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Abstract ; Effects of low temperature stress on lipid peroxidation, membrane and chlorophyll stability, and
catalase (CAT) activity and carotenoid content were evaluated under laboratory {reezing tests (3C, —2C
and —10C for 0.5, 3, 6, 9, and 12h, respectively), for possible use as cold hardiness selection criteria,
in detached leaves of two almond cultivars ( ‘NePlus’ and ‘Nonpareil’, differing in cold tolerance). The
application of moderate chilling treatment (3 C within 9h) to almond leaves had significantly elevated
levels of CAT activity ( ‘Nonpareil” +17%~94%, ‘NePlus’ + 38% ~ 107%) and carotenoid content
(“Nonpareil” +6%~31%, ‘NePlus’+10%~32%). Severe freezing treatments (—2C and —10C)
caused considerable injury in almond leaves as indicated by reduction in chlorophyll content ( ‘Nonpareil’
— 26% ., —44% and ‘NePlus’ — 42%, — 67% ., respectively) and increasing in electrolyte leakage
( ‘Nonpareil” +76%, +275% and ‘NePlus’ +196%,+379% , respectively ) , and enhanced oxidative
stress as indicated by increasing in malondiadehyde (MDA) content ( ‘Nonpareil’ + 43%, + 81% and
‘NePlus” +70%, +110%, respectively), and decreasing in levels of antioxidants (CAT activity and

carotinoid content). The decrease in antioxidant system and the increase in oxidative damage are closely
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correlated. These results provide some evidence for the view that low-temperature responses in plants is
due, at least in part, to oxidative stress, as a source of injury and as a signal to increase antioxidant
defenses. We also found that the cold resistance of plant (measured by winter injury index of field plants
and LT 5, of current year shoots in winter) correlated to that of leaves (measured by MDA content in leaves
under laboratory freezing test, —5 C for 4h and 8h) in 7 almond cultivars.

Key words: low-temperature stress; lipid peroxidation; catalase (CAT); carotenoid; selection criteria;
almond (Prunus dulcis)
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1 Introduction

In natural conditions crops are often exposed to various environmental stresses that decrease
production. At the whole-plant level, the effect of stress is usually perceived as a decrease in
photosynthesis and growth, and is associated with alterations in C and N metabolism". At the molecular
level, the negative effect of stress on leaves may be partially as a consequence of the oxidative damage to
plant cells through their reaction with membrane lipids, protein, and DNA, as a result of the imbalance

[2

between production of activated oxygen and antioxidant defenses This hypothesis is very plausible
because chloroplasts are major source of activated oxygen in plant'®, and because antioxidants, which may
play a critical role in preventing oxidative damage, are greatly affected by environmental stress™). Other
subcellular compartments of leaves. such as peroxisomes and mitochondria, are also potential generators
of activated oxygen, mainly as a consequence of electron transport and enzymic reactions'"’. Fortunately,
in optimal conditions leaves are rich in antioxidant enzymes and metabolites and can cope with activated
oxygen, thus minimizing oxidative damage .

Low temperature injury is one of the main limiting factors to crop production and distribution of

horticultural cropst™.

Despite the numerous research efforts devoted to reduce freezing injury, it still
accounts for greater losses of fruits and vegetables than any other environmental or biological hazardl.
Consequently, cold hardiness is often a main selection criterion in breeding programs™” and much research
has been focused on the mechanisms of freezing injury and acclimation to low temperatures. Low

temperature responses of plant have been reported to involve biochemical and physiological changes! ™"

[11,12]

and alterations in gene expression More recently. the induction of oxidative stress by low

temperature has been proposed as a major contributing factor to cold responses, as a source of injury and
as a signal to increase antioxidant defenses'*~ 1%/,
Our early study suggested that low temperature was one of the major constrains for introducing

California almond to southwestern China'®’.

