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Abstract Five intergeneric hybrids between the chry-

santhemum cultivar ‘Zhongshanjingui’ (as female) and

Ajania przewalskii (as male) were obtained with the help of

embryo culture. While ‘Zhongshanjingui’ bears a standard

anemone type flower and A. przewalskii a non-anemone

type one, the inflorescence type of the hybrids varied. The

diameter of the hybrids’ flowers was intermediate between

those of the parents. The chromosome number of the

hybrids was 2n = 45, of which GISH analysis was able to

establish that 27 were inherited from ‘Zhongshanjingui’

and the other 18 from A. przewalskii. A combination of

various assays was used to show that the cold tolerance of

the hybrids was equivalent to that of the highly tolerant

A. przewalskii parent. Enhanced cold tolerance was corre-

lated with an increase in free proline and a decrease in

malondialdehyde content.

Keywords Ajania � Chrysanthemum � Wide

hybridization � Embryo rescue � Fluorescent GISH � Stress

tolerance

Abbreviations

MA Mid-anemone type flower

SA Standard anemone type flower

NA Non-anemone type flower

NER The number of emerged rhizomes

GISH Genomic in situ hybridization

EC Electrical conductivity

REC The relative EC

LT50 Semi-lethal low temperature

Pro Proline

MDA Malondialdehyde

SR Survival rate

Introduction

As cold stress is a major contributory factor in crop loss,

breeding for low temperature tolerance has become a pri-

ority in a number of plant breeding programmes, especially

in herbaceous perennial ornamentals (Still et al. 1988;

Griesbach and Berberich 1995; Wang et al. 2003). The

chrysanthemum (Chrysanthemum grandiflorum (Ramat.)

Kitam., syn. Dendranthema morifolium (Ramat.) Tzvelv.)

is a commercially important ornamental species, but most

of the cultivars are not cold hardy (Anderson and Gesick

2004; Kim and Anderson 2006). The field-grown chry-

santhemum roots and rhizomes become irreversibly dam-

aged if the temperature falls below about -128C (Holley

1945), while controlled freezing studies have shown that

acclimated rhizomes are injured at temperatures in the

range -10 to -158C (Widmer 1958). Previously, efforts

have been made to enhance the cold tolerance of chry-

santhemum using intervarietal or interspecific crossing

(Anderson 2007; Cheng et al. 2010). However, above

efforts has enjoyed only limited success, because of the

paucity of relevant genetic variation within the Chrysan-

themum spp. gene pool (Zhao et al. 2009; Cheng et al.

2010). Intergeneric hybridization succeeded in improving
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aphid resistance of chrysanthemum (Deng et al. 2010a).

Herein, we attempted to enhance the cold tolerance of

chrysanthemum using intergeneric sexual cross.

Ajania represents a secondary genepool for chrysan-

themum genetic improvement (Zhao et al. 2009). Some of

the cross compatibility does exist between Ajania and

Chrysanthemum (Fukai 2003; Zhao et al. 2009), and a

number of Chrysanthemum 9 Ajania hybrids have been

successfully obtained (Abd El-Twab et al. 1999; Zhao et al.

2008; Tang et al. 2010). However, these have for the most

part been made to establish taxonomical relationships

rather than being seen as a prelude to trait introgression.

A. przewalskii Poljak. is native to China, and since its major

range lies in the northwestern alpine and arid regions above

an altitude of 2,800 m (Shih and Fu 1983), the species is

expected to have a high level tolerance to low temperatures

(Zhao et al. 2009). Unfortunately, strong post-fertilization

barriers inhibit the formation of hybrids between Chry-

santhemum spp. and A. przewalskii, such that soon after the

formation of a hybrid embryo, the structure rapidly col-

lapses (Deng et al. 2010b). Here, however, we show that it

is possible to obtain this hybrid by rescuing the immature

hybrid embryo, an approach which has also proven suc-

cessful in a number of intergeneric cross combinations

involving Chrysanthemum spp. (Tang et al. 2009, 2010;

Deng et al. 2010a). We describe the morphology and

cytology of the hybrid progeny, and compare their cold

tolerance with that of their two parents.

