, studies have suggested that the correlation is

dependent on the investigated germplasm and GD

calculation methods (Melchinger et al. 1990; Tams

et al. 2006).
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Thus, little information is available on the heterosis,

combining ability and parental genetic diversity and

their intercorrelations for WT–related traits in

chrysanthemum. The objectives of the present study

were to (i) estimate the combining ability, heritability

and heterosis of WT, (ii) assess the genetic distance of

parents based on morphological and molecular mark-

ers and (iii) determine the correlations among com-

bining ability, heterosis and genetic distance. The

findings of the present research will provide an in-

depth understanding of the inheritance pattern of WT

in chrysanthemum and facilitate future improvements

of chrysanthemum’s WT.

Materials and methods

Parental selection and hybridization

In 2014, seven spray-cut chrysanthemum cultivars of

different origins (Table 1) were selected according to

an earlier greenhouse-based waterlogging evaluation

trial (Su et al. 2016). During flowering, the four

waterlogging tolerant genotypes (as female parents)

and three waterlogging susceptible genotypes (as male

parents) were crossed in a 4 9 3 incomplete diallel

design (NCII) at the Chrysanthemum Germplasm

Resource Preserving Centre (Nanjing Agricultural

University, China), and they produced 12 cross

combinations. The male parents were strictly bagged,

and the female parents were also bagged immediately

after hand pollination to prevent access by insects

during the crossing process. Mature and plump seeds

were maintained at room temperature after collecting

and then air dried in January 2015.

At the end of March 2015, B400 seeds per cross

were sown and grown in Styrofoam nursery trays

containing field soil under greenhouse conditions. The

seedlings were transplanted to the field after 60 d of

germination with a row spacing of 0.3 m and plant

spacing of 0.2 m. Each line was randomly named

according to the cross name ? Arabic numerals

starting from one. Additionally, the four parents were

planted in the same screen house. To produce enough

cuttings for replicated WT screening, the seedlings

were pinched twice.

Waterlogging treatment and field measurements

From August 2015 to October 2015, the seven parents

and F1 progenies of the 12 crosses were evaluated for

WT in a greenhouse experiment. The trial was

performed in a randomized complete block with three

replicates for the waterlogging treatment and the no

waterlogging treatment. First, strong and uniform

6 cm-long cuttings were obtained from each line, and

their parents were inserted in Styrofoam nursery trays

with 72 caves containing a 1:1 mixture of sterile

perlite and vermiculite and then transplanted in

disposable plastic pots filled with a 3:1:1 mixture of

garden soil, perlite and vermiculite until the cutting

seedlings rooted. The pots intended for the waterlog-

ging treatment were transferred in 45 L plastic bins

until the seedlings had 10–12 nodes. The waterlogging

stress was imposed by injecting running water into

each bin to 3 cm above the soil surface. Furthermore,

additional water was added daily to maintain the water

level, whereas the corresponding parents and F1
progenies, irrigated every other day to ensure normal

growth, were used as control plants.

The stress treatments began on October 2, and at the

4th day of treatment, the leaf wilting index was

recorded using a symptom severity scale ranging from

1 to 5, with one representing the least amount of wilt.

At the 10th day, the male parents showed severe

waterlogging injury symptoms, and the percentage of

the dead leaf area was recorded and the different

degrees of damage to the leaf and stem were scored

following the grading standards established by Yin

et al. (2009b). The three traits were only recorded for

the plants under stress because the plants in the no

stress conditions did not show leaf or stem chlorosis.

Table 1 Origin and waterlogging tolerance (WT) grades of

the parental genotypes

Parents Origin MFVW Grades

Female P1 Xiaoli Japan 0.83 I

P2 Winter White Japan 0.94 I

P3 Qx097 Unknown 0.86 I

P4 Nannong

Xuefeng

China 0.91 I

Male P5 Monalisa Europe 0.18 V

P6 Qx096 Unknown 0.49 III

P7 Qx098 Unknown 0.39 IV

I, III, IV and V indicate highly tolerant, moderately tolerant,

susceptible and highly susceptible, respectively
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Additionally, the relative shoot height (RSH), relative

root length (RRL), relative shoot fresh weight

(RSFW), relative root fresh weight (RRFW), relative

shoot dry weight (RSDW) and relative root dry weight

(RRDW) were calculated as the ratio of the treatment

plant data to the control plant data. The root data were

recorded after carefully washing the soil from the

roots. The shoots and roots were dried in a forced air

oven for more than 72 h at 105 �C until reaching a

constant weight. During the growing and treating

periods in the greenhouse, the average air temperature

was 20.1 �C, the humidity was 77.9%, and the lighting

time was 16 h.