Therefore, in order to gain some underlying biochemical
mechanisms which may bestow cold tolerance on almond cultivars, and to identify possible cold tolerance
selection criteria, we made use of two almond cultivars differing in cold hardiness and examined: 1) the
low temperature induced changes in the degree of membrane degradation through lipid peroxidation; 2) the
activity of catalase and content of carotenoid, since they are both important antioxidants or antioxidant
enzyme, and 3) changes in chlorophyll content and the permeability of membrane, both of which are
known to be sensitive to low temperature. We also examined the cold hardiness of 7 almond cultivars by
winter injure index of field plants and LT ;,(the lowest temperature causing 50% damage) of current year
shoots by electrolyte leakage test and variation of MDA content in leaves after laboratory freezing test

under —5 C for 4h and 8h.

2 Materials and methods
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2.1 Plant material

Two almond cultivars (Nonpareil and NePlus, all 3-year-old), which were introduced from Burchell
Nursery Inc., California, USA., on March 1997, grew at the Fruit Tree Research Station of Gansu
Academy of Agricultural Science (Gansu, China). Electrolyte leakage assays were conducted on the
following tissues: 6 mm diameter discs collected from leaves of the current year shoots of each four plants
of Nonpareil and NePlus on 12 to 17 June 2000.
2.2 Electrolyte leakage assays and cold hardiness determination

The samples were collected in the field, kept on ice, and brought to the laboratory for cold hardiness

determination as described by Arora er al'*".

Leaves were cut into 6 mm diameter discs and placed into
glass test tubes (20X 2 cm?) containing 1. 5 mL cold (4 C) distilled deionized water. Leaf margins and
midribs were excluded from the discs. To eliminate solute leakage from cut surfaces, all tissue samples
were soaked for 1h in cold (4 C) distilled deionized water. The capped tubes containing samples to be
frozen were randomly placed in an ethylene glycol freezing bath (model 2425 CH/P, Forma Scientific,
Marietta, Ohio) set at 0 C. Additional tubes containing representative tissue samples were fitted with 30-
gauge copper-constantan thermocouples and randomly placed in the freezing bath. The thermocouples were
then attached to a programmable datalogger (CR7X, Campbell Scientific Inc. . Logan Utah) for constant
monitoring of temperature.

The bath temperature was lowered to — 1 C at the rate of 1 C/h. When the tissue temperature
reached —1'C, samples were nucleated with a small chip of ice (glass—distilled water) and held overnight
at —1 C to ensure complete tissue freezing. Next, the bath temperature was lowered at a rate of 1 C/h
and the samples were held at each test temperature for 8h for leaf samples before 3 replicate tubes of each
leaf category were removed. Leaf test temperatures of —2, —4, —6, —8, —10, and —12 C were used
because the results of preliminary freezing tests indicated that these temperatures produced tissue injury
ranging {rom none to complete kill.

Tubes were removed at various treatment temperatures, fist placed in ice (2h minimum), and then
transferred to 4 C (overnight) to allow slow thawing. Discs were placed in 20 mL of distilled deionized
water immediately after thaw, vacuum infiltrated at 0. 17 MPa for a single 15-min cycle to ensure
penetration of the bathing solution into the tissues. Measurements of electrical conductivity were made at
20 min after infiltration with an electrical conductivity meter (model CDM80, Radiometer, Copenhagen,
Denmark) as described by Arora et al*"’. , and percent injure (as described by Arora et al***.) was then
calculated using the percent ion leakage data.

Cold hardiness determinations of detached leaves indicated an L7175, of —8.754+0.09C and —7. 13+
0. 05 C for Nonpareil and NePlus, respectively . This cold resistance diffidence between Nonpareil and
NePlus was consistent with the study of Buyukyilmaz and Kester!?*,

2.3 Low-temperature treatments and parameters determination

Detached leaves were exposed to various low temperature (chilling temperature, 3 C; nonlethal
freezing temperature —2 C ; lethal freezing temperature —10C) for 0.5, 3, 6, 9 and 12h, respectively.
The procedure of freezing to various treatments and thawing as described by Arora (1996). And we made
leaves from shoots which were kept in culture chamber (20 C, 45% ~60% relative humidity (R ). the
cut ends were soaked in distilled water) over the treatments time as controls. Cellular damage was
estimated by the electrolyte leakage test''''?"). Malondiadehyde (MDA ) content, a decomposition
(23], was measured as thiobarbituric acid-
[24]

