
Abstract Winter hardiness is a quantitative

trait and the lack of it limits geographic distri-

bution of ryegrass. Improving winter hardiness is

an important breeding goal in ryegrass breeding

programs. An understanding of the genetic basis

for the component traits of winter hardiness

would allow more efficient selection. A three-

generation interspecific population of an

annual · perennial ryegrass consisting of 152

progenies was used to map quantitative trait

loci (QTL) that control winter hardiness-related

traits including fall growth (FG), freezing toler-

ance (FT), and winter survival (WS) over

2 years. A total of 39 QTL were identified for

the three traits from both the female parental

(MFA) and the male parental (MFB) maps, of

which 13 were for FG, 6 for FT, and 20 for WS.

The proportion of phenotypic variation ex-

plained by individual QTL ranged from 10.4 to

22.1%. Both FG and FT were positively corre-

lated with WS. Common QTL were detected

between FG, FT, and WS. The QTL associated

with WS on linkage groups (LGs) 4 and 5, and

the QTL for FT on LG 5 were consistently

identified over years and maps. These consistent

QTL might serve as potential tools for marker-

assisted selection to improve ryegrass winter

hardiness.
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Abbreviations

FG Fall growth

FT Freezing tolerance

LG Linkage group

LOD Logarithm of odds

QTL Quantitative trait loci

WS Winter survival
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Introduction

Perennial ryegrass (Lolium perenne L.) is used

extensively as a forage grass due to its high

nutritive values and persistence (Wilkins 1991),

and as a turf species in golf course fairways and

athletic fields due to its fast establishment, strong

seedling vigor, and good tolerance to both traffic

and low mowing. However, its poor ability to

survive in severe winter conditions (Gusta 1980)

limits its distribution in the far northern areas of

the United States; therefore, improving winter

hardiness is an important goal in perennial

ryegrass breeding programs.

Winter hardiness is a complex quantitative trait

affected by a number of interacting factors

including responses to low temperatures, rapidly

fluctuating temperatures, photoperiod, and ver-

nalization requirement (Humphreys 1989). The

complexity of winter hardiness makes it difficult

to evaluate reliably and then improve it based on

phenotypic selection. The best method to evalu-

ate winter hardiness of a cultivar is to rate field

survival during a test winter which is severe

enough to kill most non-hardy plants, but causes

variable degrees of injury to those with variable

hardiness (Sulc et al. 1991). However, such a

winter environment is often not available. More-

over, assessing winter hardiness is hampered by

various environmental factors and the existence

of genotype and environment interactions. One

approach is to break down winter hardiness into

more basic component traits and use these com-

ponents to predict winter hardiness. An under-

standing of the genetic basis of these component

traits and identification of molecular markers that

tightly linked to these traits permit more efficient

and reliable selection.

Freezing tolerance (FT) has been identified as

a major component of winter hardiness (Loren-

zetti et al. 1971; Hides 1979; Humphreys and

Eagles 1988). Significant positive correlations

between FT and field winter survival (WS) have

been reported in perennial ryegrass (Humphreys

1989; Waldron et al. 1998), barley (Hordeum

vulgare L.) (Hayes et al. 1993), wheat (Triticum

aestivum L.) (Fowler et al. 1981), and alfalfa

(Medicago sativa L.) (Brouwer et al. 1998). Both

positive and negative correlations have been

reported between fall growth (FG) and winter

hardiness in alfalfa depending on the cultivars or

populations tested (Perry et al. 1987; Schwab

et al. 1996; Brouwer et al. 1998; Brummer et al.

2000). Negative correlation between FG and

winter hardiness might have resulted from the

fact that short days and cool temperature in the

fall reduce plant growth and induce accumulation

of carbohydrate, which may increase the ability of

plants to survive in severe winter conditions.

Freezing tolerance can be measured by first

cold-acclimating plants followed by freezing and

recovery. The relative FT was expressed as LT50,

the temperature at which 50% plants are killed

after freezing (Fuller and Eagles 1978; Gusta

1980; Humphreys and Eagles 1988; Waldron et al.

