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Four Solanum tuberosum L. cultivars (Nicola, Pito, Puikula, Timo) and somatic hybrids between
freezing tolerant S. commersonii and freezing sensitive S. tuberosum were evaluated for their toler-
ance to freezing and low temperature photoinhibition. Cellular freezing tolerance was studied using
ion leakage tests and the sensitivity of the photosynthetic apparatus to freezing and high light inten-
sity stress by measuring changes in chlorophyll fluorescence (F

V
/F

M
) and oxygen evolution. Expo-

sure to high light intensities after freezing stress increased frost injury significantly in all genotypes
studied. Compared with S. tuberosum cultivars, the hybrids were more tolerant both of freezing and
intense light stresses. In field experiments the mechanism of frost injury varied according to the
severity of night frosts. During night frosts in 1999, the temperature inside the potato canopy was
significantly higher than at ground level, and did not fall below the lethal temperature for potato
cultivars (from –2.5 to –3.0°C). As a result, frost injury developed slowly, indicating that damage
occurred to the photosynthetic apparatus. However, as the temperature at ground level and inside the
canopy fell below –4°C, cellular freezing occurred and the canopy was rapidly destroyed. This sug-
gests that in the field visual frost damage can follow from freezing or non-freezing temperatures
accompanied with high light intensity. Therefore, in an attempt to improve low temperature tolerance
in potato, it is important to increase tolerance to both freezing and chilling stresses.
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Introduction

Frost is a freezing temperature that damages
cultivated plants (Pessi 1960). Severe frosts oc-
cur when the temperature at ground level falls
below –3°C (Solantie 1987). Cultivated potato,
Solanum tuberosum L., is a freezing or frost sen-
sitive species and is severely injured at temper-
atures below –3°C (Chen and Li 1980). There-
fore, severe frosts, which interrupt the growing
season in August in Finland, can reduce potato
yields (Valmari 1965). According to meteorolog-
ical data, late autumn frosts and spring frosts
cause less damage in Finland than early autumn
frosts (Pessi 1958, Valmari 1965).

Frost damage can be prevented to some ex-
tent by using appropriate cultivation practices.
Early planting and pre-germination of potato
seed tubers speed up growth and lengthen the
growing period. By choosing suitable locations
and soil types, the severity of frost damage can
be reduced (Valmari 1965). Sufficient nitrogen
fertilisation can also reduce frost damage to po-
tato by increasing leaf area and ability to cap-
ture heat radiating from the soil during a frost.
A larger undamaged leaf area also enhances the
recovery processes and ensures growth continu-
ation after frost (Valmari 1959). In practice, ni-
trogen fertiliser is applied to optimise potato
yield and quality and prevent frost damage.

Freezing tolerance among S. tuberosum cul-
tivars does not vary significantly. There are,
however, many wild potato species, including
S. commersonii, which can tolerate –4.5°C.
S. commersonii also has the ability to cold ac-
climate, that is to improve freezing tolerance
when exposed to low, non-freezing temperatures
(Chen and Li 1980). S. tuberosum cultivars are
freezing sensitive and unable to cold acclimate.
This has increased interest in transforming S. tu-
berosum germplasm using genes from freezing-
tolerant wild potatoes. Cardi et al. (1993) pro-
duced the somatic hybrid SH9 (S. commersonii
P1243503 (+) S. tuberosum SPV11) that is more
cold tolerant than the S. tuberosum SPV11 pa-
rental line. A hybrid progeny segregating for

freezing tolerance and acclimation capacity was
produced by selfing the somatic hybrid SH9A
(Seppänen et al. 1998). Those results indicated
that the freezing tolerance of hybrid parents can
be completely restored in the selfed progeny and
genotypes with as good freezing tolerance as
S. commersonii were identified.