Statistical analysis

An analysis of variance (ANOVA) for the recorded

traits, combining ability and diallel analysis was

conducted using DPS v 7.05 (Tang and Feng 2002).

The GCA and SCA effects and genetic parameters

were estimated following Model I and Method II of

Griffing’s method (Griffing 1956). The d2GCA : d2SCA
ratio was used to indicate the relative importance of

the additive or non-additive genes controlling the

evaluated characteristic. Mid-parent heterosis (MPH)

and high-parent heterosis (HPH) were calculated as

follows: MPH = [XF1 – (XP1 ? XP2) / 2] / [(XP1 ? -

XP2)/2]; and HPH = (XF1-XH) / XH, where, XF1 is

the mean performance of the F1 progenies for each

cross, XP1 is the mean performance of parent one, XP2

is the mean performance of parent two and XH is the

mean value of the highest performing parent. The

analysis of genetic distance among the seven parents

was estimated using morphological and molecular

markers. The Euclidean distance was calculated from

the seven traits using SPSS 20.0 software (http://www-

01.ibm.com), and it was treated as a measure of mul-

tivariate phenotypic distance (PD). Nei’s (1972)

genetic distance was calculated based on 707 infor-

mative markers (371, 49, and 406 generated from 39

SRAP, 7 SCoT and 31 EST-SSR, respectively) as

reported by Li et al. (2016) (GD) and 80 markers

significantly associated with WT (QTL-GD)

(P B 0.05, Table S1 and S2) according to a mixed

linear model from a previous association mapping

study (Su et al. 2016). The dendrograms were con-

structed from the three distance matrixes using the

unweighted pair group method with the arithmetic

averages (UPGMA) method of cluster analysis in

NTSYS-pc v2.1 software (Rohlf 1998). The relation-

ships among the genetic distance, heterosis and com-

bining ability were assessed by Pearson’s correlation

coefficients (r) and tested at P = 0.05 and 0.01.

Results

ANOVA and hybrid performance for WT

ANOVA revealed highly significant (P\ 0.01) dif-

ferences among the 12 cross combinations (Table 2),

thus indicating the true presence of inherent variation

among the crosses, which could also been seen from

CV% for each cross (Table S3). The mean perfor-

mance of seven parents and 12 F1 crosses is listed in

Table 3. The highest CV% (average of all crosses) was

observed for the RRFW (73.9), whereas the lowest

was observed (5.6) for the RSH, and the average was

28.8. Phenotype of seven parents on the tenth day of

flooding was presented in Fig. 1. P5 showed the

highest susceptible response to WT, with a MFVW

value of 0.11, whereas P1 developed the highest

Table 2 Analysis of variance (ANOVA) for the seven WT traits

Source Df Mean squares

MFVW RSH RRL RSFW RRFW RSDW RRDW

Blocks 2 0.0003 0.0006 0.0000 0.0008 0.0001 0.0019 0.0001

Combination 11 0.0239** 0.0048** 0.0532** 0.0544** 0.0644** 0.0113** 0.0112**

Female 3 0.0549* 0.0020 0.0864 0.0263 0.0384 0.0162 0.0071

Male 2 0.0111 0.0060 0.0019 0.0024 0.0222 0.0127 0.0154

Female 9 Male 6 0.0128** 0.0058** 0.0536** 0.0857** 0.0914** 0.0084** 0.0119**

Error 22 0.0002 0.0004 0.0002 0.0011 0.0003 0.0016 0.0003

*, ** Significance at P\ 0.05 and P\ 0.01, respectively
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MFVWvalue of 1.00 followed by P2 (0.94), P3 (0.88),

P4 (0.86), P7 (0.40) and P6 (0.35) in descending order.