production from the peroxidation of polyunsaturated fatty acids

reactive material from centrifuged leaf extracts in 5% trichloroacetic acid The absorbance of the extract
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was read at 532nm and the values were corrected for nonspecific turbidity by subtracting the absorbance at
600nm. The concentration of malondialdehyde was calculated using its extinction coefficient. Samples of
50mg fresh leaf tissue were extracted with 80% acetone, and their chlorophyll and carotinoid content were
calculated with the extinction coefficients given by Lichtenthaler and Wellburn™/. A 0. 25mg of leaf
sample was ground with cold (4 C) Tris-HCI buffer (pH 8. 5) containing 5 mmol/L. EDTA, 5 mmol/L
DTT, 10% (w/v) insoluble polyvinylpolypyrrolidone (PVP) and 0. 5 mmol/L phenylmethylsulfonyl
fluoride. The homogenate was strained through one layer of Miracloth (Calbiochem) and centrifuged at
15, 000g for 20 min. All operations were performed at 0 to 4 C. Catalase activity was determined by
measuring the rate of decrease in absorbance at 240nm from 3 min in a solution of 12. 5 mmol/L H,0,in 50
mmol /L potassium phosphate (pH 7.0) at 25 C 2%,
2.4 Data analyses

Analysis of variance (ANOVA) with temperature, treatment time and cultivars (fixed effects) and
three independent samples (random effect) were performed on all five indices to test for responses of
almond leaves to low temperatures. Differences between cultivar within times were tested by paired-
samples ¢ test at P<Z 0. 05. For all analyses., we used general linear models (procedure GLLM, SPSS Inc. ,
1993). Correlationships between parameters expressed as % of control were also calculated. LTs,, the
lowest temperature causing 50% damage, was determined by plotting conductivity data against
temperature, using a logistic regression model by means of the Statistic program.
3 Results
3.1 Low-temperature injuries on almond leaves

The effects of low temperatures on detached leaves of almond are highly variable and depend on the
characteristics of both the intensity and duration exposed to low temperatures and the plant genotypes
(Table 1). At 3C. there were no any visual symptoms of chilling damage in detached leaves of almond
until the duration of treatment reached to 9h. Damage symptoms in the more severe treatments (—2C
over 3h and —10 C) appeared as waterlogged appearance and a chlorosis of the tissue. Irrespective of the
cultivars., while the chlorophyll content decreased significantly, the electrolyte leakage increased sharply
with the intensity and duration of the low temperatures (Fig. 1). At 3 Cfor 12h, the content of
chlorophyll in NePlus and Nonpareil decreased 31. 5% and 18. 2%, and electrolyte leakage increased
85.6% and 43. 6%, respectively. At —2C for 12h, chlorophyll content decreased 67. 4% and 45.9%,
and electrolyte increased 368. 7% and 195.6% , respectively. The rate and extent of variation were
Table 1 Results of analyses of variance for physiological and biochemical traits of two almonds, c¢v ‘Nonpareil ’ and
‘NePlus ’, after three types of low-temperature treatments (3C, —2C, —10 C and untreated control ) for five

treatments time (0.5, 3, 6, 9, and 12h) in the darkness

Source of Chlorophyll content Electrolyte leakage MDA content CAT activity Carotinoid content

vartation df MS df MS df MS df MS df MS
Replication 2 0. 005 " 2 1.184% 2 0.0128 2 0.016% 2 0.002"
Cultivar (C) 1 2.537* " 1 129.958* ** 1 4.983*** 1 5.075% 1 0.201***
Temperature (1) 3 3.335* % 3 5448.093*** 3 121.042*** 3 94.840¢* ** 3 0.612***
Time (1) 4 0.863"* ** 4 746.440* ** 4 25.931* "~ 4 6.181* "~ 4 0.133***
CXT 3 0.079* ** 3 376.301* ** 3 2.030* ¥ 3 0.575* ™ 3 0.001*
CXt 4 0. 006" * 4 11.033*** 4 0.613"* 4 1.383*** 4 0.003* **
TXt 12 0.078* ** 12 158. 041 ** 12 5.721* % 12 2.801*** 12 0.029***
CXT Xt 12 0.004*** 12 8.296* ** 12 0.178*** 12 2.401%** 12 0.002***
Error 78 0. 001 78 1. 351 78 0. 025 78 0.021 78  <<0.001