Materials and methods

Plant materials, crossing and embryo rescue

The C. grandiflorum variety ‘Zhongshanjingui’ was used as

the female parent and an accession of A. przewalskii as the

male. ‘Zhongshanjingui’ is an important commercial cul-

tivar with excellent ornamental quality owed to its standard

anemone (SA) type inflorescence—but low cold tolerance,

whereas A. przewalskii is extremely cold tolerant. Our

previous study showed that the selected accession of

A. przewalskii was the most compatible one with chry-

santhemum as compared to others. All the plants were

grown in a greenhouse (day/night temperature 25/188C,

photoperiod 16 h, light intensity 50 lmol m-2 s-1, relative

humidity 70%) at Nanjing Agricultural University, China.

Crossing was performed following the method detailed by

Deng et al. (2010b), using 15 female flowers (containing

*300 ray florets). Plump ovaries were removed from the

female flower 10–12 days after pollination, and were sur-

face-sterilized and washed, following Deng et al. (2010a).

The ovary coat and integument were aseptically removed

using a pair of dissecting needles under anatomic

microscopy (SZ-T2, Olympus Optical Co. Ltd., Tokyo,

Japan), and the rescued embryos were immediately trans-

ferred to Medium I (MS medium supplemented with

1.0 mg L-1 6-BA, 0.1 mg L-1 a-NAA). Shoots regener-

ated from embryos were transferred to Medium II (MS

supplemented with 0.1 mg L-1 6-BA, 0.05 mg L-1

a-NAA) and cultured for 2–3 weeks; thereafter, vigorous

shoots were moved to Medium III (MS supplemented with

2.0 mg L-1 6-BA, 0.5 mg L-1 a-NAA) for a further

3–4 weeks to allow proliferation. Then the proliferated

shoots (*20 shoots per embryo) were transferred to

Medium IV (half strength MS medium supplemented with

0.1 mg L-1 a-NAA) to promote rooting.

Hybridity testing

Hybridity testing initially considered the morphological

traits, including flower type, plant height, crown width, leaf

shape and flower shape. Flower type was classified as the

SA, the mid-anemone (MA) type or the non-anemone (NA)

type (Chen et al. 2009). Flower shape, derived from a

measurement of ten inflorescences, was quantified in the

form of a flower core diameter index, an inflorescence

diameter index, ray floret quantity and tubular floret

quantity (Li 1993). Leaf shape comprised a combination of

length and width, measured on the fifth leaf below the

apex, and sampled from ten leaves (Li 1993). The density

and morphology of trichomes were assessed by inspection

under stereo light microscopy (Zeiss Stemi 2000-C, Carl

Zeiss Ltd., Jena, Germany), following Deng et al. (2010a).

Hybridity was then confirmed by counting mitotic

chromosomes sampled from root tips, as described previ-

ously (Deng et al. 2010a). Young *1 cm long root tips

were pre-treated in ice water for 20–22 h, fixed in Carnoy’s

fluid (3:1 ethanol : acetic acid (v/v)), stored at 48C for 24 h

and squashed in a drop of 45% (v/v) acetic acid. The

resulting mitotic chromosome spreads were observed by

phase contrast microscopy (BX41, Olympus Optical Co.

Ltd., Tokyo, Japan). Some of the chromosome preparations

were also subjected to genomic in situ hybridization

(GISH), with the genomic DNA extracted from young

leaves using the CTAB method (Doyle and Doyle 1987).

A. przewalskii DNA was labelled with fluorescein-12-dUTP

(Roche Ltd., Berlin, Germany) by nick translation fol-

lowing the manufacturer’s protocol, and unlabelled

maternal chrysanthemum DNA was used for blocking. The

GISH procedure followed that described by Heslop-Har-

rison et al. (1991) and Tang et al. (2009). Cover slips were

removed by the liquid nitrogen freezing method and the

preparations were dried at room temperature, and then

denatured in 75% (v/v) deionized formamide at 788C for

70 s, dehydrated by passing through an ethanol series (each

5 min in 75, 95 and 100% v/v) and air-dried once more at
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room temperature. The hybridization mixture was dena-

tured by boiling for 7 min, and then quenched for 15 min.