The MFVW values of F1 crosses ranged from 0.37

(G11) to 0.69 (G10) and averaged 0.55. Parents P2, P3

and P7 showed good performances for most of the

WT-related traits. P5 expressed the lowest mean

values for most of the traits with the exception of the

RSH and RRL. Progenies from G8, G4, G6 and G11

had the highest RSH (0.85–0.89). Progenies from G4,

G7 and G9 always had the top 3 scores for the RRL,

RSFW and RRFW. G6, G10 and G9 yielded the

highest values of the RSDW (0.72–0.78), whereas G4,

G12, G9 and G11showed good performance for the

RRDW (0.27–0.34). Overall, the progenies from

crosses involving P4 performed better for the studied

traits. Moreover, root severity (RRH, RRFW and

RRDW) was higher than shoot severity (RSH, RSFW

and RSDW), indicating that root injury is a major

cause of waterlogging stress. The overall mean

performance of the parental genotypes exceeded that

of the crosses for the MFVW, RSH and RRL.

Combining ability performance

The variance analysis of combining ability indicated

that the SCA effects were significant (P\ 0.01) for all

of the analyzed traits, and significant differences

(P\ 0.05) were only detected for the GCA effects for

the MFVW in females (Table 2).

Higher MFVWs indicated a higher WT resistance

and a desirably high GCA for WT. The order of GCA

effects for the MFVW of the parents (from highest to

lowest) was P2[ P7[P1[ P6[P4[ P5[ P3

(Table 4), and four parents had positive GCA effects.

P2 was a waterlogging tolerant parent and had the

largest GCA value for the MFVW and RSDW,

Table 3 Mean

performance of the parents

and F1 progenies for the

seven WT traits

LSD0.05, LSD0.01:

significance difference at

P\ 0.05 and P\ 0.01,

respectively; CV/%: percent

coefficient of variation

Parental crosses MFVW RSH RRL RSFW RRFW RSDW RRDW

Parents

P1 1.00 0.73 0.81 0.44 0.18 0.47 0.23

P2 0.94 0.88 0.72 0.50 0.20 0.50 0.27

P3 0.88 0.89 0.81 0.62 0.16 0.56 0.26

P4 0.86 0.87 0.68 0.49 0.14 0.48 0.19

P5 0.11 0.77 0.69 0.39 0.05 0.44 0.11

P6 0.35 0.81 0.57 0.53 0.06 0.47 0.12

P7 0.40 0.82 0.65 0.68 0.24 0.58 0.26

F1 crosses

G1 P1 9 P5 0.56 0.81 0.59 0.55 0.11 0.65 0.18

G2 P2 9 P5 0.58 0.80 0.59 0.47 0.10 0.65 0.25

G3 P3 9 P5 0.44 0.76 0.60 0.62 0.12 0.58 0.16

G4 P4 9 P5 0.49 0.86 0.90 0.84 0.54 0.66 0.34

G5 P1 9 P6 0.56 0.83 0.60 0.54 0.08 0.58 0.13

G6 P2 9 P6 0.64 0.85 0.46 0.58 0.13 0.78 0.21

G7 P3 9 P6 0.53 0.83 0.86 0.70 0.20 0.68 0.24

G8 P4 9 P6 0.53 0.89 0.67 0.68 0.13 0.64 0.16

G9 P1 9 P7 0.60 0.78 0.80 0.87 0.42 0.72 0.27

G10 P2 9 P7 0.69 0.84 0.50 0.56 0.08 0.76 0.20

G11 P3 9 P7 0.37 0.85 0.66 0.51 0.13 0.66 0.27

G12 P4 9 P7 0.64 0.77 0.66 0.45 0.09 0.66 0.28

MeanParents 0.65 0.83 0.70 0.52 0.15 0.50 0.21

MeanF1 0.55 0.82 0.66 0.61 0.18 0.67 0.22

MeanTotal 0.59 0.82 0.68 0.58 0.17 0.61 0.22

LSD0.05 0.09 0.13 0.13 0.17 0.05 0.16 0.05

LSD0.01 0.12 0.17 0.17 0.22 0.07 0.21 0.07

CV/% 37.43 5.6 17.53 22.21 73.89 16.67 28.47
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whereas it had the lowest GCA for the RRL, RSFW

and RRFW. A relatively higher positive GCA effect

for the RRL, RRFW and RRDWwas notably observed

in the waterlogging sensitive cultivar P5, which

indicated that P5 had the ability to maintain better

root structure under waterlogging stress. P4 was

recognized as the best material for WT breeding

because it demonstrated the highest positive GCA

effects for most of the measured traits with the

exception of the RSDW. Conversely, the P3 and P6

exhibited the lowest negative GCA effects for the

majority of traits.