Frost injury in the field develops slowly im-
plying that the primary injury takes place in the
photosynthetic apparatus (Steffen and Palta
1989b). Injury to the photosynthetic apparatus
causes photoinhibition, a reduction in photosyn-
thesis in the presence of light (Krause 1994). At
low temperatures the energy flow from the pho-
tosystem may exceed the demand of metabolic
pathways and lead to excess excitation in the
chloroplasts. In general, growing conditions that
include frosts suppress photosynthetic carbon
metabolism and increase the potential for over-
excitation of the photosynthetic apparatus, and
thus result in photoinhibition (Huner et al. 1993,
Krause 1994, Long et al. 1994). Photoinhibition
is therefore commonly recorded in field-grown
potatoes (Somersalo and Krause 1990). Cultivat-
ed potato and the wild freezing-tolerant relatives
S. commersonii and S. acaule suffer from pho-
toinhibition if exposed to low temperature in the
presence of light (Hetherington et al. 1983, Stef-
fen and Palta 1986, 1987, 1989a,b, Steffen et al.
1989, 1995, Griffith et al. 1994). Light stress is
also an important component of freezing injury
in field grown potato since freezing temperatures
are usually followed by bright mornings. Stef-
fen and Palta (1989b) reported that light after a
frost episode increases injury in S. acaule.

Chlorophyll fluorescence is a sensitive meth-
od for detecting changes in photosynthetic ca-
pacity due to various stresses (Bolhàr-Nor-
denkampf and Öquist 1993). During photoinhi-
bition, the decline in variable to maximum fluo-
rescence correlates with the decrease of quan-
tum yield of O

2
 evolution (Demming and Björk-

man 1987, Krause et al. 1990). This technique
has therefore been extensively used in studies
on photoinhibition and has been found to be use-
ful also in screening for freezing tolerance in
potato (Sundbom et al. 1982, Smillie and Heth-
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erington 1983, Graeves and Wilson 1987, Krist-
jandottir and Merker 1993).

Here we characterise the frost tolerance of
S. tuberosum cultivars and compare it with that
of S. commersonii x S. tuberosum hybrids. Frost
tolerance is separated into two parameters: tol-
erance to freezing and tolerance to low temper-
ature photoinhibition. Frost tolerance and the
development of frost injury were monitored by
visual scoring of plants in growth chambers and
in the field, and by following the changes in flu-
orescence kinetics after frost treatments in the
laboratory.

Material and methods

Plant material
Tubers of commercially available S. tuberosum
cultivars, Nicola, Pito, Puikula and Timo, were
obtained from the Tuber Seed Centre (Tyrnävä,
Finland). The somatic hybrid, SH9A (S. commer-
sonii PI243503 (+) S. tuberosum SPV11), was
kindly provided by Dr. T. Cardi, CNR-IMOF,
Research Institute for Vegetable and Ornamental
Plant Breeding, Italy (Cardi et al. 1993). Potato
hybrids, 1020 and 2051, were produced by self-
ing SH9A and characterised as freezing tolerant
(1020) or freezing sensitive (2051) (Seppänen et
al. 1998). The hybrids were propagated in vitro
and grown for four to six weeks prior transfer to
the greenhouse. In the greenhouse, all potato
plants were grown in pots (diameter 15 cm) con-
taining 10:1 (v/v) peat and sand. They were main-
tained at 20/15°C day/night temperatures and
18 h photoperiod of 220 µmol m–2 s–1 supplied
by SON-H/350 W lamps (Philips, Belgium).

Controlled frost treatments in the
growth chamber

Experiment 1: Potato plants (n=3) were exposed
to controlled frost treatments in a growth cham-

ber (Weiss Bio 1300, Germany). Plants were
transferred to growth chambers from greenhouse
and controlled frost treatments were initiated
immediately. The ambient temperature was grad-
ually lowered from 10°C to the target tempera-
ture in 11 hours. Plants were exposed to the min-
imum temperature (–3°C or –5°C) for 2 hours
before the temperature was raised to 2°C over
5 hours. Measurements on  photosynthetic  ac-
tivity after freezing treatment  (FR) were  car-
ried out at this point. In nature early autumn
frosts take  place  at  low  light  intensity  or  in
darkness. The light intensity was therefore set
to 80 µmol m–2 s–1 (L 36 W/31-830 Lumilux plus
lamps, Osram, Germany) and to 40 µmol m–2 s–1