A 15 ll aliquot of the hybridization solution was applied to

each slide, which was covered with a 20 9 20 mm cover

slip and incubated in a humid chamber at 378C for 12 h.

The slides were, thereafter, washed four times in 29 SSC

at 428C and in 19 PBS for 5 min at room temperature.

After air drying at room temperature, the preparations were

finally stained with 100 lg ml-1 propidium iodide (Sigma

Co. Ltd.) for 5 min and washed with 19 PBS. The

resulting preparations were inspected by fluorescence

microscopy (Zeiss Axioskop 40, Carl Zeiss Ltd., Jena,

Germany), in which the labelled DNA fluoresced greenish

and the unlabelled DNA appeared red.

Evaluation of cold tolerance

The number of emerged rhizomes (NER) of ten field-grown

plants of each hybrid line was counted (Anderson and Ge-

sick 2004). Following this, a semi-lethal low temperature

(LT50) was determined using 10 g young leaves emerging

from uniformly growing rhizomes of each parental and

putative hybrid plant, according to methods described by

Cheng et al. (2010) with minor revision. The temperature

treatments were 0, -5, -10, -15, -20 and -258C. Then,

the electrical conductivity (EC) both before and after boil-

ing was measured for each temperature treatment using a

dedicated meter (Model: DDS-320, KangYi Ltd., Shanghai,

China). The relative EC (REC %) = (EC before boiling/EC

after boiling) 9 100. REC% and temperature gradient fitted

Logistic Equation, y = K/(1 ? ae-bx), where ‘x’ represents

the treatment temperature, ‘K’ is saturation capacity of cell

damage rate, and ‘a, b’ is equation parameters, was calcu-

lated using Rcpsys software (Gai 2000). The LT50 was

given by the expression ln(1/a)/b. Each measure repre-

sented the mean of four replicates.

The survival rate (SR, %) of detached rhizomes sub-

jected to a period of low temperature was assessed fol-

lowing the method suggested by Kim and Anderson

(2006). A sample of 30 rhizome segments per hybrid, each

of *5 cm in length was held at 08C for 2 h, then chilled

over 2 h to reach -58C, at which temperature it was then

held for 1 h; the temperature was thereafter reduced over a

further 2 h to -108C, at which temperature the material

was held for 1 h; finally the rhizome segments were thawed

at 48C for 24 h. The material was then planted in an arti-

ficial climate chamber (day/night temperature 24/188C,

photoperiod 14 h, light intensity 50 lmol m-2 s-1, relative

humidity 85%) and the number of surviving rhizomes was

counted after a further 15 days. All low temperature

treatments were conducted in a Programmable and Digital

Temperature Controller (Model: 9610; PolyScience Inc.,

Niles, Illinois, USA).

Proline and malondialdehyde content

Three replicate samples of *0.5 g fresh leaves were

detached from the young plants of each line held at 0, -5,

-10, -15, -20 and -258C, for the analysis of leaf free

proline and malondialdehyde (MDA) content. The analysis

relied, respectively, on the acid ninhydrin (Bates et al.

1973) and the thiobarbituric acid methods (Li 2000), with

minor modification. For the former, samples were

homogenized in 3% (w/v) aqueous sulfosalicylic acid and

the homogenate was boiled at 1008C for 10 min. Then the

homogenate was cooled down to room temperature and

centrifuged at 4,000g for 10 min. The reaction mixture

consisted of 2 ml supernatant, 3 ml 2.5% (w/v) acid nin-

hydrin and 2 ml of glacial acetic acid, and was boiled at

1008C for 40 min. Subsequently, the reaction was quen-

ched on ice, the mixture was extracted with 4 ml of toluene

and the absorbance was read at 520 nm. For the later, each

sample was first ground in a mortar along with 10% (w/v)

trichloroacetic acid, and the homogenate was then centri-

fuged at 4,000g for 30 min. A 2 ml supernatant was mixed

with 2 ml 10% (w/v) trichloroacetic acid containing 0.5%

(w/v) thiobarbituric acid. Then the mixture was boiled at

1008C for 30 min, and the absorbance was read at 532 nm.