1998). However, this method requires a lot of

plant materials and a large area that can be set to

different testing temperatures which is not feasi-

ble for testing a large mapping population. An

alternative method that has been used extensively

in various laboratories to evaluate FT is to subject

plant tissue to freeze–thaw stresses at various

temperatures and then measure the electrolyte

leakage. With this method, FT was determined by

LT50, the temperature that results in 50% of the

total electrolyte leakage (Stone et al. 1993;

Teutonico et al. 1995; Jaglo-Ottosen et al. 1998;

Brouwer et al. 2000; Zhu et al. 2000) or electrical

conductivity at a single freezing temperature

(Dexter et al. 1930, 1932; Brouwer et al. 2000;

Yamada et al. 2004).

Development of high-density linkage maps

based on molecular markers makes it possible to

detect quantitative trait loci (QTL) responsible

for quantitative traits. QTL mapping for the

component traits of winter hardiness has been

studied in various crop species such as wheat

(Sutka 1994; Galiba et al. 1995, 1997), barley

(Hayes et al. 1993; Pan et al. 1994; Francia et al.

2004), oil seed brassica (Brassica napus L.)

(Teutonico et al. 1995), alfalfa (Brouwer et al.

2000), and lentil (Lens culinaris Medik.) (Kahr-

aman et al. 2004), which identified genomic regions

that were associated with winter hardiness-related

traits.

Molecular marker-based genetic maps of

perennial ryegrass have been constructed by using

the p150/112 reference mapping population
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(Jones et al. 2002a, b) and were used to map QTL

that were related to winter hardiness and other

agronomic traits (Yamada et al. 2004). A single

QTL for electrical conductivity was detected on

linkage group (LG) 4 in the p150/112 population

of perennial ryegrass. Recently, genetic linkage

maps based on an interspecific ryegrass popula-

tion derived from the cross between perennial

ryegrass and annual ryegrass have been con-

structed by using 81 RAPD (rapid amplified

polymorphism of DNA), 235 AFLP (amplified

fragment length polymorphism), 16 RFLP (re-

stricted fragment length polymorphism), 106

SSR (simple sequence repeat), 2 isozymes, and

2 morphological markers (Warnke et al. 2004).

These genetic linkage maps were recently en-

hanced by 120 additional RFLP markers from

barley, oat, and rice, which allows comparative

genetic mapping and reveals substantial con-

served synteny between ryegrass and the Triti-

ceae species, oat, and rice (Sim et al. 2005). As a

result, a total of more than 200 codominant

markers as well as about 300 dominant markers

have been mapped in this interspecific ryegrass

population, permitting dissection of genetic loci

of quantitative traits that segregate in the popu-

lation. QTL for resistance to the fungal disease of

gray leaf spot have been identified by using the

enhanced genetic maps in this population (Curley

et al. 2005).

Our objective in this study was to use the

enhanced genetic linkage maps of ryegrass to

locate QTL that are associated with winter

hardiness in the ryegrass population. The specific

traits measured were FG, FT, and WS. The

identification of genomic regions controlling FG,

FT, and WS would improve our understanding of

the genetics of these traits and provide an aid

to breeders for improving winter hardiness of

ryegrass.

Materials and methods

Plant materials

An annual ryegrass plant from the cultivar

‘Floregon’, which has poor winter hardiness was

crossed to a perennial ryegrass plant from the

cultivar ‘Manhattan’, which has intermediate to

good winter hardiness to create the 1st F1

population. At the same time, a second F1

population was created in a similar manner but

with two different parental plants each selected

from L. multiflorum and L. perenne L., respec-

tively. From the 1st F1 population, one plant

named MFA was chosen randomly to cross with

another plant named MFB that was randomly

chosen from the 2nd F1 population to develop a

three-generation population (a pseudo F2 popu-

lation). All of the seed used to develop the

progeny population was obtained from the plant

MFA, making MFA as the female parent and

MFB as the male parent. The progeny population

used for mapping includes 152 individuals. More

details on the population development were

described by Warnke et al. (2004). The popula-

tion has been maintained in a research green-

house at 20–21�C at Iowa State University (Ames,

IA, USA). Twelve single-tiller ramets were

propagated for each of the 152 genotypes and

their parents and were maintained in the same

greenhouse. On 15 May 2003, four ramets of each

genotype were transplanted to the field within

each replication in an a-lattice design with three

replications at the Iowa State University Horti-

culture Research Station near Gilbert, IA, USA.