after the  temperature  had  been  decreased  to
6°C. After taking fluorescence measurements
from low temperature treated plants, the plants
were exposed to high light intensity (HL) (700
µmol m–2 s–1)  for  four  hours while  the  tem-
perature was increased to 10°C. The develop-
ment of frost damage was followed at 15/10°C
(day/night) with  an  18 h  photoperiod  of  100
µmol m–2 s–1 until 24 hours (RE1) and 48 hours
(RE2) after controlled frost treatments.

Experiment 2: In order to minimise experi-
mental variation in freezing and conditions of
high light intensity caused by morphological dif-
ferences (plant height, leaf orientation) between
the genotypes, excised leaf discs were used. Three
leaf discs (Ø 3 cm) from three individual plants
were excised and placed in test tubes containing
wet tissue at the base. The tubes were put into a
controlled cooling unit (Lauda RK20 KP, Ger-
many) at 1°C and the temperature was decreased
to –1°C within two hours. Extracellular ice for-
mation was initiated by adding small ice crystals
into the tubes. The temperature was decreased to
freezing at –3°C during two hours. The minimum
temperature (–3°C) was maintained for one hour
before being increased gradually (1°C/h) to 4°C
and maintained overnight. Measurements on pho-
tosynthetic activity were carried out after freez-
ing (FR), before the leaf discs were put into petri
dishes on a section of wet paper towel. The plates
were then placed in ice boxes and exposed to a
maximum photon flux density (PFD) of 700 µmol
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m–2 s–1 for 4 h (FR + HL). After treatment with
high light intensity photosynthetic activity was
measured again (FR + HL) and the leaf discs were
transferred to a growth chamber at 15/10°C (day/
night) with an  18 h  photoperiod  of  100 µmol
m–2 s–1 where the recovery was followed similar-
ly as in Experiment 1.

Freezing tolerance and visual frost injury
Freezing tolerance was measured using an ion
leakage method (Seppänen et al. 1998). LT

50
-

value (lethal temperature where 50% of ions have
leaked out from the cell) was calculated as an
average of at least three replicate plants by us-
ing an LT

50
-program (Janacek and Prasil 1991).

The development of frost injury was visually
evaluated similarly in growth chamber and field
experiments. For visual scoring a scale from 1
to 5 was used, where 5 referred to an undam-
aged plant and 1 to a severely damaged plant. In
the field experiment the upper and lower cano-
pies were assessed separately. The development
of frost injury was followed in 1998 and 1999
and the severity was expressed as a percentage
of damaged leaf area. Air temperature was mon-
itored at two meters height (min, max, mean), at
ground level (Gmin) and inside the potato cano-
py during the development of frost injury.

Photosynthetic activity
Frost injury to the photosynthetic apparatus was
monitored by chlorophyll a fluorescence and
oxygen evolution measurements. Chlorophyll
fluorescence, a variable of maximum fluores-
cence yield (F

V
/F

M
), was monitored with a

Hansatech fluorometer (Hansatech FMS-2) af-
ter 10-min dark adaptation. Oxygen evolution
was measured with a Hansatech oxygen electrode
(Hansatech Ltd., King’s Lynn, U.K.) at 10°C
under a photon flux density of 400 µmol pho-
tons m–2 s–1.

Chlorophyll fluorescence and oxygen evolu-
tion measurements were made from three upper

leaves of potato plants (Experiment 1) or from
excised leaf discs (Experiment 2). Changes in
F

V
/F

M
 and oxygen evolution were followed pri-

or to and after the stress treatments: before stress
treatments (C), after freezing (FR), and after
freezing and high light intensity treatments (FR
+ HL). The recovery from the stress treatments
was monitored over 24 h (RE1) and 48 h (RE2)
after the high light intensity treatment.