Positive SCA effects for the MFVW were detected

in half of the 12 crosses, of which G7, G12 and G10

ranked in the top three. In contrast, G11, G8 and G4

showed the highest negative SCA effects for the

MFVW. For the RRFW, the largest SCA effect was

found in G4 (137.29) and the lowest was found in G12

(-92.51). For 4 of the 6 WT-related traits, negative

SCA effects occurred in C50% of the overall crosses.

The SCA effects of the RSH ranged from-7.37 (G12)

to 6.29 (G11) and of the RRL ranged from (-17.53) to

G7 (24.28). Taking all traits into consideration, G4,

G7 and G9 appeared to be the best cross combinations

because six out of seven traits expressed high positive

SCA effects. Conversely, although the hybrid combi-

nation G12 ranked second for the MFVW, it exhibited

negative SCA effects for all other traits and was

similar to G3 except for the low positive SCA for the

RSFW. Additionally, G5 (P1 and P6) showed negative

SCA effects for all traits; thus, obtaining WT hybrids

is not likely.

Fig. 1 Phenotype of seven parents on the tenth day of flooding (the three on the left are flooded plants and the three on the right are non-

stressed plants)
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Estimation of genetic parameters

All of the GCA/SCA ratios were lower than 1.0 except

for the MFVW (1.1), and the RSH, RSFW and RRFW

presented ratios of 0 (Table 5). As the integrated

indicator of WT, the MFVW showed high broad sense

heritability (97.5%) as well as the highest narrow sense

heritability (51.5%), which reinforced that the MFVW

was controlled by both additive and non-additive genes,

with the former showing predominance. The other six

WT traits had high broad sense heritability but low

narrow sense heritability, and the narrow sense heri-

tability for the RSFW and RRFW traits were zero, which

suggests that non-additive gene action was primarily or

completely responsible for their inheritance.

Heterosis

The heterosis (MPH and HPH) of the F1 hybrids varied

in magnitude (Table 6). Generally, the mean HPH

values were lower than the MPH values for all traits,

and approximately 59.5 and 38.1% of the crosses

showed positive MPH and HPH, respectively. For the

MFVW, five out of 12 crosses expressed positive

MPH, whereas all the hybrids showed negative HPH.

The MPH values ranged from -42.1% for G11 to

10.2% for G2, whereas the HPH values varied from

-57.6% for G11 to -26.1% for G10 and G12.

Considering all the traits, G4 displayed the highest

positive MPH (482.3%) and HPH (286.6%) and G10

had the highest negative MPH (-63.0%) and HPH

(-66.2%) for the RRFW. The RSH and RRL showed

similar MPH and HPH trends. All of the hybrids

exhibited positive MPH and HPH for the RSDW; the

highest MPH (61.8%) and HPH (55.9%) were

observed in G6, whereas the lowest MPH (16.0%)

and HPH (3.6%) were observed in G3. For the

RSFW, most of heterosis effects were positive, and

the highest MPH (91.2%) and HPH (72.8%) were

observed in G4. For the RRDW, 75 and 33.3% of

crosses showed positive MPH and HPH, respectively,

of which G4 had the best MPH (126.8%) and HPH

(79.3%) and G5 had the lowest MPH (-25.3%) and

HPH (-42.1%).

