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is vulnerable to winterkills (Beard, 1969; Thorogood, 2003).
Different mechanisms are involved in winter injuries in 

turfgrasses, such as direct low temperature kill, desiccation, 
suffocation, and toxic gas (Beard, 1969). Plant growth stage, 
health status, and environmental conditions affect the ability 
of perennial ryegrass to survive the winter. Temperature-in-
duced changes in the level of hardening and dehardening of 
perennial ryegrass (Eagles, 1989; Bay and Eagles, 1991) are 
reported to be related to physiological changes of the plants 
(Hoffman et al., 2010; Sarkar et al., 2009), plant growth 
conditions (Dalmannsdottir et al., 2016; Humphreys and 
Eagles, 1988; Humphreys, 1989), and plant growth stages 
(Jorgensen et al., 2009; Ostrem et al., 2010). The acclimation 
is also affected by photoperiod (Lawrence et al., 1973; Lo-
renzetti et al., 1971), crown hydration (Gusta et al., 1980), 
drought preconditioning (Hoffman et al., 2012), and man-
agement practices such as mowing and nitrogen applications 
(Jung and Kocher, 1974; Webster and Ebdon, 2005; White 
and Smithberg, 1980). Therefore, some cultivation methods 
may be important to enhance the winter hardiness of peren-
nial ryegrass.

Expanding perennial ryegrass to cold regions by improv-
ing its cold tolerance has been an effort by many breeders. 
Much of the breeding work of turf-type perennial ryegrass 
started in the 1960s in the United States. Early releases of 
winter-hardy cultivars, such as ‘Manhattan’, ‘Pennfine’, ‘Cita-
tion’, ‘Pennant’, and ‘All*Star’ were from natural selections of 
the European types (Funk, 1989). To facilitate freezing tol-
erance selection, different screening techniques have been 
developed through the years. These techniques are for ex-
ample based on cold alcohol bath (Cohen and Wood, 1986), 
electrolyte leakage (Ebdon et al., 2002), freezing tank/cham-
ber for seedlings (Fulier and Eagles, 1978; Lorenzetti et al., 
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 Summary
Perennial ryegrass (Lolium perenne L.) is an im-

portant turf and forage species in mild temperate re-
gions. In cold regions, it is vulnerable to winter kill. 
The objective of this study was to investigate possible 
associations between cold tolerance and morpholog-
ical traits that regulate water movement in perennial 
ryegrass. Cultivars ‘Uno’, ‘Brightstar SLT’, ‘Fiesta’, ‘Eve-
ning Shade’, ‘NK-200’, and ‘Linn’, representing differ-
ent levels of cold tolerance and winter hardiness, were 
used in the study.  Previously reported cold tolerant 
cultivars, ‘Uno’ and ‘Brightstar SLT’, showed smaller 
but higher density of stomata than cold sensitive cul-
tivars such as ‘Linn’ and ‘NK-200’.  In addition, cold tol-
erant cultivars had either higher density of short cells 
or higher density of hairs in the epidermis compared 
to the cold sensitive cultivars. Water wetting angles 
on the upper epidermis also indicated that ‘Uno’ had 
a better protection from water loss than cold sensi-
tive cultivars, especially ‘Linn’. The water loss rate (% 
per day) was significantly higher for ‘Linn’ than ‘Uno’, 
which were 3.39 and 2.27, respectively. Simulated 
wind desiccation combined with freezing at -10°C af-
ter cold acclimation further showed that stronger wa-
ter withholding ability contributed to the increased 
freezing tolerance. The results suggest that including 
water conserving morphologies in the selection pro-
cess may help breeding for freeze tolerant perennial 
ryegrass.
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Significance of this study
What is already known on this subject?
• Winter kill in perennial ryegrass can be a result of 

a direct exposure to low temperature, desiccation, 
suffocation under ice and snow, and toxic gas.

What are the new findings?
• Stomata size/density, hair density, and epicuticular 

wax are linked to water conservation, which in turn 
affected low temperature kill in perennial ryegrass.

What is the expected impact on horticulture?
• Breeders may include those water conservation traits 

in future selection for winter hardiness in perennial 
ryegrass.