The values were corrected by subtracting the absorbance at

600 nm, and the MDA content was calculated according to

its extinction coefficient.

Statistical analysis

All data were analysed by a one-way analysis of variance

using the software package SYSTAT v7.0 (SYSTAT

1997). Tukey’s Honestly Significant Difference test was

applied to identify significantly different trait values.

Results

Embryo rescue and in vitro culture

At 10–12 days after pollination, the *0.5 mm long

immature embryos in plump ovaries appeared white and

almost transparent, and had reached either the torpedo or

the cotyledon embryonic stage (Fig. 1a). Of 120 embryos

cultured, 46 germinated to some extent during their first

2 weeks in vitro, and grew to a height of *5 mm with both

cotyledons visible (Fig. 1b). However, after a further week

they started to become bleached, especially the stem tip

and the emerging true leaves (Fig. 1c). When transferred to

Medium II for 2 weeks, some of the buds became green

again (Fig. 1d). Further culture on Media III and IV pro-

moted bud proliferation (Fig. 1e) and rooting (Fig. 1f).
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Finally, five putative hybrid lines with well developed roots

were selected and potted into autoclaved vermiculite in the

greenhouse.

Morphology of the putative hybrids

The plants flowered in the autumn, but varied with respect

to their actual flowering date (Table 1). While the

‘Zhongshanjingui’ inflorescence consisted of an outer ring

of ray florets and a central mass of elongated and pig-

mented SA type disc florets (Fig. 2a), and the A. prze-

walskii one developed short ray florets and NA type disc

florets (Fig. 2b), the five hybrids exhibited a mixture of

SA, MA and NA types disc florets (Fig. 2c–h; Table 1).

The mean plant height of ‘Zhongshanjingui’ was 59.4 cm

and its corolla width was 94.8 cm, while those of

A. przewalskii were, respectively, 40.6 and 70.1 cm; these

two traits were also highly variable among the hybrids

(Table 1). Both the leaf length and width of ‘Zhong-

shanjingui’ were greater than those of A. przewalskii, and

the hybrids were intermediate in terms of these traits

(Table 1). The hybrids’ leaf shape was rather similar to

that of male parent A. przewalskii (Fig. 3a, b). ‘Zhong-

shanjingui’ leaves were only sparsely covered by tric-

homes, while the hybrid leaves were quite densely

covered, giving them a silvery appearance, similar to that

of A. przewalskii leaf (Fig. 3c–e).

Chromosome number and GISH analysis

The somatic chromosome number of ‘Zhongshanjingui’

is 54 (Deng et al. 2010a), while that of A. przewalskii is

36 (Fig. 4a). As expected, all of the hybrids showed

2n = 45 (Fig. 4b). The GISH technique was unable to

differentiate between the parental genomes without

blocking, but worked successfully with the addition of

blocking DNA up to the ratio of 50:1 of unlabelled

chrysanthemum genomic DNA to labelled A. przewalskii

genomic DNA. The application of the GISH technique

confirmed that 18 of the hybrids’ chromosomes were

inherited from A. przewalskii and 27 from ‘Zhong-

shanjingui’ (Fig. 4c, d).

Fig. 1 Shoot growth from rescued embryos of the intergeneric cross

C. grandiflorum ‘Zhongshanjingui’ 9 A. przewalskii. a Embryos

freshly exacted from ovaries. b Shoots with two cotyledons

developing on Medium I. c Shoots became bleached before d their

transfer to Medium II. e Proliferating and f rooting shoots. Bars 5 mm
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Cold tolerance of the hybrid plants

The mean NER of ‘Zhongshanjingui’ was 7.7, while that

of A. przewalskii was 34.5 (Fig. 5a, b; Table 2). The five

hybrids produced an NER of between 40.8 and 46.3

(Fig. 5c–g; Table 2), demonstrating a level of cold toler-

ance even higher than that of the cold tolerant A. prze-

walskii. The LT50 of ‘Zhongshanjingui’ and A. przewalskii

was, respectively, -9.2 and -21.18C, while those of the

five hybrids were from -17.7 to -21.48C, none of which

differed significantly from that of A. przewalskii, but all of

which were much greater than that of ‘Zhongshanjingui’

(Table 3). Finally, the recovery test revealed that the

hybrids’ SR (88.3-93.3%) was similarly to that of

A. przewalskii (95.0%), but substantially [that of ‘Zhong-

shanjingui’ (16.7%) (Table 3).