Table 4 Estimates of the relative GCA and SCA effects for parents and crosses on the seven WT traits

Parental crosses MFVW RSH RRL RSFW RRFW RSDW RRDW

GCA effects for parents

P1 3.87 -1.96 0.51 6.51 14.82 -3.03 -13.54

P2 15.12 0.88 -20.95 -12.12 -41.34 9.41 -2.11

P3 -18.83 -1.01 7.26 -0.90 -16.38 -4.19 -1.12

P4 -0.15 2.10 13.18 6.51 42.90 -2.20 16.77

P5 -6.28 -1.72 1.98 0.90 23.09 -4.89 3.98

P6 2.31 3.14 -1.82 1.72 -25.12 0.08 -17.64

P7 3.97 -1.42 -0.17 -2.62 2.03 4.81 13.66

SCA effects for crosses

G1 P1 9 P5 4.27 2.27 -13.30 -17.90 -74.26 4.89 -12.92

G2 P2 9 P5 -3.97 -1.79 9.16 -11.75 -23.71 -7.05 9.94

G3 P3 9 P5 4.67 -5.17 -17.53 0.36 -39.31 -3.90 -29.81

G4 P4 9 P5 -4.97 4.70 21.66 29.29 137.29 6.05 32.80

G5 P1 9 P6 -4.92 -0.57 -7.98 -19.80 -44.77 -10.53 -9.19

G6 P2 9 P6 -2.31 -0.98 -6.80 4.79 37.60 7.38 12.17

G7 P3 9 P6 13.56 -1.12 24.28 12.57 51.95 5.55 23.11

G8 P4 9 P6 -6.33 2.67 -9.50 2.44 -44.77 -2.40 -26.09

G9 P1 9 P7 0.65 -1.69 21.28 37.70 119.03 5.64 22.11

G10 P2 9 P7 6.28 2.77 -2.36 6.96 -13.88 -0.33 -22.11

G11 P3 9 P7 -18.23 6.29 -6.76 -12.93 -12.64 -1.66 6.71

G12 P4 9 P7 11.30 -7.37 -12.16 -31.74 -92.51 -3.65 -6.71
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Parental genetic distance

The PD ranged from 0.51 for G11 to 0.92 for G1 with

a mean of 0.69, whereas the GD ranged from 0.35

(G10) to 0.59 (G4) and the QTL-GD ranged from 0.25

(G10) to 0.85 (G4), with similar mean values of 0.47

and 0.49, respectively. Of the male parents, P5 had the

largest PD (0.85), GD (0.54) and QTL-GD (0.60) with

the four female parents. Male P7 showed the lowest

PD (0.57) and QTL-GD (0.37) and male P6 showed

the lowest GD (0.42) with the 4 female parents. Of the

female parents, P1 showed the largest PD (0.77) and

GD (0.51), P2 showed the lowest GD (0.41) and QTL-

GD (0.41), and P4 showed the largest QTL-GD (0.67)

and lowest PD (0.61) with the 3 male par-

ents (Table 7). Additionally, a highly significant

correlation was observed for the GD vs. QTL-GD

(P\ 0.05; r = 0.63) and PD vs. GD (P\ 0.05;

r = 0.62), whereas a low correlation was detected for

the PD vs. QTL-GD (r = 0.26) (Table S4).

A cluster analysis based on the PD, GD and QTL-

GD is shown in Fig. 2. The PD dendrogram classified

the parents distinctly into a female group (P1, P2, P3

and P4) and a male group (P5, P6 and P7). The female

parents P2 and P4 (and male parents P5 and P6)

exhibited similar performances for almost allWT traits

and thus were closely grouped. For the other two

molecular marker-based distance measures (GD and

QTL-GD), the dendrograms assigned the parents into

three groups that did not correspond to the parental type

as in PD-based clustering. In the marker-based den-

drograms, the male parent P5 was separated from the

others at a dissimilarity distance of approximately 0.52.

Correlation analysis

The correlation coefficients of the GD/QTL-GD and

GCA/SCA effects were generally higher than those

between the PD and GCA/SCA effects (Table 8). As

for the MFVW, the values of the PD, GD and QTL-

GD were negatively correlated with combining

ability except for the values between the SCA effects

and PD (r = 0.09). However, a significant correlation

was barely detected between the distance measures

and combining ability, and a significant correlation

was observed between the GD and GCA for the

RRFW (P\ 0.05, r = 0.86).