Introduction
Perennial ryegrass (Lolium perenne L.) is an import-

ant turf and forage species in mild temperate regions. It is 
also widely used as an overseeding species in warm regions 
where low winter temperatures cannot sustain green turf-
grass stands of warm-season species but are warm enough 
for cool-season species to grow. The high value of perennial 
ryegrass is primarily because of its quick germination and 
establishment, tolerance to wear and close mowing, and 
high nutrition. However, the species responds poorly to tem-
perature extremes. In regions with hot and humid summers, 
perennial ryegrass is highly susceptible to diseases such as 
brown patch (incited by Rhizoctonia solani Kuhn), gray leaf 
spot (incited by Pyricularia grisea Sacc.), and dollar spot (in-
cited by Sclerotinia homoecarpa Bennett). In cold regions, it 
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1971; Waldron et al., 1998) as well as mature plants (Gusta 
et al., 1980; Lorenzetti et al., 1971; Tcacenco et al., 1989) 
in a laboratory and natural selection in the fields (Hulke et 
al., 2007, 2008; Humphreys and Eagles, 1988; Humphreys, 
1989; Lorenzetti et al., 1971). Most of the screening results 
are expressed as LT50 (lethal temperature at which 50% of 
plants are killed). The index is a direct measure of the plant 
tolerance to freezing temperatures but may not capture all 
mechanisms that are responsible for winter kill. Neverthe-
less, many breeding programs are currently using the tech-
nique in selecting cold tolerant perennial ryegrass (Hulke et 
al., 2008; Iraba et al., 2013).

To improve the efficiency of breeding winter-hardy pe-
rennial ryegrass, multiple traits need to be investigated. The 
genetic background as well as inheritance of the important 
traits need to be studied. Traits contributing to cold toler-
ance were initially grouped into winter growth, winter har-
diness, and early spring activity factors (Humphreys, 1989; 
Thomson, 1974). Very few morphological traits, except for 
the internode lengths of subcrown, have been investigated as 
a prediction for cold tolerance in perennial ryegrass (Wood 
and Cohen, 1983). At physiological level, fructans and its 
degree of polymerization are associated with cold tolerance 
(Abeynayake et al., 2015). However, the study by Bocian et al. 
(2015) showed that only raffinose among the carbohydrates, 
and proline and asparagine among the amino acids are as-
sociated with cold tolerance in perennial ryegrass. Compari-
son of cold tolerance between diploid and tetraploid showed 
no conclusive results (Warnock et al., 2005). Most recently, 
quantitative trait loci (QTL) for cold tolerance were used to 
improve selection gains (Xiong et al., 2007; Yamada et al., 
2004) over the traditional selection (Waldron et al., 1998a). 
At the genetic level, responsible genes (Aleliunas et al., 2015; 
Sandve et al., 2011; Yu et al., 2015; Zhang et al., 2009, 2010), 
transcription of genes (Abeynayake et al., 2015; Hisano et al., 
2008; Paina et al., 2014), and gene regulators (Hulke et al., 
2012; Xiong and Fei, 2006; Zhao and Bughrara, 2008) are all 
explored for cold tolerance in perennial ryegrass.

Overall, besides of the use of subcrown internode (Wood 
and Cohen, 1983) and the use of QTL involving plant height, 
leaf width/length, and tiller size (Yamada et al., 2004), there 
is a lack of thorough understanding how morphological traits 
contribute to cold tolerance in perennial ryegrass, especially 
those directly related to water conservation and transpira-
tion. The objective of this study was to investigate possible 
associations between cold tolerance and morphological 
traits that regulate water movement in perennial ryegrass.