Each replication included 26 blocks and each

block included 6 entries. Spacing between ramets

within each genotype was 30 cm. Each genotype

was separated by a 60-cm space in between.

Plants were mowed at 6.4 cm above the soil

surface on 17 July, 14 August, and 22 September

in 2003, respectively. The experiment was re-

peated at a different site within the same research

station in 2004 except that in 2004, the plants

were transplanted to the field on 3 June

and mowed on 22 July and 21 August 2004,

respectively.

Trait assessment and analysis

FG was measured in centimeters for the vertical

height of regrowth after mowing in the fall on

14 November 2003 and 12 November 2004,

respectively. A total of 12 tillers from each

genotype for one replication (3 tillers per ramet

with 4 ramets in each replication) were measured
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and the heights of the 12 tillers were averaged as

the height for the genotype in the replication.

Freezing tolerance was assessed by subjecting

plant tissue to freeze–thaw stresses at various

temperatures and then measuring the ion leakage

at different freezing temperatures in 2003. The

LT50 (�C) was determined by fitting the curve of

ion leakage for each genotype. This protocol was

based on Stone et al. (1993) with some modifica-

tions. One ramet of each genotype was removed

from naturally hardened field plants on 30

November 2003 and stored at a 4�C walk-in cold

room to avoid dehardening. Individual tillers of

similar size were separated from the ramet and

trimmed to 2.5-cm long segments containing 2 cm

of the stem and 0.5 cm of the root, respectively.

All the preparation work was done at the 4�C

cold room. Trimmed tillers were placed in test

tubes (15 · 125 mm) containing 100 ll deionized

water which were then placed in a programmable

freezer (Model 8.5–3.1; ScienTemp Corp. Adrian,

MI, USA) equilibrated at –2�C. Controls were

kept at 4�C. Each tube contained two tillers.

After 30 min, the temperature was lowered to

–3�C and held for 30 min and then lowered to

–4�C and held for 30 min again. Further cooling

below –4�C was at a rate of 2�C/h until –10�C,

then 4�C/h for the rest and held for 15 min at each

predetermined freezing temperature. One tube of

each genotype was removed at each freezing

temperature (–6, –10, –14, –18, –20, –24, –28, and

–32�C), respectively, and thawed first on ice

overnight at the 4�C cold room, and then

removed from ice and kept at 4�C for a minimum

of 2 h to allow slow thawing. Seven millimeter of

deionized distilled water was added to the sam-

ples at room temperature. Samples were then

infiltrated twice for 4 min each at 0.1 atmosphere

(10 kPa) by using a vacuum pump and shaken

horizontally for 1 h at 250 rpm. Temperature-

specific electrical conductivity was measured for

each sample with an YSI model 3403 conductance

meter. Total conductivity for each sample was

determined after autoclaving the samples at

121�C for 20 min. Percentage of ion leakage at

each freezing temperature was calculated as the

ratio of the temperature-specific conductivity to

the total conductivity and was plotted as a function

of freezing temperatures. The temperature value

corresponding to the midpoint between the max-

imum and minimum (control) ion leakage ob-

tained for each genotype was defined as the LT50

value. The LT50 values of the three replications

were used for further analysis.