The three distance measures were correlated

positively with MPH but negatively correlated withT
a
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HPH for the MFVW, and the highest correlation was

shown for the PD and MPH (r = 0.45). The PD and

GD did not show a significant correlation with MPH

and HPH for all of the traits, whereas QTL-GD

showed positive and significant correlations with

MPH for the RSFW, RRFW and RRDW and with

HPH for the RRL, RSFW and RRFW.

For the MFVW, the SCA was significantly corre-

lated with HPH (P\ 0.05, r = 0.60) rather than with

MPH (r = 0.52). For the other six WT traits, the

correlation between the SCA effects and MPH were

positive and significant, with values of 0.62 for the

RSDWand 0.75 for theRSFWandRRFW. Similarly, a

positive and significant correlation was found between

the SCA and HPH for all of the WT traits except

RSDW, and the coefficient varied, with values of 0.67

for the RRL and 0.80 for the RRFW.

Discussion

Leaf chlorosis is a direct symptom of flooding that has

been successfully applied in wheat (Boru et al. 2001),

soybean (Cornelious et al. 2005) and barley (Li et al.

2008). In our study, a MFVW that integrates a wilting

index, a chlorosis score and the dead leaf proportion of

waterlogged plants was deployed to measure WT. In aT
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2 Table 7 Estimates of phenotypic distance (PD) and two

genetic distances (GD and QTL-GD) between parents

Parents P1 P2 P3 P4 Mean

P5

PD 0.92 0.87 0.84 0.77 0.85

GD 0.52 0.53 0.50 0.59 0.54

QTL-GD 0.43 0.58 0.54 0.85 0.60

P6

PD 0.72 0.65 0.62 0.54 0.63

GD 0.49 0.36 0.38 0.44 0.42

QTL-GD 0.50 0.40 0.42 0.71 0.51

P7

PD 0.68 0.58 0.51 0.52 0.57

GD 0.52 0.35 0.43 0.47 0.44

QTL-GD 0.36 0.25 0.40 0.45 0.37

Mean

PD 0.77 0.70 0.66 0.61 0.69

GD 0.51 0.41 0.44 0.50 0.47

QTL-GD 0.43 0.41 0.45 0.67 0.49

Euphytica (2017) 213:42 Page 9 of 15 42

123



previous study, this measure was effective for screen-

ing WT in 100 chrysanthemum cultivars (Su et al.

2016).We also recorded the relative shoot/root growth

and biomass related to WT. The results showed

considerable variations among the seven parents and

F1 crosses for all WT traits, indicating the possibility

of selecting preferred parents and hybrids with high

WT. Among the crosses, the lowest MFVW value was

observed in G11 while the highest was found in G10.

Both of these crosses involved P7, which exhibited the

best WT among the three male parents. Moreover, the

mean MFVW value for G11 was even lower than that

of P7, whereas the mean MFVW value of the other 11

crosses generally ranged between that of the female

and male parents, indicating the complexity of WT

inheritance.

Approximately 60.0% of the crosses showed pos-

itive MPH but negative HPH for the WT traits,

Fig. 2 UPGMA dendrograms of the seven parents constructed based on PD (a), GD (b) and QTL-GD (c)
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indicating heterosis in the hybrids. Although the HPH

for the MFVWwas consistently negative, a number of

lines (Table S5) had higher MFVW values than their

tolerant female parents, which indicates that improved

WT lines can be selected. All or most of the crosses

displayed positive MPH and HPH for the RSDW and

RSFW, thereby showing that the hybrids had better

shoot biomass than their parents. Fairly negative or

low positive values of MPH and HPH for the RSH and

RRL indicated that the growth traits might be

predominantly controlled by recessive effects among

the parents.

In chrysanthemum, traditional cross breeding is one

of the most effective methods of cultivating improved

varieties via the exploitation of heterosis. The mag-

nitude of the genetic distance between parental lines is

vital for the utility of heterosis. To provide useful

information for predicting WT heterosis in chrysan-

themum, we investigated genetic distance using

morphological (phenotypic) and molecular markers.

The maximum and minimum distances yielded by the

GD and QTL-GD among the 12 crosses were consis-

tent and moderately high. Significant correlations

were observed between the GD and QTL-GD as well

as between the GD and PD, which is inconsistent with

the results of Wegary et al. (2013), who found a non-

significant correlation between morphological dis-

tance and GD in maize.