Materials and methods

Description of the material
Perennial ryegrass ‘Uno’, ‘Brightstar SLT’, ‘Fiesta’, ‘Eve-

ning Shade’, ‘NK-200’, and ‘Linn’ were used in the study. 
These cultivars represent different levels of cold tolerance 
and winter hardiness based on previous reports and the test 
results of the 1990 and 2010 national evaluations of peren-
nial ryegrass organized by the National Turfgrass Evaluation 
Program (NTEP) (www.ntep.org). The locations referred to 
in the tests in 1990 included Idaho and Washington, and in 
2010 the location was St. Paul, Minnesota. Both tests lasted 
for five years. From earlier studies ‘Linn’ was reported as 
cold sensitive, ‘NK 200’ as intermediate, and ‘Manhattan’ as 
tolerant (Cohen and Wood, 1986; Ebdon et al., 2002; Gusta 
et al., 1980; Wood and Cohen, 1983). The NTEP trial at St. 
Paul, Minnesota put ‘Uno’ in the cold tolerant group, followed 

by moderate tolerant groups including ‘Brightstar SLT’, and 
‘Manhattan’, and the sensitive cultivars including ‘Linn’. ‘Man-
hattan’ was not included in this study because the seeds were 
not available. However, according to the field and laboratory 
tests by Cohen and Wood (1968), ‘Fiesta’ performed simi-
larly to ‘Manhattan’ in cold tolerance. Cold tolerance perfor-
mance of ‘Evening Shade’ was ranked below ‘Manhattan’ in 
the NTEP tests in 1990.

Plant establishment and growth
Perennial ryegrass was planted at a seeding rate of 150 

kg ha-1 into plastic pots (12.5 cm diameter, 12.5 cm high) that 
were filled with peat/perlite/sand (1:1:1 volumetric). The 
plants were established in a greenhouse for 3 months. The 
growing conditions in the greenhouse were 25/20°C (day/
night) under natural photoperiod (39.90657°N, 116.3876°E) 
supplemented with artificial lights to about 400 μmol m-2 s-1. 
The pots were watered with half-strength Hoagland solution 
every two days.

Stomata measurements
The youngest mature leaves were harvested and ob-

served under a digital microscope. The stoma size was de-
fined as the width of two guard cells (measured at the cen-
ter) multiplied by the length of the guard cells. The density of 
stomata, short cells, and hairs (long hair and short hair) were 
recorded for the middle ⅓ of the leaf blade from 20 leaves 
of 10 plants. The epicuticular wettability of the leaves were 
expressed as the water contact angle following the method 
described by Gao and Li (2015). Briefly, a water drop was 
placed with a pipette on the leaf surface, a close-up digital 
image was captured with a digital camera and then analyzed 
using an ImageJ software (National Institutes of Health, USA) 
from which the contact angle derives.

Measurement of cell water content and electrolyte 
leakage

‘Linn’ and ‘Uno’ were further tested for water conserva-
tion and cold acclimation. Twelve leaf blades from the sec-
ond newest fully opened leaves were cut off from the plants 
with scissors and placed in open Petri dishes. The leaves 
were kept in an air-conditioned room at 25°C and 40% rel-
ative humidity. The fresh weight as well as the weight at 0.5, 
1, 2, 4, 6, 8, 10 and 12 h after leaf detachment was recorded. 
The percentage water loss was calculated based on the ini-
tial fresh weight. For cold acclimation, plants were kept in a 
growth chamber at 5°C and 16-h light photoperiod, and 300 
μmol m-2 s-1 light intensity for 28 days. Control plants were 
kept at 25°C in another growth chamber with the same light 
conditions. At the end of cold acclimation, leaves were sam-
pled for analysis.

For the measurement of relative electrolyte leakage 
(REL), leaves were cut into 1-cm segments and 0.1 g of sam-
ples were placed in a test tube with 25 mL deionized wa-
ter.  Electric conductivity (EC1) was measured after the test 
tubes were shaken for 24 h on a bench shaker. Thereafter, the 
test tubes with samples were placed in a boiling water bath 
for 30 min and cooled down to room temperature before an-
other electric conductivity (EC2) was measured. The relative 
electrolyte leakage was calculated as:
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For the measurement of relative water content (RWC), the leaf samples were immediately weighed to obtain 

the fresh weight (fw) and then submerged in distilled water to soak for 6 h. The soaked leaves were blot-dried 
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Extraction	of	solutes	

A sample of 0.5 g of fresh leaves was ground in 3% sulfosalicylic acid to extract proline.  The concentration of 
proline was determined following the method described by Bates et al. (1973). 