Note: NS, not significantly different at P<C0. 05 % , * % , x % x , significantly different at P<C0. 05, P<C0. 01 and P<<
0. 001, respectively.
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significantly higher in ‘NePlus’ than in ‘Nonpareil’ (Fig. 1). Based on the observation above it was
obvious that ‘NePlus’ was more sensitive to freezing than ‘Nonpareil’. This result was consistent with the
study of Buyukyilmaz and Kester 2,
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Fig.1 Changes in chlorophyll content (A, B) and electrolyte leakage (C, D) of ‘Nonpareil > and ‘NePlus’ leaves
after low-temperature treatments. Values represent the means of three replications. Error bars represent 95%
confidence.
3.2 Lipid peroxidation
In the leaves of two almonds the content of MDA on a fresh weight basis, increased significantly with
temperature (’<0.001) and duration of treatment (P<C0.001) (Table 1). At 3C, —2C and —10C for
12h, MDA content increased 19. 2% (Nonpareil) and 36. 7% (NePlus), 86.7% (Nonpareil) and 134. 4%
(NePlus), 111. 8% (Nonpareil)and 163. 5% (NePlus), respectively (Fig. 2). And the extent of increasing
in MDA content was significantly higher in ‘NePlus’ than in ‘Nonpareil’ (Fig. 2). Furthermore, there
were close correlations between low temperature injures (as measured by decreasing in content of
chlorophyll (Fig. 4 D) and enhanced electrolyte leakage) and increase in content of MDA (Fig. 4 C),
indicating that freezing increased obvious lipid peroxidation, which was related to low-temperature injures
in almond leaves.
3.3 CAT activity and carotenoid content
To determine if the low temperature responses in almond leaves were associated with differences in

antioxidants that protect against oxidative stress, CAT activity and carotenoid content were measured. At
3 C, CAT activity and carotinoid content firstly increased rapidly but later decreased with duration of the
treatment (Fig. 3). In ‘Nonpareil’, the peak of CAT activity (194% of control) and carotinoid content
(131% of control) occurred at 9h and 6h, respectively (Fig. 3). In ‘NePlus’, the time reached the peak of
CAT activity (207% of control) and carotinoid content (132% of control) were both 3h (Fig. 3). This
suggested that the application of moderate chilling treatment (3 C for 3~ 9h) on almond leaves led to

increase in concentrations of antioxidant. There were no changes or only small changes in the content of
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Fig. 2 Changes in malondialdehyde (MDA) content of ¢ Nonpareil > and ‘ NePlus ’ leaves after low-temperature

treatments. Values represent the means of three replications. Error bars represent 95% confidence
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Fig. 3 Changes in catalase (CAT) activity (A, B) and caroteniod content (C, D) of ‘Nonpareil” and ‘NePlus’
leaves after low-temperature treatments. Values represent the means of three replications. Error bars represent

95 % confidence
chlorophyll or MDA and the electrolyte leakage. when the CAT activity and carotinoid content increased
(Fig. 1 and Fig. 3). But over the peak of CAT and carotinoid, chlorophyll content decreased while MDA
content increased obviously (Fig. 3, Fig. 2 and Fig. 1). At —2C for 0. 5h there was still a significant
increase in CAT activity ( ‘Nonpareil’ +41% and ‘NePlus > +28%) (Fig. 3), but after that they
decreased sharply. At —10C, CAT activity and carotenoid content showed significantly the same decline
tendency with treatment time (Fig. 3). There were close correlations between increase in MDA content
and decrease in carotinoid content (Fig. 4 B) or CAT activity (Fig. 4 A). This suggested that induction of

oxidative stress by low-temperature was related to a weakening in antioxidant defenses.
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Fig. 4 Correlations between increase in MDA content and reductions of antioxidants levels [CAT activity (A) or

caroteniod content (B)] in almond leaves; and correlations between increase in MDA content and low-temperature

injuries [indicated by elevated electrolyte leakage (C) or reduction in chlorophyll content (D) ] in almond leaves