Leaf proline and MDA content under conditions of low

temperature

The leaf proline content of the parents and the five hybrids

was affected by cold stress, but the dynamics of these

changes differed between the lines. The leaves of

‘Zhongshanjingui’ consistently contained the least proline,

which accumulated steadily as the temperature fell, but

stabilized once a temperature of -158C had been reached.

In contrast, the proline content in A. przewalskii leaves

increased rapidly at temperatures below -108C. In the five

hybrids, the leaf proline content also increased as the

temperature was lowered, but the extent of the change was

much less drastic than in A. przewalskii (Fig. 6a). The

content of MDA increased in the leaves of all plants as the

temperature was reduced. In A. przewalskii, the content of

MDA and its rate of increase were least over the temper-

ature range 0 to -158C. The hybrids’ performance was

intermediate between that of the two parents; and their leaf

MDA content was consistently significantly lower than

that in ‘Zhongshanjingui’ leaves. Their performance

resembled that of A. przewalskii over the temperature

range 0 to -158C, and that of ‘Zhongshanjingui’ over the

range -15 to -258C (Fig. 6b).

Discussion

Embryo rescue as a technique for chrysanthemum

improvement

As one of the most effective methods to overcome hybrid

breakdown, embryo rescue has been widely applied in

plant improvement programmes, including in chrysanthe-

mum. The embryo rescue technique includes ovary culture,

ovule culture and embryo culture (Sharma et al. 1996).T
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Where embryo abortion occurs as early as the globular or

heart-shaped embryo stage, it has proven difficult to culture

them directly (Raghavan 2007). In such cases, the embryo

can sometimes be rescued by either culturing the ovary

(Cheng et al. 2010) or ovule (Deng et al. 2010a). However,

embryos which remain normal until the torpedo, cotyledon

or mature embryo stage are generally amenable to direct

embryo culture (Sharma et al. 1996; Raghavan 2007). In

the case of the present ‘Zhongshanjingui’ 9 A. przewalskii

hybrids, systematical anatomical studies showed that most

Fig. 2 Inflorescences of a C.
grandiflorum ‘Zhongshanjingui’

(a standard anemone type (SA)

inflorescence), b A. przewalskii
(a non-anemone type (NA)), and

(c–g) the five

‘Zhongshanjingui’ 9

A. przewalskii intergeneric

hybrids. The hybrid

inflorescence types varied,

including SA, mid-anemone

(MA) and NA types. h Various

disc florets formed. Bars 10 mm
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of the embryos were able to develop up to the torpedo or

even later stages by 10–12 days post pollination, making

feasible the use of embryo culture. Embryo germination

directly avoiding a period of callus formation and bud

differentiation, the hybrid embryo culture method can save

breeding time and effectively guarantee the progeny’s

hybridity. However, the success of embryo culture depends

largely on optimizing the in vitro culture technology,

Fig. 3 The upper (a) and lower (b) leaf surfaces of C. grandiflorum
‘Zhongshanjingui’, A. przewalskii and the five ‘Zhongshanjin-

gui’ 9 A. przewalskii intergeneric hybrids. Leaf epidermal trichomes

of ‘Zhongshanjingui’ (c), the hybrid (d) and A. przewalskii (e). Bars
in a, b 10 mm; in c–e 350 lm