The extraction of soluble sugar was conducted using the method of Moing et al. (1992) with minor 
modification. 150 mg of dry tissues were extracted in water bath with 4 mL of 80% ethanol for 40 min at 80°C. The 
solution was centrifuged at 5,000× g for 10 min and extraction was repeated three times. Active charcoal was 
added to the combined extraction to remove the color at 80°C for 5 min and filtered. Soluble sugar was determined 
colorimetrically with anthrone as described by Scott and Melvin (1953). 

 
Freezing	tolerance	treatments	

After the cold acclimation, the plants were transferred to a top accessible freezer for freezing tolerance tests. 
To focus on the effect of morphological differences, and due to limited freezer space, only plants that were cold 
acclimated were used. The freezer was divided into two halves with thermo-insolating styrene foam so that half 
of the space provides compressed air from an air compressor to simulate wind at 6 m s-1. Six pots of each cultivar 
were placed in each side of the chamber. Plants were first treated with -2°C for two days. Temperature was then 
dropped to -10°C gradually within a day. Leaf samples were harvested two days after the temperature reached -
10°C for analysis of REL, RWC, Proline, and WSC as described above. 

Starting on the third day of freezing treatment at -10°C, one pot was taken out daily from each treatment, 
gradually thawed at a rate of 0.5°C h-1 in a growth chamber, and placed in a greenhouse to grow. The pots were 
immediately watered and kept at 25/20°C (day/night) under natural photoperiod supplemented with artificial 
lights to about 400 μmol m-2 s-1. Plant survival rate was calculated from the number of green up tillers divided by 
the total number of tillers per pot two weeks after the pots were placed in the greenhouse. 

 
Results	and	discussion	
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For the measurement of relative water content (RWC), 
the leaf samples were immediately weighed to obtain the 
fresh weight (fw) and then submerged in distilled water to 
soak for 6 h. The soaked leaves were blot-dried with paper 
towels before weighing again to obtain the turgid weight 
(sw). The final dry weight (dw) was obtained by weighing 
the leaves after drying in an oven at 68°C for 48 h. Leaf RWC 
was calculated using the following equation: 
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A sample of 0.5 g of fresh leaves was ground in 3% 

sulfosalicylic acid to extract proline.  The concentration of 
proline was determined following the method described by 
Bates et al. (1973).

The extraction of soluble sugar was conducted using the 
method of Moing et al. (1992) with minor modification. 150 
mg of dry tissues were extracted in water bath with 4 mL of 
80% ethanol for 40 min at 80°C. The solution was centrifuged 
at 5,000× g for 10 min and extraction was repeated three 
times. Active charcoal was added to the combined extraction 
to remove the color at 80°C for 5 min and filtered. Soluble 
sugar was determined colorimetrically with anthrone as 
described by Scott and Melvin (1953).

Freezing tolerance treatments
After the cold acclimation, the plants were transferred 

to a top accessible freezer for freezing tolerance tests. To 
focus on the effect of morphological differences, and due to 
limited freezer space, only plants that were cold acclimated 
were used. The freezer was divided into two halves with 
thermo-insolating styrene foam so that half of the space 
provides compressed air from an air compressor to simulate 
wind at 6 m s-1. Six pots of each cultivar were placed in each 
side of the chamber. Plants were first treated with -2°C for 
two days. Temperature was then dropped to -10°C gradually 
within a day. Leaf samples were harvested two days after the 
temperature reached -10°C for analysis of REL, RWC, Proline, 
and WSC as described above.

Starting on the third day of freezing treatment at -10°C, 
one pot was taken out daily from each treatment, gradually 
thawed at a rate of 0.5°C h-1 in a growth chamber, and placed 
in a greenhouse to grow. The pots were immediately watered 
and kept at 25/20°C (day/night) under natural photoperiod 
supplemented with artificial lights to about 400 μmol m-2 s-1. 
Plant survival rate was calculated from the number of green 
up tillers divided by the total number of tillers per pot two 
weeks after the pots were placed in the greenhouse.