Results

Freezing tolerance and visually rated
frost damage

Potato hybrids 2051, SH9A and 1020 were sig-
nificantly more tolerant of freezing than S. tu-
berosum cultivars Puikula, Pito and Timo (Ta-
ble 1). Nicola had significantly better freezing
tolerance than Puikula. However, when frost tol-
erance was evaluated in the growth chamber by
applying both freezing and light stress, none of
the potato genotypes were severely injured at
–3°C, although the freezing temperature in the
chambers was lower than the critical tempera-
ture, which was measured by ion leakage tests
(Fig. 1a, Table 1).

Table 1. The freezing tolerance of cultivated potato culti-
vars (Puikula, Pito, Timo, Nicola), the somatic hybrid SH9A
and hybrids 1020 and 2051. LT

50
-value is the temperature

where 50 % of  ions  have  leaked from the  cell.  The  LT
50

-values are calculated from three replicates.

Potato genotype LT
50

Puikula –2.4 a
Pito –2.5 ab
Timo –2.6 ab
Nicola –3.0 bc
2051 –3.2 c
SH9A –3.8 d
1020 –4.5 e

LSD* 0.473

* LSD = least-significant difference
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All S. tuberosum cultivars suffered from sig-
nificant injury when the freezing temperature
was lowered  to  –5°C  during  the  frost treat-
ments (Fig. 1b). Due to the large standard devi-
ation between the replications error bars are not
shown in the figure. In the hybrid SH9A only
minor injury was observed after the frost treat-
ment.

In the field experiments, the development of
frost injury was evaluated separately on leaves

of the upper and lower canopy (Figs. 2a, 2b). In
1998, the canopy was completely destroyed by
night frosts on 31 August and 1 September. The
first night frost lasted for 5 hours and the tem-
perature decreased to –4.4°C at ground level, to
–2.2°C at two meters and to –1.4°C in the cano-
py (data not shown). During the following night,
the ambient and internal canopy temperatures
dropped below the lethal level to –4.5°C. In
1999, frost injury began to develop slowly in the

Fig. 1. The development of freezing injury under laborato-
ry conditions during controlled night frosts. Four potato
cultivars (Puikula, Pito, Timo, Nicola) and a somatic hy-
brid SH9A (S. commersonii (+) S. tuberosum SPV11) were
exposed to a freezing night (FR) and subsequent high light
intensity (700 µmol m2 s–1) (FR + HL). After freezing and
high light intensity treatment (FR + HL) the development
of freezing injury was monitored over 24-hours (RE1) and
48-hours (RE2). C referes to frost injuries in conditions
prior to frost treatments. Two temperatures were used in
freezing treatments (FR) a) –3°C and b) –5°C. Visual scor-
ing: 1 – severe damage, 5 – no visual damage.

Fig. 2. The development of frost injury in a potato canopy
under field conditions at Lapland Research Station in 1999.
Frost injury (%) was monitored from the upper (a) and lower
(b) leaves of the canopy. See Table 2 for air temperatures
during the frost period.
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upper leaves immediately after the first night
frost of 20 August (Fig. 2a). Injury continued to
proceed slowly although several night frosts oc-
curred during the following nights (Table 2).
Within the first three days the development of
frost injury was slightly faster in cultivars Pito
and Nicola but after seven days there were no
differences between the cultivars. Visual frost
injury was monitored in the lower canopy only
after the freezing temperature during the night
frost was decreased to –4.2°C at ground level
(Fig. 2b, Table 2).

During the development of frost injury (from
20 to 27 August 1999) (Fig. 2a), air temperature
in the potato canopy did not decrease below
freezing (Table 2). The temperature in the cano-
py was higher than the minimum temperature at
two meters (Min). Although potato plants were
not exposed to freezing during the frost episode,
bright daylight (clear sky) after the first two
freezing nights may have increased injury to the
canopy.