Because the method used for measuring FT is

very time consuming, in 2004 we used another

proven procedure (Dexter et al. 1932; Brouwer

et al. 2000; Yamada et al. 2004) to evaluate FT by

subjecting plant tissue to a freeze–thaw stress at a

single freezing temperature followed by measur-

ing electrical conductivity. One ramet of each

genotype was removed from naturally hardened

field plants on 15 December 2004. Material

storage and sample preparation were the same

as described in 2003. Three prepared individual

tillers from each genotype were placed into test

tubes (15 · 125 mm) containing 100-ll deionized

water. The tubes were then submerged into a

glycol-containing bath previously equilibrated at

–1.5�C while the control was kept at 4�C. The

temperature was held at –1.5�C for 2 h, and then

ice chips were added to tubes to initiate the

formation of ice-nucleation. The temperature

continued to hold at –1.5�C overnight and was

then lowered manually to –2�C at a rate of 0.5�C/

30 min until to –4�C. After that, the cooling rate

was 1�C/h until to –9�C, and then 2�C/h to –15�C.

The temperature was held at –15�C for 30 min.

Then the tubes were taken out and thawed on ice

at 4�C cold room overnight and removed from ice

and kept at 4�C for a minimum of 2 h to allow

slow thawing. The subsequent steps were the

same as described for 2003. Percentage of elec-

trical conductivity was used to evaluate FT. The

average electrical conductivity of the three rep-

lications was used for further analysis. This

method allowed us to process the sample at a

faster pace, yet the results obtained with the two

methods in 2003 and 2004 are comparable.

Winter survival was visually scored on a scale

of 0–5 with 0 being no survival and 5 being full

survival following the winter of 2003 and 2004.

The data were collected on 10 April 2004 and

9 April 2005, respectively.

Analysis of variance of the phenotypic data was

performed by the GLM procedure of the Statistical

Analysis System (version 8.0, SAS Institute Inc.

(2004), Cary, NC, USA). The MIXED procedure
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was used to estimate variance components with all

effects in the model considered random. Broad-

sense heritabilities (H) were calculated as H = rg
2/

(rg
2 + re

2/r), where rg
2 is the genetic variance and re

2

is the error variance divided by r, the number of

replications for each genotype. Pearson correlation

coefficients were used to evaluate correlations for

pair-wise phenotypic traits by using the CORR

procedure of SAS. The correlations were calcu-

lated on a genotype-mean basis and calculated

separately for each year.

QTL analysis

The genetic markers from the two parental maps,

MFA and MFB, constructed separately by Warn-

ke et al. (2004), including RAPD, RFLP, AFLP,

SSR, isozyme, and morphological marker data

were combined with the ryegrass RFLP marker

data generated recently (Sim et al. 2005) to

produce a composite marker dataset for QTL

analysis of the present study. Two parental maps,

MFA and MFB, were constructed by using the CP

(cross pollination) type option in Joinmap� (Van

Ooijen and Voorrips 2001). Interval mapping

analysis was employed to detect putative QTL

implemented by MapQTL� (Van Ooijen et al.

2002). Mean trait values from three replications

were used to identify QTL from both female

(MFA) and male (MFB) maps. The logarithm of

odds (LOD) score of 3.0 (Liu 1998) was chosen as

the threshold for declaring putative QTL. QTL

locations were determined by the peak of LOD

score and the one-LOD support region was used

as a support interval for the location of a QTL on

the linkage maps.

Results

Phenotypic distributions, heritabilities,

and correlations

Variation was observed in all measured traits for

the two parents, ‘MFA’ and ‘MFB’ as well as the

mapping population (Table 1; Fig. 1). Both par-

ents had higher values in FG and WS in 2004 than

in 2003. In both years, MFA was consistently

associated with a higher FG and WS compared

with MFB. MFA also showed more FT than MFB

in both 2003 and 2004. The mean values of MFA

and MFB for FG, WS, and FT fell within the

range of progenies, and all the three traits

exhibited nearly normal distributions with trans-

gressive segregants (Fig. 1).

Fall growth and WS had intermediate herit-

abilities in both years ranging from 0.77 to 0.89,

whereas FT had a relatively lower heritability of

0.60 measured in 2003 and 0.51 in 2004.

Significant phenotypic correlations were de-

tected among all three traits over 2 years except

for between FT and FG. The strongest correlation

was found between FG and WS in 2003 (r = 0.57)

and the lowest correlation was that of FT and WS

in 2003 with r = 0.15 (yet significant at P = 0.01).