Results and discussion
There was a large amount of variation among the six 

cultivars examined for morphological traits (Table 1). The 
results were coincident with the previous reports of their 
cold tolerance. Previously reported cold tolerant cultivars, 
‘Uno’ and ‘Brightstar SLT’, showed smaller but higher density 
of stomata than cold sensitive cultivars such as ‘Linn’ and 
‘NK-200’. In addition, cold tolerant cultivars either had 
higher density of short cells or higher density of hairs in 
the epidermis than the cold sensitive ones (Table 1). Water 
wetting angles on the upper epidermis, as an indirect 
measure of epicuticular wax accumulation (Gao and Li, 2015), 
also indicated that ‘Uno’ had a better protection of water loss 
than cold sensitive cultivars, especially ‘Linn’ (Table 1). The 
relative water conservation was further corroborated by the 
water loss test on the excised leaves. The percentage water 
loss in the detached leaves of ‘Linn’ was faster than that of 
‘Uno’. The water loss rate is demonstrated by the slopes of 
regression lines for water loss over time, which are 3.39 and 
2.27, respectively, and are significantly higher for ‘Linn’ than 
‘Uno’ (t = 7.4, Pr < 0.001) (Figure 1).

After 28 days of cold acclimation at 5°C, there was no 
difference in REL between cultivar ‘Linn’ and ‘Uno’, indicating 
that cell membrane permeability was not different for the two 
cultivars (Table 2). Neither was there any difference between 
acclimated and non-acclimated plants in REL. The same was 
true for RWC (Table 2) between cultivars with and without 
acclimation. At the end of cold acclimation, proline content 
was higher in the acclimated plants compared to the non-
acclimated plants. Also, ‘Uno’ had a higher proline content 
than ‘Linn’ (Table 2). The results from this study agree 
with earlier reports that cold acclimation increases proline 
concentration, which may further contribute to increased 
hardening (Abeynayake et al., 2015). The WSC content was 
higher in ‘Uno’ than in ‘Linn’. Cold acclimation resulted in a 
slight decrease in WSC content compared to non-acclimated 
plants. The decrease in ‘Uno’ was statistically significant 
(Table 2). However, the decrease of water soluble sugar may 
just have been the results of low photosynthetic rate at lower 
temperature (5°C) compared to higher temperature (25°C). 
Cold acclimation changed the biochemical status of plants 
but did not change the relative water content of the plants 
(Table 2). Proline content may be correlated with the levels of 
freezing tolerance (Bocian et al., 2015), but the contribution 
of the solute need to be evaluated with water withholding 
traits at freezing temperatures.

Two days after freezing and simulated wind treatment, 
‘Uno’ showed less relative electrolyte leakage than ‘Linn’, and 
wind simulation in addition to freezing increased REL further 
for both cultivars (Table 3). ‘Uno’ had higher RWC than ‘Linn’ 
indicating that ‘Uno’ was more capable of conserving water 

Table 1.  Morphological traits of six perennial ryegrass (Lolium perenne L.) cultivars observed from the middle part of the 
newest fully opened leaves with data expressed as mean ± standard deviation.

Cultivar Stoma size
(μm2)

Stoma density
(μm-2)

Short cell density
(μm-2)

Hair density
(μm-2)

Epicuticular wettability
Adaxial (°) Abaxial (°)

‘Uno’ 9266.3±493.1 37.6±2.0 3.4±0.9 6.8±0.7 132±3.6 46±6.0
‘Brightstar SLT’ 8768.5±336.8 37.7±2.5 2.3±0.9 9.5±2.3 124±4.1 47±2.6
‘Fiesta’ 8277.9±448.0 36.9±2.7 5.7±1.6 16.6±2.4 126±2.2 50±6.0
‘Evening Shade’ 9240.9±411.3 30.6±1.9 2.1±0.9 5.8±1.3 126±3.8 57±5.0
‘NK-200’ 8404.9±427.8 27.8±2.1 2.4±1.0 7.7±0.5 125±3.6 53±3.8
‘Linn’ 10358.8±543.6 26.7±1.4 2.5±0.9 2.8±0.7 121±3.2 46±6.0
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FIGURE 1.  Water loosing rate of detached leaves in ‘Uno’ and ‘Linn’ of perennial ryegrass (Lolium	perenne L.). 
 