In 1999, the minimum temperature at two
meters was two to three degrees higher than at
ground level, forming a temperature gradient
close to the soil surface. Since the position of
the potato canopy in this temperature gradient
may have affected the severity of frost injury,

the height of the potato cultivars was plotted
against the degree of frost injury (data not
shown). No correlation was found (R2 = 0.12),
indicating that the height of the potato cultivar
had no influence on frost tolerance. It also sug-
gests that freezing injury in taller genotypes was
not due to exposure to lower temperature.

Tolerance to low temperature
photoinhibition

The tolerance of the photosynthetic apparatus to
low temperature photoinhibition was studied by
monitoring changes in variable to maximum flu-
orescence (F

V
/F

M
) and oxygen evolution after

controlled frost treatments. When the plants were
exposed to night frost at –3°C, no reduction in
fluorescence kinetics was detected in any of the
genotypes (data not shown). When the freezing
temperature during a night frost was decreased
to –5°C, a significant reduction in F

V
/F

M
 was

detected in all S. tuberosum cultivars. The most
significant reduction was  measured  in  Nicola
(–26%) whereas there was no change of F

V
/F

M

in the hybrid SH9A (Table 3). In S. tuberosum
cultivars the high light intensity treatment in-
creased damage to the photosynthetic apparatus

Table 2. The development of frost injury in Apukka, the research station of the MTT Agrifood Research Finland, during 20
to 27 August 1999. Daily maximum and minimum temperatures were monitored at two meters and at ground level (Gmin).
Temperature inside the potato canopy was measured 30 cm above the ground. Cloudiness: 1 – clear sky, 9 – completely
cloudy.

Date Temperature Cloudiness Irradiation Rain
(°C) (W/m2) (mm)

Mean Max Min Gmin Canopy
(min)

20 Aug 7.3 14.4 –0.8 –3.1 1.0 1 204.8
21 Aug 7.1 13.6 –0.8 –3.8 0.8 1 175.2
22 Aug 6.4 13.0 0.2 –2.6 1.9 7 138.0
23 Aug 6.8 14.8 –0.5 –3.4 1.0 9 183.9
24 Aug 9.1 17.0 0.4 –2.7 1.7 8 101.7
25 Aug 11.51 15.6 9.3 –4.8 11.01 1 207.3
26 Aug 8.5 16.3 –1.3 –4.2 0.1 1 192.2 18.7
27 Aug 11.21 17.3 1.8 –0.2 1.5 8 168.1 14.3
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(FR + HL) and caused lethal injury within 24
hours (RE1).

To avoid supercooling and ensure complete
freezing of potato leaves, leaf discs rather than
entire plants were used for controlled frost ex-
periments (Table 4). Freezing to –3°C led to sig-
nificant reduction in F

V
/F

M
 only in Timo. How-

ever, in both cultivars oxygen evolution de-
creased to zero after freezing treatment indicat-
ing that lethal injury to the photosynthetic appa-
ratus had occurred. The photosynthesis of hy-
brid 2051 was also sensitive to freezing, decreas-
ing as the oxygen evolution decreased from 14.2

to 9.1 µmol s–1m2. 2051 was also the most freez-
ing sensitive potato hybrid (Table 1). For the
more freezing tolerant hybrids, SH9A and 1020,
no decrease in oxygen evolution was recorded
after freezing (Table 4). High light intensity
treatment after freezing stress (FR + HL) caused
a significant reduction in F

V
/F

M
 in all genotypes

studied. Oxygen evolution measurements indi-
cated that all genotypes had undergone lethal
damage to the photosynthetic apparatus. In this
experiment, oxygen evolution was not monitored
during recovery.

Table 3. Development of the variable to maximum fluorescence (F
V
/F

M
) in potato plants exposed to controlled frost at –5°C

in growth chambers (See: Material and methods; Experiment 1). SE – standard error of mean; n = 6. The change in F
V
/F

M
 is

expressed as % from the F
V
/F

M
-value of before the treatments.