Table 1 Mean and range of fall growth (FG), freezing
tolerance (FT), and winter survival (WS) for the parents
and progenies in the annual · perennial ryegrass mapping

population and the broad sense heritabilities for FG, FT,
and WS in 2003 and 2004

Sourcea 2003 2004

FG (cm) FT (LT50, �C)b WS FG (cm) FT (EC)c WS

MFA 13.2 ± 1.4 –17.2 ± 1.77 2.33 ± 0.72 16.4 ± 1.0 14.3 ± 0.18 3.0 ± 0.27
MFB 9.0 ± 0.9 –16.7 ± 0.36 1.89 ± 0.42 13.0 ± 2.5 17.0 ± 1.38 1.78 ± 0.31
MFA · MFB 8.9 ± 2.2 –17.9 ± 1.54 1.14 ± 1.03 14.3 ± 2.5 17.6 ± 3.0 1.76 ± 0.97
Range 4.3–14.8 –22.8 to –14.2 0–3.78 6.0–21.5 12.4–25.3 0–4.33
Heritability 0.77 0.60 0.85 0.89 0.51 0.85

a MFA and MFB were female and male parents in the annual · perennial ryegrass mapping population, respectively.
MFA · MFB indicated the annual · perennial ryegrass mapping population
b Freezing tolerance was measured as LT50 value (�C) in 2003 (the temperature at which 50% ion leakage occurred)
c Freezing tolerance was measured as EC (electrical conductivity) at –15�C in 2004
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FT was positively correlated with WS consis-

tently. Furthermore, FG had positive correlations

with WS in both years. All the three traits

measured in 2003 were positively correlated with

those measured in 2004.

QTL detection

Fall growth

A total of 13 QTL associated with FG was

identified from both the female MFA and the

male MFB maps in the mapping population

(Tables 3, 4; Fig. 2). Of which, nine QTL were

from MFA map and four from MFB map. In the

MFA map, four QTL associated with FG were

detected in 2003, two in 2004, and three in the

2-year combined analysis. The nine QTL were

located on four LGs with one each located on

each of the LGs 1 and 7, and three located on the

LG 3, and four on the LG 4 in the MFA map

(Table 3, Fig. 2a). On the MFB map, three QTL

associated with FG were found in 2003, and one

in the 2-year combined analysis (Table 4). The

four QTL were located on the LGs 1, 3, and 4,

respectively, with two located on the LG 4

(Table 4, Fig. 2b). No QTL for FG were detected

in 2004 from MFB map. The proportion of

phenotypic variation explained by individual

QTL for FG ranged from 10.4 to 21.6%

(Tables 3, 4).

Winter survival

A total of 20 QTL for WS was detected from both

the female MFA and the male MFB maps

(Tables 3, 4; Fig. 2). Nine of them were located

on the LGs 1, 3, 4, and 5 of the MFA map and

seven were on the LGs 2, 3, 4, and 5 of the MFB

map. Four QTL associated with WS were iden-

tified in 2003, two in 2004, and three in the 2-year

combined analysis on the MFA map (Table 3).

On the MFB map, four QTL for WS were

detected in 2003, three in 2004, and four in the

2-year combined analysis (Table 4). Individual

QTL for WS explained 12.0–30.3% of the total

phenotypic variance. The QTL on the LGs 4 and

5 of the MFA map were consistently identified in

both years. The QTL on the LGs 2, 4, and 5 of the

MFB map were also consistent in both years. The

Fig. 1 Progeny frequency distributions for the
annual · perennial ryegrass population for fall growth
(a), winter survival (b) measured in 2003 and 2004.
Freezing tolerance was measured as LT50 in 2003 (c),
and as electrical conductivity in 2004 (d). The means of the
parents (MFA and MFB) are indicated by arrows
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QTL on the LGs 4 and 5 were coincident between

MFA and MFB maps.

