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Abstract. Chlorophyll fluorescence (CF) was evaluated as a technique to assess chilling
injury of rose (Rosa sp.) leaves exposed to low temperatures. In the more susceptible
genotypes, variable fluorescence (Fv) decreased dramatically as the temperature was
lowered. In the less susceptible genotypes, Fv was more stable and decreased more slowly
as temperature fell. Our results suggest that measurement of CF may provide a rapid
method to prescreen genotypes for chilling susceptibility, as required in plant breeding.

Chilling injury can be defined as damage
occurring at temperatures near freezing, and
can affect plants in the field in early spring and
late fall. Plants sensitive to chilling must be
grown in heated greenhouses with high energy
costs. In order to reduce heating costs, plant
breeding programs have been designed to se-
lect genotypes more resistant to chilling. The
usual selection procedure is growth analysis
(Den Nijs and Smeets, 1987). Unfortunately,
such selection procedures are time-consum-
ing and the development of new genotypes
usually requires many years. Commonly used
techniques to measure the chilling tolerance of
plants are visual expression of necrosis (VEN),
vital staining (VSP), differential thermal analy-
sis (DTA), and freeze-induced electrolyte loss
(FIEL). Each of these methods has disadvan-
tages, and the comparison of results among
different methods is often difficult. The VEN
method is subjective, the results may differ
between observers, the appearance of injury
generally requires an extended period of time,
and the large sample size necessary is often
impractical to obtain (Burr et al., 1990). How-
ever, VEN requires no specialized equipment.
The VSP method is difficult to use, time-
consuming, and requires special equipment.
The DTA technique is inaccurate when plants
are in the process of hardening and dehardening,

chilling (Hetherington et al., 1983a, 1983b;
Neuner and Larcher, 1990; Smillie and Nott,
1979; Sthapit et al., 1995), freezing (Strand
and Öquist, 1988), and heat, radiation, and
drought stress (Havaux and Lannoye, 1985;
Lichtenthaler, 1988). Several studies have in-
dicated that reductions in CF occur in plants at
temperatures near their chilling threshold.
Smillie and Nott (1979) reported that the de-
crease in CF of leaves during rapid chilling at
0 °C can be used as an index of the chilling
sensitivity of plant species. Wilson and Greaves
(1990) reported that CF offers considerable
potential in accelerating the quantitative as-
sessment of chilling injury, as it is rapid,
sensitive, nondestructive, and relatively inex-
pensive, and is able to detect injury before
visible symptoms occur. It also can be used for
estimating the chilling tolerance of plants.

The objective of this study was to test
whether in vivo measurements of CF could
provide a rapid and simple method for assess-
ing chilling tolerance in roses and to determine
if there was any association between CF and
chilling injury. In addition, in vivo CF of
detached and attached leaves was measured to
determine if detachment affected response.

Materials and Methods

Plant material. Thirteen genotypes with
several degrees of chilling sensitivity were
used; all were ranked using the VEN method
(Table 1). Rosa kordesii  ‘Captain Samuel
Holland’, ‘George Vancouver’, ‘John Cabot’,
and ‘William Baffin’; R. hybrida  ‘JP Connell’;
R. rugosa ‘David Thompson’; R. rugosa ‘F-
95’ and ‘Ottawa’; and R. arkansana ‘Prairie
Joy’ (obtained from Agriculture and Agri-
Food Canada, L’Assomption, Qué.) were
evaluated by Reseau d’Essai des Plantes
Ligneuses Ornementales du Québec
(REPLOQ) (Conseil des Producteurs Végetale
du Québec, 1990) using the VEN method.
Rosa hybrida ‘Autumn Sunblaze’, ‘Sunny
Sunblaze’, and ‘Betty Prior’; and R. arkansana
‘Prairie Fire’ (purchased from Bailey Nurser-

and the results often vary considerably, mak-
ing calibration difficult (Burr et al., 1990).
Although FIEL is a very sensitive method, it
generally is time-consuming and requires re-
searchers to define an arbitrary point at which
irreversible tissue damage is assumed to occur
(DeHayes and Williams, 1989).

Genotype selection based on chilling toler-
ance could be improved by the availability of
a screening test that is rapid, nondestructive,
and applicable to young plants. Most chloro-
phyll fluorescence (CF) studies on tempera-
ture responses of plants have focused on the
determination of low and high temperature
limits of growth (Lichtenthaler, 1988; Weis,
1981). Recently, CF has been used to study
cellular processes other than photosynthesis,
the possible responses of plants to various
stresses, including chilling/freezing tolerance
in particular (Brennan and Jefferies, 1990;
Sundblad et al., 1990; Walker et al., 1990).