(n=30)
3.4 Correlation between cold resistance of leaves and shoots in almond

A preliminary study revealed that the cold resistance difference (as measured by electrolyte leakage)

in leaves of 7 almond cultivars was more definite at nonlethal freezing temperature than at chilling or lethal
freezing temperature (data not shown). We then determined the cold resistance of 7 almond cultivars by
the variation of MDA content and electrolyte leakage in leaves after laboratory freezing test under —5C
for 4h and 8h (Table 2). As shown in Table 2, the tolerance to cold stress in terms of oxidative damage
(relative increment of MDA content) in almond leaves largely depends on cultivars: the higher resistance
of ‘ Butte > and ‘ Padre ’ and the lower tolerance of ‘ NePlus ’ and ‘ Sonora ’. Statistical correlation was
found between MDA content and electrolyte leakage (for 4h, R*=0.897, p<C0.01; for 8h, R*=0.830, p

<C0.01). Winter injure index of field plants and LT;, of current year shoots of 7 almond cultivars in winter

in 1999~2001"") again confirmed the higher resistance of ‘ Butte ’ and ‘ Padre ’ and the lower tolerance of

‘ NePlus ” and ° Sonora ’ (Table 3). There were significant correlations between the cold resistance of
leaves and that of plants (Fig. 5) in 7 almond cultivars.

4 Discussion

More recently, the induction of oxidative stress by low temperature has been proposed as a major
contributing factor to cold responses, as a source of injury and as a signal to increase antioxidant
defenses "% Our results tend to support this interpretation. In our study, an application of moderate
chilling treatment (3 C, 3~9h) to almond leaves had significantly elevated levels of CAT activity and

carotinoid content, while there were no changes or only small changes in content of chlorophyll or MDA
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and degree of electrolyte leakage.
Table 2 Effects of low-temperature treatments (—5 C for 4 and 8h) on MDA content and electrolyte leakage in leaves of

seven almond cultivars

. MDA content (nmol » g~ ! FW) Electrolyte leakage (%)
Cultivar -
Control —5C, 4h —5C, 8h Control —5C, 4h —5C, 8h
Butte 5.0640. 14+ 5.94+0.12 6.89+0.10 9.62+0.16 14.12+0. 27 27.5240. 36
(17. O+ (36. 1) (46. 8) (186. 1)
Padre 5.1240. 10 6.28+0.08 7.30+0.19 9.314+0.18 14.64+0.19 28.9640. 23
(22.6) (42.6) (57.3) (211. 1D
Price 4.83+0.11 6.36+0.11 7.54+0.22 9.9540.13 17.60£0. 28 30.53+0. 35
(31.7) (56.3) (76.9) (206. 8)
Nonpareil 4.48+0. 20 6.2140.22 7.244+0.12 9.514+0. 20 16.48+0. 26 30.3940. 32
(38.6) (61.5) (73.3) (219.6)
Monterey 4.58+0.12 6.13+0. 14 7.73+0.12 9.60+0.17 16.80+0. 34 31.2340.41
(33.8) (68.8) (75.0) (225.3)
Sonora 4.05+0.19 5.8840.09 7.094+0.15 9.2440.19 19.95+0. 35 33.8540.51
(45.3) (75. 1) (115.9) (266.3)
NePlus 4.35+0.07 6.5840.20 7.93+0.13 8.96+0.22 19.304+0. 49 32.6740.55
(51.3) (82.2) (115. 4) (264.6)

Note: + mean+SD, n=4 4} Relative increment (+ % of control)

Severe freezing treatments (—2 C and —10 C) Table 3 Survey of LTs) and winder injure index in seven

caused considerable injuries in almond leaves as almond cultivars

measured by decrease in chlorophyll content and Cultivar LT5(C)  Winter injure index (54)
increase in electrolyte leakage, and enhanced — Butte —24.4 29.4£1.99
. . .- . . a —24.5 30.94+1.

oxidative stress as indicated by increase in MDA Padre 245 309170

. o Price —21.2 41.442.78
content and decrease in levels of antioxidants (CAT Nonpareil 0.7 4. 641. 59
activity and carotenoid content). These results may  pfonterey —920.9 37.141. 67
serve as another evidence for postulation that  Sonora = 1820 67.5+3.61
chilling tolerance was associated with treatments _NePlus —18.5 68.143.02

that increased the levels of antioxidants.