Freezing tolerance

A total of six QTL associated with FT were

identified from both the female MFA and the

male MFB maps in 2003 and 2004 (Tables 3, 4;

Fig. 2). Two QTL for FT were identified on the

LGs 3 and 5 in 2003, and one on the LG 5 in 2004

on both the MFA and the MFB maps. The QTL

for FT on the LG 5 was consistent in both years

on both MFA and MFB maps. Individual QTL

accounted for phenotypic variation ranging from

12.7 to 22.1%. All QTL for FT identified were

consistent between maps.

Discussion

We measured three traits, FG, FT, and WS

for 152 progeny individuals of the interspecific

ryegrass population and its parents in both 2003

and 2004. Means of the parents for all measured

traits fell within the range of progeny frequency

distributions, suggesting transgressive segrega-

tions occurred in both directions in the progenies

(Table 1; Fig. 1). Parent MFA was more winter

hardy than MFB, as indicated by LT50 (�C) and

electrical conductivity, although both parents

derived from the crosses between the perennial

ryegrass cultivar ‘Manhattan’ and the annual

ryegrass cultivar ‘Floregon.’ The heterozygosity

of both grandparents ‘Manhattan’ and ‘Floregon’

allowed their hybrids to combine different

alleles. As a result, parents used for construct-

ing the mapping population differed in winter

hardiness.

Phenotypic correlation was observed between

FT and WS (Table 2), which was consistent with

previous studies (Fowler et al. 1981; Humphreys

1989; Brouwer et al. 1998; Waldron et al. 1998).

The coincident QTL found between FT and WS

provide evidence for the observed phenotypic

correlation. One overlapped QTL for FT and WS

was located on the LG 5 (Tables 3, 4; Fig. 2).

Positive correlation was also found between FG

and WS in our study, which was in agreement

with the results reported by Brummer et al.

(2000) in alfalfa where the taller plants tended to

have less winter damage. The common QTL

between FG and WS accounted for their pheno-

typic relationships. For example, the QTL for FG

on LG 4 from both MFA and MFB, qFG-03-f4

and qFG-03-m4, coincided with those for WS.

These genetic regions common for FG and WS, and

FT and WS were consistent with their phenotypic

correlations, and these common QTL associa-

tions may provide genetic information useful in

predicting winter hardiness by using FG and FT.

However, we also found some QTL associated

with WS were not associated with FG and FT,

and vice versa. Therefore, indirect selection to

improve winter hardiness based on correlated

traits FG and FT will not be effective for all loci

affecting WS.

The inconsistency of the QTL detected for FG

over the 2 years might have resulted from the

Table 2 Pearson correlation coefficients between genotype-means for fall growth (FG), freezing tolerance (FT), and winter
survival (WS) measured in 2003 and 2004 in the annual · perennial ryegrass population

FG FT WS

2003 2004 2003 2004 2003

FG, 2004 0.34***
FT, 2003 NS NS
FT, 2004 NS NS 0.19**
WS, 2003 0.57*** 0.33*** 0.15** 0.16**
WS, 2004 0.14** 0.36*** 0.15** 0.22** 0.48***

The number of genotypes used for calculation of correlation coefficients was n = 152

NS nonsignificant

** and *** indicate significant at the 0.01 and 0.001 probability level, respectively
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specific environmental components or could be

the result of the different magnitudes of errors in

the 2 years. Certain environmental conditions in

2003 may favor expression and detection of some

QTL, for example, qFG-03-f1, qFG-03-f7, and

qFG-03-m3. The QTL for FT located on LG 5

was consistently identified in both years, and this

QTL was perfectly overlapped on both MFA and

MFB map (Tables 3, 4; Fig. 2), although we used

different methods to evaluate the FT in 2003 and

2004. This result demonstrated that both methods

worked equally well for measuring FT.