The GCA effect is the average performance of a

certain parent over a series of hybrids, and it is

associated with additive gene effects, whereas the

SCA effect reveals deviations in the performance of a

certain cross from the performance predicted by the

parents’ GCA effects, and it is associated with non-

additive gene effects (Musembi et al. 2015). In the

current study, the GCA to SCA variance ratios of the

MFVWwere approximately equal to 1 and the narrow

sense heritability of the MFVW was approximately

51.5%. These results suggest that both additive and

non-additive gene effects are responsible for the

inheritance of WT in chrysanthemum. Similar results

were reported in wheat (Tarekegne 2001) and maize

(Zaidi et al. 2010). Zhou et al. (2007) and Yeboah et al.

(2008) reported that WT was mainly controlled by

additive gene effects, which is inconsistent with the

findings of our study. However, the GCA–SCA

Table 8 Person correlation coefficients among the combining ability, heterosis and parental genetic distance (PD, GD and QTL-GD)

for the seven WT traits

Traits MFVW RSH RRL RSFW RRFW RSDW RRDW

PD

GCA -0.10 -0.49 -0.16 0.07 0.16 -0.39 -0.31

SCA 0.09 -0.11 0.03 0.02 0.02 0.00 0.02

MPH 0.45 0.17 -0.20 0.43 0.22 0.15 0.18

HPH -0.27 0.05 -0.14 0.39 0.17 0.10 -0.05

GD

GCA -0.27 -0.44 0.53 0.66 0.86* -0.70 0.23

SCA -0.19 -0.04 0.18 0.08 0.17 -0.13 0.22

MPH 0.16 0.20 0.33 0.57 0.54 -0.17 0.55

HPH -0.38 0.08 0.45 0.49 0.53 -0.15 0.49

QTL-GD

GCA -0.27 0.37 0.56 0.53 0.66 -0.56 0.30

SCA -0.30 0.17 0.16 0.16 0.20 -0.09 0.15

MPH 0.16 0.28 0.53 0.60* 0.69* 0.02 0.69*

HPH -0.24 0.19 0.63* 0.64* 0.64* 0.12 0.55

SCA

MPH 0.52 0.69* 0.71** 0.75** 0.75** 0.62* 0.69*

HPH 0.60* 0.68* 0.67* 0.68* 0.80** 0.51 0.68*

*, ** Significance at P\ 0.05 and P\ 0.01, respectively
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variance ratios and narrow sense heritability of the six

WT traits were relatively small, which indicates that

non-additive gene effects predominantly control these

growth and biomass traits, which is similar to the

results reported by Cheng et al. (2010) for Brassica

napus L. under waterlogging stress conditions.

We found that the GCA and SCA effects varied

between the parents or crosses, and both effects had

positive and negative values for all WT traits.

Generally, the tolerant parents tended to have positive

high values while the susceptible parents had negative

or low positive values for theMFVW. For example, P5

is the most sensitive parent and had most negative

GCA effect. However, exceptions were observed. For

example, although P3 is a tolerant parent with a high

MFVW value, it had the highest negative GCA effect.

Because theGCA effect is controlled by stable additive

gene effects, parents with significant GCA effects are

considered to be good combiners and can accelerate

breeding programs (Comstock et al. 1949; Dar et al.

2016). As a result, parent P4 showed positive effects

for almost all the studied traits and could therefore be

regarded as a promising parent in chrysanthemumWT

breeding. P1 and P5 were also good general combiners

for RRFW. In the current study, P4 and P5 both

expressed positive GCA effects for RRL, RSFW,

RRFW and RRDW, and their cross combination (G4)

had relatively high and positive SCA effects for the

four WT traits. However, positive correlations were

not observed between GCA and SCA for all crosses.