 

Figure 1.  Water loosing rate of detached leaves in ‘Uno’ and ‘Linn’ of perennial ryegrass (Lolium perenne L.).

Table 3.  Measurements of relative electrolyte leakage (REL), relative water content (RWC), and water soluble carbohydrates 
(WSC) in cold tolerant ‘Uno’ and cold sensitive ‘Linn’ cultivars of perennial ryegrass (Lolium perenne L.) two days after cold 
stress at -10°C and simulated wind desiccation. Results are for cold acclimated plants only.

Cultivar Treatment REL RWC Proline
(μg g-1)

WSC
(mg g-1)(%)

‘Linn’ Freeze (-10°C) 0.63 0.64 752.2 34.5
‘Linn’ Freeze/dry (-10°C and desiccation) 0.79 0.54 750.0 34.7
‘Uno’ Freeze (-10°C) 0.52 0.82 839.7 36.1
‘Uno’ Freeze/dry (-10°C and desiccation) 0.60 0.76 854.3 36.8
‘Linn’ vs ‘Uno’ ** ** ** **
‘Linn’ freeze/dry vs. ‘Linn’ freeze ** * NS NS
‘Uno’ freeze/dry vs. ‘Uno’ freeze ** NS NS NS

Table 2.  Measurements of relative electrolyte leakage (REL), relative water content (RWC), and water soluble carbohydrates 
(WSC) in cold tolerant ‘Uno’ and cold sensitive ‘Linn’ cultivars of perennial ryegrass (Lolium perenne L.) with cold acclimation 
(5°C) for 28 days and without cold acclimation (25°C).

Cultivar Treatment REL RWC Proline 
(μg g-1)

WSC 
(mg g-1)(%)

‘Linn’ 25°C 0.066 0.92 508.0 23.5
‘Linn’ 5°C 0.066 0.93 555.7 22.6
‘Uno’ 25°C 0.067 0.92 538.3 26.8
‘Uno’ 5°C 0.069 0.92 650.0 24.5
‘Linn’ vs. ‘Uno’ NS NS ** **
‘Linn’ acclimated vs. ‘Linn’ non-acclimated NS NS * NS
‘Uno’ acclimated vs. ‘Uno’ non-acclimated NS NS ** *
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under the freezing conditions. The proline and SWC contents 
were not affected by treatment of wind simulation (Table 2).

The overall survival after freezing at day 3 showed that 
‘Uno’ had 35.2% survival and ‘Linn’ had 5.5% (Table 4). 
However, no survival was observed in ‘Linn’ in the combined 
freezing and wind simulation treatment, whereas 13.6% 
survived in ‘Uno’. At day 4, no ‘Linn’ survived. At day 5, only 
‘Uno’ in the freezing without wind simulation survived. Finally, 
at day 7, none of the treatments had survival plants (Table 4). 
The results clearly showed that desiccation caused by wind 
accelerated the freezing kill. Since wind simulation treatment 
did not affect the content of proline or WSC (Table 3), it is 
possible that during freezing treatment the solutes were not 
contributing to water conservation but only affecting the 
lethal temperature threshold.  Depression of freezing point 
by increasing solute content is well documented (Wolfe and 
Bryant, 1999). The water content data prior to the freezing 
treatment also supports this hypothesis since the water 
content in ‘Uno’ and ‘Linn’ was similar despite differences in 
proline and WSC (Table 2).

Water content is known to affect the freezing point and 
membrane status (Wolfe and Bryant, 1999). This study 
did not test the mechanism occurring in the membrane 
system of the plants, but a clear connection between water 
conservation contributed by different morphological 
traits and the freezing tolerance after cold acclimation was 
established. Although the effects of water withholding to 
freezing tolerance without cold acclimation was not tested in 
this study, it is likely that water withholding ability may also 
increase cold tolerance for plants without cold acclimation.

In conclusion, this study showed evidence that addition-
al morphological traits are involved in winter hardiness of 
perennial ryegrass than earlier reported, such as internode 
length of subcrown, leaf size, tiller size, and plant height. 
Those traits include stomata size and density, leaf hair den-
sity and epicuticular wax accumulation. The information can 
be used in breeding, especially when high-throughput phe-
notyping is used.
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