Fig. 4 GISH analysis of mitotic

chromosomes. (a) A. przewalskii
(2n = 36). b All 45 chromosomes

present in the ‘Zhongshanjingui’ 9

A. przewalskii intergeneric hybrid

nucleus counter-stained with

propidium iodide. (c) An intergeneric

hybrid cell containing 18 labeled

chromosomes inherited from

A. przewalskii. (d) Merged image

of (b) and (c), showing the 18

A. przewalskii chromosomes indicated

by (arrow heads) and the 27 non-

hybridized ‘Zhongshanjingui’

chromosomes. Bars 5 lm
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including the timing of intervention, aseptic dissecting

operation and medium components, etc. A particular

problem encountered with the present crossing combina-

tion was that the shoots started to bleach at early stage post

germination (Fig. 1), which greatly compromised the suc-

cess rate achieved.

Intergeneric hybridization as a means of improving

abiotic tolerance in chrysanthemum

Wide hybridization (including interspecific and interge-

neric hybridization) has been exploited to improve the level

of abiotic stress tolerance in a number of crop species (Roy

et al. 2004; Nakamura et al. 2005). Regarding to chry-

santhemum, recent studies have reported enhancement of

tolerance to cold (Cheng et al. 2010), drought (Sun et al.

2010) and heat stresses (Cheng et al. 2011) via different

interspecific combinations. In the present study, the LT50 of

chrysanthemum ‘Zhongshanjingui’ (around -98C) was

higher than that of either A. przewalskii or the five inter-

generic hybrids (around -208C) (Table 3). Meanwhile, the

NER and SR of the hybrids were superior to that of their

chrysanthemum parent (Tables 2, 3). The evidence, there-

fore, was conclusive that much of the cold tolerance of

A. przewalskii was transferred to these intergeneric hybrids.

Their level of cold tolerance was higher than that of an

interspecific hybrid described by Cheng et al. (2010).

Therefore, this study suggested that intergeneric sexual

crossing with wild species is an effective way for devel-

oping chrysanthemum germplasm with improved abiotic

tolerance.

According to a previous report, chrysanthemum cold

tolerance has been identified as a quantitative trait under

polygenic control with different regulating characteristic in

interspecific hybrid progenies (Cheng et al. 2010). In this

study, the five intergeneric hybrids varied somewhat

among one another with respect to their LT50 (Table 3), as

did their scores for both NER and SR. This variation

implies that one or other (or both) of the hybrids’ parents

were heterozygous for some or all of the genes underlying

cold tolerance. The implication of this finding is that

selection for greater cold tolerance should be possible

among a population of intergeneric hybrid progeny,

Fig. 5 Emerged rhizomes of field-grown C. grandiflorum ‘Zhongshanjingui’ (a), A. przewalskii (b) and the five ‘Zhongshanjingui’ 9

A. przewalskii intergeneric hybrids (c–g). Bars 50 mm

Table 2 The number of emerged rhizomes and the level of cold

tolerance of C. grandiflorum ‘Zhongshanjingui’, A. przewalskii and

five ‘Zhongshanjingui’ 9 A. przewalskii intergeneric hybrids

Plant lines No. of emerged

rhizomes*

Cold tolerance

level

‘Zhongshanjingui’ 7.7 ± 1.4Cd** L

A. przewalskii 34.5 ± 8.4Bc H

F1(1) 41.8 ± 6.3Ab H

F1(2) 46.3 ± 4.1Aa H

F1(3) 40.8 ± 5.5Ab H

F1(4) 43.8 ± 7.5Aa H

F1(5) 44.8 ± 9.5Aa H

L Low cold tolerance, H High cold tolerance

* Mean ± SD

** Different upper and lower case superscripts indicate significant

differences at, respectively, P \ 0.01 and P \ 0.05
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provided that a sufficient number of hybrids can be made;

this represents one of our major future research goals.

Proline is frequently used by abiotically stressed plants

as an osmotic regulator, and it serves as an osmotic

protectant for a number of cellular structures during epi-

sodes of abiotic stress (Yue et al. 2001; Ueda et al. 2008).