Genotype Before treatments After FR* After FR + HL** Recovery 24 h Recovery 48 h
(RE1) (RE2)

F
V
/F

M
% F

V
/F

M
% F

V
/F

M
% F

V
/F

M
% F

V
/F

M
%

Puikula 0.85 ± 0.00 0 0.78 ± 0.02 1–9 0.62 ± 0.06 –27 † –100 † –100
Pito 0.86 ± 0.00 0 0.75 ± 0.02 –13 0.62 ± 0.06 –29 † –100 † –100
Timo 0.86 ± 0.00 0 0.70 ± 0.04 –18 0.56 ± 0.06 –34 † –100 † –100
Nicola 0.85 ± 0.00 0 0.63 ± 0.04 –26 0.49 ± 0.07 –42 † –100 † –100
SH9A 0.86 ± 0.00 0 0.85 ± 0.01 –10 0.84 ± 0.01 1–2 0.85 ± 0.00 11–1 0.86 ± 0.01 –110

† not assessable due to lethal injury
* FR – freezing at –5°C
** HL – high intensity light (700 µmol m2s–1)

Table 4. The effect of freezing (FR) and high light intensity (HL) on the variable to maximum fluorescence and on oxygen
evolution (µmol s–1 m2) in potato leaf discs. The reduction of F

V
/F

M
 as % of untreated control is shown in parenthesis. Two

potato cultivars Timo, Nicola and the somatic hybrid SH9A and hybrids 1020 and 2051 were examined. For fluorescence
measurements SE – standard error of mean; n = 9, and for oxygen evolution SE – standard error of mean; n = 3.

Genotype Before treatments After FR** After FR and HL**

F
V
/F

M
Oxygen F

V
/F

M
Oxygen F

V
/F

M
Oxygen

evolution evolution evolution

1020 0.85 (0) 18.0 ± 0.0 0.84 (1.5 ± 0.6) 22.0 ± 9.6 0.71 (16.9 ± 1.5) 0.00
2051 0.86 (0) 14.2 ± 1.3 0.82 (4.6 ± 0.4) 9.1 ± 5.7 0.68 (20.6 ± 1.4) 0.00
SH9A 0.86 (0) 13.5 ± 0.0 0.84 (2.7 ± 0.3) 18.6 ± 8.6 0.71 (17.3 ± 0.8) 0.00
Timo 0.86 (0) 11.3 ± 3.2 0.69 (20.0 ± 0.2) 0.00 0.52 (39.8 ± 2.6) 0.00
Nicola 0.87 (0) 11.3 ± 3.2 0.81 (6.7 ± 0.4) 0.00 0.71 (18.5 ± 4.0) 0.00

* FR – freezing at –3°C
** HL – high intensity light (700 µmol m2s–1)



160

A G R I C U L T U R A L A N D F O O D S C I E N C E I N F I N L A N D

Seppänen, M.M. et al. Frost tolerance of potato

Discussion

Frost injury to membranes and to the
photosynthetic apparatus

Solanum tuberosum cultivars differed only
slightly from each other in their tolerance to
freezing and low temperature photoinhibition.
According to results from the ion leakage tests,
Nicola was most tolerant of cellular freezing.
However, when the tolerance to low tempera-
ture photoinhibition was evaluated using chlo-
rophyll fluorescence measurements, the reduc-
tion in photosynthetic efficiency was highest in
Nicola. Ion leakage tests measure the tolerance
of the plasma membrane to freezing (Levitt
1980) whereas chlorophyll fluorescence detects
damage in photosynthetic functions (Bolhàr–
Nordenkampf and Öquist 1993). Careful analy-
sis of both parameters in this experiment re-
vealed that there might exist some genetic vari-
ation among S. tuberosum cultivars in their tol-
erance to freezing and photoinhibition. Howev-
er, the monitored differences between the culti-
vars were modest and are of restricted signifi-
cance for breeding programs. Also there was a
discrepancy between the results on fluorescence
and oxygen evolution. F