Several studies have suggested that in vivo
CF can be used as a rapid screening technique
for stress tolerance in crop plants, including

Table 1. Fv measurements and F values for detached and attached leaves of Rosa genotypes, the decrease
of Fv (β1) over time when the leaves were subjected to 0 °C, and the chilling sensitivity of  the genotypes
in the literature as classified by visual expression of necrosis (VEN) method. Expt. 1.

Chilling
Fv Slope (ß1) sensitivity

Species Cultivar Detached Attached F-valuez Detached (VEN method)
Rosa rugosa Ottawa 146 159 1.00NS –1.51** Very resistanty

F-95 189 215 1.27NS –1.64** Very resistanty

David Thompson 121 114 1.03NS –1.72** Very resistanty

Rosa kordesii William Baffin 231 242 1.66NS –1.57** Very resistanty

George Vancouver 187 196 1.33NS –1.91** Resistantx

John Cabot 129 134 1.29NS –2.06** Resistanty

Capt.Samuel Holland 212 218 1.15NS –2.16** Resistanty

Rosa arkansanaPrairie Joy 157 158 1.11NS –1.79** Resistantx

Prairie Fire 202 189 1.66NS –2.28** Sensitivew

Rosa hybrida  JP Connell 198 218 1.27NS –1.74** Resistanty

Sunny Sunblaze 213 231 1.55NS –2.13** Very sensitivew

Autumn Sunblaze 162 170 1.21NS –2.48** Very sensitivew

Betty Prior 183 195 1.02NS –2.31** Very sensitivew

zAll values nonsignificant at P ≤ 0.05.
yConseil des Producteurs Végetale du Québec (1990).
xRicher et al. (1997).
wInformation obtained from Bailey Nurseries (St Paul, Minn.) based on VEN classification.
** Significant at P ≤ 0.01 by F test.
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ies, St. Paul, Minn.) were evaluated by Bailey
Nurseries using the VEN method. Six plants of
each genotype were grown and tested for CF
from November to January. They were main-
tained under a 16-h light period, at 20° to 22 °C
day/16° to 18 °C night. Plants were watered
when necessary and fertilized once a week
with 20N–20P–20K at a rate of 80 mg·L–1.

Chlorophyll fluorescence measurements.
Plants or leaf samples from each replicate
were kept in the dark at 25 °C for 2 h to avoid
pre-irradiation by visible light, which can alter
the fluorescence measurements (Smillie and
Hetherington, 1990). A single, green, 40-W
safelight was used to provide a low level of
illumination during the fluorescence analysis,
allowing the operator to see well enough to
handle the plants and to operate the instru-
ment. Measurements were made with an OS-
500 Modulated Fluorometer (Opti-Sciences
Ltd., Tyngsboro, Mass.), using the Fv/Fm test
(method 1 on the fluorometer). Modulation
intensity was set at 100 and the detector gain at
40, with the saturation light (35-W halogen
lamp) intensity set at 190 for 0.8 s. The Fv
(variable fluorescence) was used for data analy-
sis and was calculated as

Fv = Fm – Fo

where Fo and Fm are the minimal (the constant
background fluorescence level) and the maxi-
mal fluorescence, respectively, of a dark-
adapted sample. Measurements were made on
the central region of the leaf, avoiding the mid-
vein in attached and detached, well-hydrated
leaves. During chilling, repetitive Fv mea-
surements were recorded every 2 s for 80 s on
the same portion of the leaf by placing the
prechilled sensor of the portable fluorometer
on the exposed upper surface of the leaf.

Expt. 1. Since both fluorescence and chill-
ing tolerance can vary with the age of the leaf,
the choice of plant tissue to sample becomes
important when making comparisons between
different genotypes. In our study, compari-
sons were made using fully expanded non-
senescing leaves. The six apical fully expanded
leaves, as well as six randomly selected young
leaves, were detached from each plant and
treated as described under “Chlorophyll fluo-
rescence measurements” above. Harvested
leaves were placed immediately into plastic
petri dishes containing moist filter paper. The
petri dishes were placed in a darkened cham-
ber kept at 70% relative humidity at 25 °C for
2 h; then the Fv was recorded.

Expt. 2. Similar genotypes were used in
this experiment to measure the effect of tem-
perature on Fv. Only detached leaves were
used, since in Expt. 1 no significant difference
was observed between detached and attached
leaves (Table 1). After initial measurements at
25 °C, the detached leaf samples were exposed
to 10 °C for 24 h, to 5 °C for 24 h, and finally
to 0 °C for 24 h. The Fv was then measured
following each exposure.

Statistical analysis of data. A completely
randomized design with six replicates (plants)
was used for each experiment. The relation-
ship (β1) between Fv value over time (Expt. 1)
and the decrease in temperature (Expt. 2) was

Fig. 1. Changes of Fv with temperature for 13 genotypes of roses classified as (A) very resistant, (B) resistant,
and (C) sensitive. Expt. 2.

calculated using the GLM procedure of SAS
(SAS Institute, 1989).