As a product of membrane lipid peroxidation, MDA

content can be viewed as an indicator of the degree of

cellular membrane lipid peroxidation occurring as a

response to stress (Li 2000). The high proline content of

cold stressed A. przewalskii leaves indicated that proline

was synthesized as a means of regulating cell osmosis and

metabolism, and thereby conferring enhanced cold toler-

ance; the effect of these adaptations is that cellular

damage could be kept to a minimum under conditions of

very low temperature. In contrast, the stressed leaves of

‘Zhongshanjingui’ contained much less proline and more

MDA, consistent with its lesser level of winter hardiness

(Fig. 6). Although the intergeneric hybrids showed similar

levels of cold tolerance as that of A. przewalskii, their

leaves responded variably to cold stress with respect to

both proline and MDA content (Fig. 6). This suggests that

the intergeneric hybrid may develop a physiological

response to cold stress which is rather different from that

of either of their parents.

Chrysanthemum cultivars are generally described as

being either large- or small-flowered types, with the latter

class comprising single, double, honeycomb and anemone

type flowers (Chen et al. 2009). According to this classi-

fication, ‘Zhongshanjingui’ is a typical small-flowered SA

type potted chrysanthemum, while A. przewalskii is an NA

type (Fig. 2). The inflorescence type of the five interge-

neric hybrids varied from line to line, with one forming SA,

one MA and three NA flowers. The ornamental value of the

hybrids, in terms of their inflorescence diameter, flower

core diameter and the volume of ray and disc florets, was

lower than that of ‘Zhongshanjingui’ (Table 1). In certain

wide hybrids involving chrysanthemum, Cheng et al.

(2011) were able to show that the first backcross hybrid

was highly similar to the recurrent chrysanthemum in terms

of inflorescence diameter and the number of ray florets,

while its level of heat tolerance was significantly superior.

Our intended strategy, therefore, is to perform a back-

crossing programme with ‘Zhongshanjingui’, imposing

selection for the cold tolerance of the donor and ornamental

trait of the recurrent parent.

In summary, we have shown that the C. grandiflo-

rum 9 A. przewalskii hybrid can be obtained using embryo

rescue. The hybrids out-performed their chrysanthemum

parent with respect to cold tolerance, a trait which is most

Table 3 Logistic equation of the relative electrical conductivity (REC), LT50 and survival rate (SR) of emerged rhizomes after exposure of C.
grandiflorum ‘Zhongshanjingui’, A. przewalskii and five ‘Zhongshanjingui’ 9 A. przewalskii intergeneric hybrids to a period of low temperature

Plant lines Logistic equation of REC R2 LT50 (8C) SR (%)

‘Zhongshanjingui’ y = 64.38094/(1 ? 7.278824e-0.46481x) 0.9960** -9.21 16.7

A. przewalskii y = 120.9242/(1 ? 23.28533e-0.1491131x) 0.9670** -21.11 95.0

F1(1) y = 88.68999/(1 ? 6.936842e-0.0907325x) 0.9097* -21.35 93.3

F1(2) y = 105.683/(1 ? 6.334809e-0.09330763x) 0.9573** -19.78 90.0

F1(3) y = 117.7672/(1 ? 6.059114e-0.1018873x) 0.9730** -17.68 86.7

F1(4) y = 84.31723/(1 ? 6.347142e-0.0876753x) 0.9132* -21.08 88.3

F1(5) y = 124.1934/(1 ? 5.815351e-0.0852543x) 0.9086* -20.65 91.7

* and ** indicate the significance of R2 level of 0.05 and 0.01, respectively

Fig. 6 Leaf proline (a) and

MDA (b) content in cold-

stressed C. grandiflorum
‘Zhongshanjingui’, A.
przewalskii and the five

‘Zhongshanjingui’ 9 A.
przewalskii intergeneric

hybrids. Asterisk indicates

significant (P \ 0.05 according

to Tukey’s test) differences

between individuals
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conveniently measured by a LT50 test. At the same time,

leaf proline and MDA content appeared to be reasonable

indicators of cold tolerance. The intergeneric hybrids rep-

resent the basis of a breeding approach towards improving

the level of low temperature tolerance in chrysanthemum,

and also contribute to a more general expansion of the

genetic base of this important ornamental species.
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