In our study, one consistent QTL for WS over

2 years was mapped to LG 4 on both MFA and

MFB maps (qWS-03-f4 and qWS-04-f4, and qWS-

03-m4 and qWS-04-m4). Yamada et al. (2004)

reported that the QTL for FT measured by

electrical conductivity was also located on the

upper part of LG 4 in the p150/112 reference

population of perennial ryegrass. Comparative

mapping between ryegrass and Triticeae reveals

that the one end of LG 4 of ryegrass is the

counterpart of the Triticeae chromosome 5 due to

translocation (Sim et al. 2005). QTL for FT and

Table 3 Putative QTL controlling fall growth (FG), winter
survival (WS) and freezing tolerance (FT) detected on
female MFA map by simple interval mapping in the

annual · perennial ryegrass population in 2003, 2004
and combined over 2003 and 2004

Name of QTLa Linkage
group

Support
intervalb

Nearest
marker

Maximum
LOD score

(%) Variation
explainedc

FG (2003)
qFG-03-f1 1 20.9–37.7 A-EaccMcac-198 4.60 19.8
qFG-03-f4.1 4 60.8–73.7 K9–650 3.47 12.7
qFG-03-f4.2 4 82.3–116.9 CDO122 4.94 18.4
qFG-03-f7 7 88.9–102.6 TF34-230MFA 3.02 13.1

FG (2004)
qFG-04-f3.1 3 14.5–45.6 P-EaccMcaa-439 3.00 20.3
qFG-04-f3.2 3 90.6–102.4 A-EacaMctt-150 3.48 13.9

FG (2003 and 2004)
qFG-f3 3 14.5–34.1 P-EaccMcaa-439 3.93 22.8
qFG-f4.1 4 69.6–73.7 A-EaccMcta-217 3.24 12.2
qFG-f4.2 4 92.6–119 TF45-450MFA 3.44 14.0

WS (2003)
qWS-03-f1 1 28.2–35.2 CDO94 3.92 19.1
qWS-03-f3 3 59.3–82.3 CDO455 3.18 12.7
qWS-03-f4 4 65.5–126.9 CDO241 3.83 14.1
qWS-03-f5 5 25.2–31.4 BCD1087 3.47 18.9

WS (2004)
qWS-04-f4 4 65.5–126.9 CDO87 3.98 14.7
qWS-04-f5 5 25.2–31.4 BCD1087 3.19 15.4

WS (2003 and 2004)
qWS-f1 1 28.2–35.2 CDO94 3.02 14.1
qWS-f4 4 60.8–134 CDO407 5.96 17.7
qWS-f5 5 25.2–30.6 BCD1087 3.92 19.3

FT (2003)
qFT-03-f3 3 55.7–66.0 G7.450 3.69 12.7
qFT-03-f5 5 35.5–70.8 CDO667 3.94 17.5

FT (2004)
qFT-04-f5 5 35.5–49.2 A-EaagMctt-262 3.14 16.2

a The QTL nomenclature followed the rules described by McCouch et al. (1997) in the form of q-trait-year-female/male
map linkage group. When there were more than one QTL for the same trait in the same map and same year, then different
numbers were added as suffix at the end of QTL name to distinguish the QTL. For QTL detected on the traits by combining
a 2-year data, the name was given by the form of q-trait-female/male map linkage group
b Support interval was determined by the interval that correspond to a LOD drop of 1.0 on each side of the maximum
likelihood position
c Percentage of phenotypic variation explained by individual QTL
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vernalization response have been located in wheat

(Galiba et al. 1995, 1997) and barley (Hayes et al.

1993; Pan et al. 1994; Francia et al. 2004). Two QTL

controlling vernalization and FT are located sepa-

rately on chromosome 5 in wheat and barley (Galiba

et al. 1995; Francia et al. 2004). Jensen et al. (2005)

reported that the wheat vernalization gene VRN1

was mapped to LG 4 of perennial ryegrass and co-

located with the QTL for heading date in perennial

ryegrass. Thus, the QTL we identified for WS on LG

4 may correspond to the orthologue of the vernali-

zation gene of wheat and barley. The LG 5 of

ryegrass is also the counterpart of chromosome 5 in

the Triticeae (Sim et al. 2005); therefore, the other

consistent QTL we detected in the present study for

WS and FT over 2 years from both MFA and MFB

maps on LG 5 are possibly the orthologues of the

QTL for FT detected in wheat and barely. We did not

detect QTL for FT but for WS on LG 4 in the study,

while Yamada et al. (2004) identified one QTL for

FT on LG 4 but no QTL for WS. This could result

from the different mapping population we used and

the interaction of different alleles and environments.