Oxidative free radicals can be highly reactive toward cell components, and therefore, the ability of the
cell to remove these undesirable species might be view as an important feature in improved resistance to
low temperature stress. CAT (and peroxidase, POD) appeared to be an important H,0,-scavenging
enzyme in plant cells. Cold acclimation of maize seedlings at 14 C for 3d led to an increase in the
expression of Cat3mRNA and catalase enzyme activity and induced low temperature tolerance®~'7),
Additionally, the plant growth regulator paclobutrazol has been reported to increase antioxidant levels in
tomato plant, which was correlated with a reduction in chilling induced degradation of membrane lipids™*.
Increased activities of oxidative stress defense enzymes following treatment with the growth regulator
uniconazol were associated with enhanced chilling tolerance in cucumber seedlings'®’. Kuroda and
Sagisaka*! also reported that H,0, produced during freezing and thawing rendered the peroxide-scavenging
systems dysfunctional in apple flower buds. indicating that freezing injury is associated with the
accumulation of H,O,. Carotenoid is another important noenzymes antioxidants. Gao ez al%". showed that
under low concentration of Na,SO, stress for a short time the content of carotinoid in Festuca arundinacea
and Seriphidium schrenkianum tended to increase; while high concentration of Na,SO, or a long time

treatment caused a decrease in carotinoid content. Another study™'! showed that the content of chlorophyll
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in conifer was degraded to various extents in winter while the carotenoid was still synthesized during the
soil-frozen period. Taken together. these results suggest that, during adaptation to low temperatures.,
moderate increases in oxidative stress increase oxidative stress defense mechanisms and the tolerance of
plant to low temperatures. Thus, oxidative stress plays a dual role in low-temperature responses, as a

source of injury and as a signal to increase antioxidant defenses.

Additionally, it is clear that the response of A T
= 801 pe= 1983 +0.%x s
. . . - .
antioxidants to an environmental stress depends on the % R‘s'i";" 0.7
.
severity of stress and on the species and age of plants. g g}
& 3 7
e T . 1 cmmigiot e e 7=3.67+0.68r
But there is also a differential sensitivity of cultivars to \g ReSquee =085~ ¢
low-temperature stress with respect to the induction of g 0r-
oxidative stress. Our study indicated, at the & o dh
. . ‘ - H 20} % 2 *8h
biochemical level, ‘Nonpareil’ is more tolerant to low al . A . "
. , 30 4 S 6
temperature than ‘Ne Plus Ultra’; the decrease in Winter injure index
. . . . . . B .7
antioxidant protection and the increase in oxidative o 80 y-7e385+630s
. . g
damage are closely related. The study of isoenzymes g
. . s . -1
for almond cultivar identification also showed that ;
%
catalase was one of the enzymatic systems with the i
highest discriminating possibilities, especially for §
. <
‘Nonpareil® and ‘NePlus’?, g

In summary, moderate chilling treatments (3 C
within 9h) did not cause obvious damages in almond
leaves and this was accompanied by enhanced levels or
activities of several antioxidants including catalase and
carotenoid. More severe {reezing treatments (— 2C

and — 10C ) led to elevated lipid peroxidation
o ) ) Fig. 5 Correlations between cold resistance of leaves
significantly, which was due to , at least in part, a . .

(measured by relative content of MDA in leaves under

weakening in antioxidants defenses, and correlated to
g © ’ — 5C treatment for 4h and 8h) and that of plants

low-temperature injuries as indicated by reduction in (measured by winter injure index of field plants[A 7] and

chlorophyll and enhanced electrolyte leakage. These LT of current year shoots [B] in winter in 1999 ~
results provide some evidence for the view of earlier 90010271y iy seven almond cultivars. (n=7)1-Butter.

18

studies""*1% that the induction of oxidative stress by 2-Padre. 3-Price, 4-Nonpareil, 5-Monterey. 6-NePus

low temperature has been proposed as a major and 7-Sonora

contributing factor to cold responses, as a source of injury and as a signal to increase antioxidant

[13~18]

defenses Our results also suggested that there is a differential sensitivity of almond cultivars to low-

temperature stress with respect to the induction of oxidative stress (Table 2). These differences can be

used as criteria for determination or selection of cold handiness almond cultivars.
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