V
/F

M
 reflects the efficien-

cy of PSII and therefore the values should be in
accordance with oxygen production (Krause et
al 1990). The results on oxygen evolution meas-
urements suggest that freezing to –3°C resulted
in severe damage to the photosynthetic appara-
tus of potato cultivars. At the same time only
moderate decrease in F

V
/F

M
 was detected. Simi-

larly in potato hybrids, the production of oxy-
gen after freezing correlated well with the LT

50
-

value determined by ion leakage tests. Taken
together, the results show that especially freez-
ing damages to photosynthetic apparatus can be
detected earlier and more accurately by oxygen
evolution than by changes in F

V
/F

M
.

Exposure to high light intensity increases
freezing injury to the photosynthetic

apparatus

High light intensity increased frost injury in all
potato genotypes studied. Chlorophyll fluores-
cence data showed that interspecific hybrids suf-
fered less from photoinhibition than S. tubero-
sum cultivars. Steffen and Palta (1986) reported
similar results for the freezing tolerant wild po-
tato species S. acaule. They also found that low
temperature caused greater inhibition of photo-
synthetic capacity at low or moderate (40 and
400 µmol m–2 s–1) light levels in S. tuberosum.
At low temperature high light intensity can cause
imbalance in energy supply and consumption. As
a consequence the risk for formation of reactive
oxygen radicals increases (Krause 1994). Andean
wild potato species have better capacity to de-
toxify these molecules than S. tuberosum (Krist-
jandottir and Merker 1993). Species such as S.
commersonii can also increase this capacity
when exposed to low temperature (Seppänen et
al. 1998, Seppänen and Fagerstedt 2000). Thus,
greater capacity to scavenge reactive oxygen
radicals may explain the better tolerance of the
hybrids to some extent.

The mechanisms of frost injury in the
potato canopy

The mechanisms of chilling and freezing injury
are significantly different. During freezing stress
plants have to cope with cellular dehydration and
mechanical injury, both of which are caused by
growing ice crystals (Levitt 1980). Chilling in-
jury, however, is a consequence of metabolic
disturbances and accumulation of toxic by-prod-
ucts, such as reactive oxygen species (McKer-
sie and Lesham 1994). In the field, potato plants
can experience both chilling and freezing stress-
es. Cultivated potato is classified as a freezing
sensitive species that can suffer from significant
photoinhibition when exposed to chilling tem-
peratures (Chen and Li 1980, Steffen and Palta
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1986). The results of this experiment show that
although the damage to the potato canopy start-
ed to develop after the ground temperature had
decreased below freezing, the temperature inside
the canopy was still relatively high. As a result,
frost injury developed slowly, indicating that
damage to the photosynthetic apparatus had oc-
curred (Steffen and Palta 1989b). The opposite
is true in years including 1998, when the frost
was more severe and the temperature inside the
canopy decreased below the killing temperature
of potato. After such a severe night frost the en-
tire leaf area was rapidly lost. Thus, depending
on the severity of the frost, the injury to a potato
canopy can be due to freezing or non-freezing
temperatures. In order to improve low tempera-
ture tolerance of cultivated potato it would be
important to increase tolerance to both kinds of
frost injury. Potato hybrids were more tolerant
to freezing and their photosynthetic apparatus
suffered less damage when exposed to freezing
or high light intensity stress. The result is in ac-
cordance with the earlier observations of Stef-
fen and Palta (1986) that tolerance to freezing
and low temperature photoinhibition are some-
what linked to each other and thus, both traits
can be improved simultaneously in classical
breeding programs. However, the nature of frost
injury in the field has to be taken into consider-
ation when molecular breeding and genetic trans-
formation are used. Molecular techniques are
often restricted to a manipulation of one toler-
ance mechanism at a time and for successful re-
sults it is critical to understand the primary cause
of frost injury in the field.