The QTL that show stable expression over

environments are desirable for marker-assisted

selection (MAS). In the present study, coincident

QTL for WS were identified on LGs 4 and 5 in

both years from both MFA and MFB maps. The

QTL for FT on LG 5 was also consistently

detected in both years from both MFA and

MFB maps. These QTL could serve as potential

markers for MAS to improve winter hardiness in

Table 4 Putative QTL controlling fall growth (FG), winter
survival (WS) and freezing tolerance (FT) detected on
male MFB map by simple interval mapping in the

annual · perennial ryegrass population in 2003, 2004
and combined over 2003 and 2004

Name of QTLa Linkage
group

Support
intervalb

Nearest
marker

Maximum
LOD score

(%) Variation
explainedc

FG (2003)
qFG-03-m1 1 74.0–87.0 CDO959 3.25 11.3
qFG-03-m3 3 0–21.7 CDO345 3.35 10.4
qFG-03-m4 4 49.8–75.0 CDO122 5.06 21.6

FG (2003 and 2004)
qFG-m4 4 69.8–75.0 P-EaccMcac-119 3.14 15.1

WS (2003)
qWS-03-m2 2 0–25.0 A-EaccMcta-376 3.86 15.1
qWS-03-m3 3 0–15.9 *K12.1500 4.46 22.1
qWS-03-m4 4 43.1–79.4 CDO504 3.86 22.0
qWS-03-m5 5 21.2–36.6 BCD1087 5.57 27.8

WS (2004)
qWS-04-m2 2 0–25.0 A-EaccMcta-376 3.23 12.0
qWS-04-m4 4 33–79.4 BCD385 4.87 23.5
qWS-04-m5 5 23.6–35.5 BCD1087 4.59 19.7

WS (2003 and 2004)
qWS-m2 2 0–25.0 CDO667 4.62 21.7
qWS-m3 3 0–15.9 *K12.1500 3.35 16.4
qWS-m4 4 35.3–79.4 CDO1196 5.98 18.4
qWS-m5 5 21.2–60.0 TF59-122MFB 6.94 30.3

FT (2003)
qFT-03-m3 3 0–40.0 CDO345 3.01 14.3
qFT-03-m5 5 39.9–60.0 CDO749 4.07 16.2

FT (2004)
qFT-04-m5 5 43.8–60.0 CDO749 3.46 22.1

a The QTL nomenclature followed the rules described by McCouch et al. (1997) in the form of q-trait-year-female/male
map linkage group. When there were more than one QTL for the same trait in the same map and same year, then different
numbers were added as suffix at the end of QTL name to distinguish the QTL. For QTL detected on the traits by combining
a 2-year data, the name was given by the form of q-trait-female/male map linkage group
b Support interval was determined by the interval that corresponded to a LOD drop of 1.0 on each side of the maximum
likelihood position
c Percentage of phenotypic variation explained by individual QTL
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future ryegrass-breeding programs. The identifi-

cation of QTL affecting winter hardiness-related

traits provides new knowledge about the genetics

of winter hardiness of ryegrass.
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Fig. 2 Location of putative QTL for fall growth (FG),
winter survival (WS), and freezing tolerance measured in
both 2003 and 2004 on the female parental (MFA) map (a)
and the male parental (MFB) map (b) of the
annual · perennial ryegrass. QTL positions for the three
traits detected by simple interval mapping are shown on
the left of the linkage groups. The number on the top
indicates the linkage group. Black, hatched, and white bars
represent interval regions of putative QTL for FG, WS,

and FT, respectively. The name of QTL was given by the
form of q-trait-year-female/male map linkage group.
When there were more than one QTL for the same trait
in the same map and same year, then different numbers
were added as suffix at the end of QTL name to distinguish
the QTL. For QTL detected on the traits by combining a
2-year data, the name was given by the form of q-trait-
female/male map linkage group
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