Results

Expt. 1. Changes of Fv during chilling
were the same for attached and detached leaves,
provided that the detached leaves were kept
well hydrated (Table 1), as change in water
status prior to or during chilling can alter the
severity of chilling response (Wilson, 1976).

The Fv decreased with time in all geno-
types when the leaves were held at 0 °C;
however, the slopes were not identical (Table
1). The rapidity of the decrease in Fv (β1), or
negative slope, increased with the chilling
tolerance of the genotype as classified in the
literature (Table 1). The more resistant geno-
types had lower slopes than did the very sensi-
tive genotypes.

Expt. 2. The changes in Fv with tempera-
ture for the intermediate genotypes (Fig. 1B)

were between those for the least (Fig. 1C) and
most chilling-tolerant genotypes (Fig. 1A).
Values for the least tolerant genotype (R.
hybrida ‘Betty Prior’) decreased markedly at
lower temperatures, whereas little change oc-
curred in the leaves of the very resistant geno-
type (R. rugosa ‘Ottawa’). For example, after
3 d at 0 °C, Fv of the chilling tolerant R. rugosa
‘Ottawa’ decreased by only 10%, whereas that
of the least tolerant genotype fell >50% (Table
2).

Discussion

Results with the CF method were similar to
those with VEN (Conseil des Producteurs
Végetale du Québec, 1990; Richer et al., 1997).
The small differences observed in Table 1
between classification based on VEN vs. CF
could have been due to VEN being based on an
observer’s subjectivity.

The decrease in Fv of all genotypes con-
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Table 2. Effect of temperature on Fv in leaves of 13 genotypes of rose as a percentage of initial value (six
replicates of each). Expt. 2.

Temp (°C) Slope
Species Cultivar 25 10 5 0 Effectz (ß1)
Rosa rugosa Ottawa 100.0 93.7 91.8 90.5 L* 6.41*

F-95 100.0 95.9 89.0 86.9 Q* 17.42*

David Thompson 100.0 91.1 85.3 79.7 L* 15.11*

Rosa kordesii William Baffin 100.0 93.5 86.2 80.8 Q* 18.87*

George Vancouver 100.0 89.3 85.7 79.1 Q* 23.61*

John Cabot 100.0 87.0 82.3 77.3 L* 20.59*

Capt. Samuel Holland 100.0 85.8 72.4 70.3 Q* 29.25*

Rosa arkansana Prairie Joy 100.0 91.0 85.0 77.1 Q* 16.41*

Prairie Fire 100.0 80.0 72.4 67.1 Q* 88.86*

Rosa hybrida JP Connell 100.0 93.0 90.8 85.0 Q* 26.46*

Sunny Sunblaze 100.0 77.0 66.6 57.9 Q* 35.54*

Autumn Sunblaze 100.0 85.4 64.3 53.1 L* 23.32*

Betty Prior 100.0 87.9 67.3 47.4 Q* 67.18*

zL = linear; Q = quadratic.
*Significant at P ≤ 0.05 by F test.

firms the findings of Hetherington et al. (1983a,
1983b), who introduced screening methods
based on changes in Fv to assess the relative
tolerance of crop plants to chilling and heat
stresses. The decrease in Fv in roses with
decreasing temperatures followed a pattern
similar to that of other crops, e.g., peanut
(Arachis hypogaea L.), maize (Zea mays L.),
and rice (Oryza sativa L.), that are susceptible
to chilling injury (Smillie and Hetherington,
1990). Therefore, a relationship between the
decrease of Fv at 0 °C and chilling sensitivity
exists and this may be used for selection in
breeding programs. In this study, the rates of
decrease in Fv agreed, for the most part, with
the expected relative chilling sensitivity of the
rose genotypes tested.

Our results indicate that CF can be used to
assess differences in chilling tolerance be-
tween genotypes. The strong relationship be-
tween chilling tolerance determined via visual
and fluorescence techniques supports the in-
ference that rapid reduction in fluorescence
indicates actual tissue injury. Measurement of
fluorescence after controlled chilling appears
to be an excellent method for determining
chilling tolerance in roses, and this method is
more rapid and less tedious than the tech-
niques currently used.

The CF method is relatively rapid, reliable,
nondestructive, quantitative, and diagnostic.
In comparison with other methods described
in the introduction, CF probably has the great-
est potential for quality assessment in nurser-
ies, as well as in breeding programs. Measure-
ment of CF is a useful method for the early
recognition and quantitative measurement of
cellular disturbance caused by low tempera-
ture injury. It could possibly be used to detect
genotypes that are not susceptible to low tem-
perature injury during the winter, but no such
relationship has been reported to date. Our
results indicate that the CF method can be used
on detached leaves in vitro without destroying
the plants.
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