Comparison of results from controlled
frost treatments and field experiments

The results from the laboratory experiments in-
creased the understanding of frost injury in the
field. In the growth chamber frost injury started
to develop at a lower temperature (–5°C) than
would be predicted according to the ion leakage
results. However, when leaf discs were used
freezing to –3°C caused a significant reduction
in photosynthetic capacity but no observable
freezing injury. Plants can avoid ice formation
to some extent by lowering the freezing point
and supercooling (Levitt 1980). Supercooling
requires absence of ice nucleators. In the field,
however, plant leaves are colonised by epiphytic
bacteria, or covered with dust or other particles
that can act as ice nucleators (Lindow et al.
1982). However, the LT

50
-value derived by the

ion leakage tests is not necessary the actual kill-
ing temperature of the plant, but rather an inci-
dation of plant’s sensitivity to freezing. Thus,
the actual freezing temperatures used in the ion
leakage and growth chamber experiments should
not be compared without precaution.

In the field and in the laboratory exposure to
bright light after freezing increased frost dam-
age significantly. Laboratory experiments veri-
fied the sensitivity of the photosynthetic appa-
ratus in S. tuberosum to freezing and high light
intensity stresses. Thus, in breeding programs it
is important to focus on both traits – increased
low temperature tolerance of the photosynthetic
apparatus and freezing tolerance.
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SELOSTUS
Perunan ja perunahybridien jäätymisen ja fotoinhibition kestävyys

Mervi M. Seppänen, Oiva Nissinen ja Saija Perälä
Helsingin yliopisto ja MTT (Maa- ja elintarviketalouden tutkimuskeskus)

Tutkimuksessa vertailtiin toisiinsa neljän perunalajik-
keen (Solanum tuberosum L.) (Nicola, Pito, Puikula,
Timo) ja kolmen perunahybridin (S. commersonii x
S. tuberosum) jäätymisen ja fotoinhibition kestävyyt-
tä. Jäätymisen kestävyyttä mitattiin ionivuototestien
avulla, ja yhteyttämiskoneiston herkkyyttä alhaisille
lämpötiloille ja korkealle valolle tutkittiin seuraamal-
la klorofyllifluoresenssissa ja hapentuotannossa ta-
pahtuvia muutoksia.

Korkea valon intensiteetti heti jäätymisen jälkeen
lisäsi hallavaurioita kaikilla tutkituilla perunageno-
tyypeillä. Kaikki perunahybridit kestivät paremmin
jäätymistä ja korkeaa valoa kuin S. tuberosum lajik-
keet. Peltokokeissa hallavauriomekanismit vaihteli-
vat vuosittain hallan ankaruuden mukaan. Syksyn
1999 yöhallojen yhteydessä lämpötila perunakasvus-
ton sisällä oli huomattavasti korkeampi kuin maan-

pinnalta mitattu lämpötila. Itse asiassa kasvuston läm-
pötila ei koskaan laskenut alle perunan kuolettavan
lämpötilan, joka vaihteli lajikkeen mukaan –2.5°C:sta
–3.0°C:een. Tämän seurauksena hallavauriot levisi-
vät kasvustossa hitaasti, mikä viittaa yhteyttämisko-
neissa tapahtuneisiin vaurioihin sekä sen seuraukse-
na tapahtuneeseen hapen radikaalien kertymiseen.
Mikäli yölämpötila laski maanpinnalla ja kasvuston
sisällä –4°C:een, kasvusto tuhoutui nopeasti. Tämän
mukaan korkea valon intensiteetti ja alhainen lämpö-
tila (jäätyminen tai vilutus) voivat yhdessä aiheuttaa
hallavaurioita. Kun pyritään parantamaan perunan
kylmänkestävyyttä, on tärkeää kiinnittää huomiota
molempiin stresseihin, ja ottaa huomioon etenkin kor-
kean valon aikaansaama hallavaurioiden lisääntymi-
nen.
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