For example, parents P3 and P5 both exhibited

negative GCA effects for the MFVW, although the

SCA effects for the MFVW of G3 (P39P5) were

positive. Similarly, P2 and P6 had positive GCA

effects, although they produced progenies with a

negative SCA effect for the MFVW. The inconsistent

relationship between GCA and SCA effects has

frequently been reported in studies focused on com-

bining abilities (Sincik et al. 2014; Avin et al. 2016)

and is indicative of the complexity of quantitative

traits. Therefore, breeders should pay attention to both

GCA and SCA effects. Overall, the crosses G4, G7 and

G9 showed positive SCA effects for six of the seven

WT traits; specifically, G7 had the highest SCA effect

for the MFVW. Moreover, the above three hybrids

also had positive MPH and HPH for most of the

studied traits, thus indicating their high value for WT

breeding.

Many studies have reported correlations among

genetic distance, heterosis and SCA effects, although

these studies presented inconsistent and context-

specific conclusions because they used different

materials and methods. Heterosis mainly depends on

the paired differences of specific genetic loci between

both parents. Nevertheless, most previous studies used

genome-wide molecular marker data, which lack

specificity and accuracy. Tiede et al. (2015) showed

that segregating informative genome-wide markers

could improve the accuracy of predicting genetic

variance across 40 barley parents.Wegary et al. (2013)

suggested that the genetic distance calculated using

selected markers associated with quantitative trait loci

(QTL) may better predict heterosis. The results of the

present study showed that the magnitude of correlation

coefficients for PD and GD with HPH and MPH for all

the studied traits were not significant. However, the

QTL-GD values were positively and significantly

correlated with MPH for RSFW, RRFW and RRDW

and HPH for RRL, RSFW and RRFW (0.60–0.69),

thus indicating that previously selected molecular

markers associated with WT could be applied in

chrysanthemum cross breeding. The results were

similar to the findings by Hung et al. (2013), who

showed that the QTL-GD values based on 56 SSR

markers linked to targeted QTLs were negatively and

significantly correlated with heterosis for productive

tiller percentage. Although a non-significant correla-

tion was observed for GD and PD with heterosis, GD

generally had greater correlation coefficients than PD

for all of the traits in this study. Wegary et al. (2013)

also reported that morphological distances were less

important than molecular marker-based genetic dis-

tances for predicting the F1 performance of heterosis

and SCA effects for grain traits. Nevertheless, PD was

a better predictor of gene variance than GD across a 26

maize bi-parent group for 19 traits (Hung et al. 2012).

Significant correlations were not observed between

the distance measures and combining abilities except

for GD with GCA for RRFW. However, the distance

measures generally showed stronger correlations with

the GCA effects than with the SCA effects (absolute

coefficients) for almost all traits, and GD and QTL-GD

showed relatively high absolute correlation coefficient

values (0.23–0.86) with GCA. These results indicate

that the three distance measures might not effectively

predict SCA effects, although they indicate that GD
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and QTL-GD have a closer relationship with GCA

effects in the set of materials used in this study. In

contrast, Charcosset and Essioux (1994) illustrated

that SCA is a more important than GCA with regards

to the correlation with parental GD.Many studies have

demonstrated that parental GD has a weak and non-

significant correlation with SCA effects (Tams et al.

2006; Ceballos et al. 2016). However, Shamsuddin

(1985) found a significant correlation between GD and

SCA effects for grain yields (r = 0.44, P\ 0.01). El-

Maghraby et al. (2005) also reported that GDs based

on SSR markers were significantly associated with

grain yield and heterosis under drought stress. All of

these results suggest that the correlation between

genetic distance and SCA is complicated. An impor-

tant discovery by our study is that SCA effects had a

stronger positive correlation with MPH and HPH for

all of the traits (0.51–0.80), and most of the correla-

tions were significant, although this result may have

occurred because SCA and heterosis are responses to

non-additive gene effects.

In conclusion, this is the first report on the heterosis,

combining ability and parental genetic distance and

their intercorrelations forWT–related traits in chrysan-

themum. Findings resulted from this study add a brand-

new knowledge to the inheritance mode of WT in

chrysanthemum, and will be beneficial for achieving

new chrysanthemum with desirable WT. Specifically,

it can be predicted that crossbreeding with the iden-

tified parents with strong GCA will enable the

production of chrysanthemum with improved WT,

and the hybrids with extreme WT identified in this

study will serve as important breeding materials or be

cultivated as new cultivar in the near future.
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