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Influence of the Freeze-thaw Process under Acid Conditions on the Viability of Wintering Plants
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Acid precipitates in snow may be a stress factor that affects the growth of wintering plants.  The objective of this study was to determine the influence of acid-snow stress on leaves of wintering plants by in vitro experiments. Three different experiments, equilibrium freezing, prolonged freezing and repeated freeze-thawing, were carried out in order to simulate freeze-thawing of acid snow during winter. The results showed that acidification in the process of freeze-thawing caused enhancement of freezing injury of wintering plants.                     　　　　　　          
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INTRODUCTION

[image: image1.emf]Fig. 1. Measurements of conductivity and amino acid contents
in cell extracts of winter wheat leaves in the presence
(open circle) and absence (closed triangle) of sulfuric
acid (pH 2.0).
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It has been observed in the past decade that pH of meltwater of snow has become more acidic than pH of pure water (pH 5.6), which dissolved saturated carbon dioxide, as well as pH of acid rain or mist1-3), indicating precipitation of acid snow during winter. Acid snow is thought to be completely different from acid rain or mist since acid substances in snow or ice crystals may be partly concentrated, especially in the surface and central part of granular snow during winter4-6). At the early and/or late stages of snowmelt, meltwater with relatively strong acidity due to acid substances on ice crystals may be released from acid snow layers into soil, streams and lakes1,7). Wintering plants covered with acid snow may be subjected to freezing stresses, caused by reduction in freezing temperature or exposure to a prolonged subzero temperature during mid-winter, and freezing stresses caused by repeated freeze-thawing in early winter and/or early spring, in the presence of concentrated acid substances in snow or ice crystals. 
We have recently started to study the responses of plants to freezing stress under acid conditions as simulated acid snow stress in vitro. Previous study suggested that acid snow stress might affect the growth of wintering plants8). In this study, the effects of acid-snow stress on leaves of winter wheat were analyzed by carrying out three different experiments, equilibrium freezing, prolonged freezing and repeated freeze-thawing, under acid conditions.

MATERIALS AND METHODS

Plant materials

[image: image2.emf]Fig. 2. Changes in survival rates of leaf samples after
equilibrium freezing tests in the presence of Milli
Q water (pH 5.6, open bars) and sulfuric acid (pH
2.0, closed bars). Mean values = SD from 3
samples.
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Seeds of winter wheat (Triticum aestivum L. cv Chihokukomugi) were germinated for 2 days on wet paper at 18°C in the dark. Seedlings were planted in cultivating soil and grown at 18°C (12-h light) / 16°C (12-h dark) for 1 week in a growth chamber. One-week-old seedlings were cold-acclimated at 4°C (12-h light) / 2°C (12-h dark) for 4 weeks in a growth chamber.
Freezing tests under acid conditions

[image: image3.emf]Fig. 3. Effects of acidification in an equilibrium freezing test
at -8°C on survival rate of leaf samples. The freezing
test was done in the presence (closed bars) and absence
(open bars, Control) of sulfuric acid. Before,
acidification before freezing; After, acidification after
freeze-thawing in water. Mean values + SD from 3
samples.
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[image: image4.emf]Fig. 5. Changes in the survival rates of leaf samples after
repeated freeze-thawing (-2°C/2°C) in the presence
(closed bars) and absence (open bars) of sulfuric acid.
The pH of the aqueous solution was re-acidified to 2.0
after freeze-thawing four times and then leaf samples
were put through freeze-thawing three times (asterisk).
Mean values + SD from 3 samples.









Fig. 5. Changes in the survival rates of leaf samples after 

repeated freeze-thawing (-2°C/2°C) in the presence 

(closed bars) and absence (open bars) of sulfuric acid.

 

The pH of the aqueous solution was re-acidified to 2.0 

after freeze-thawing four times and then leaf samples 

were put through freeze-thawing three times (asterisk). 

Mean values ± SD from 3 samples. 

 

 

Leaf segments of cold-acclimated winter wheat (50 ± 2 mg fresh weight) were put into each test tube. Three hundred µl of Milli Q water (pH 5.6) as a control or sulfuric acid solution (pH 2.0) was added to each test tube since sulfuric acid is known to be a typical acid pollutant. Freezing was initiated by ice-seeding at -1°C in a programmable freezer (EP40-MV, Julabo, Germany). In an equilibrium freezing test, samples were cooled at 2.4°C/h to desired subzero temperatures. In a prolonged freezing test, the samples were kept at the desired subzero temperature for 7 days after they had been cooled at 2.4°C/h to the desired subzero temperatures. In a repeated freeze-thawing test, samples were cooled at 2.4°C/h to -2°C and kept at -2°C for 8 h and then they were warmed at 2.4°C /h to 2°C and kept at 2°C for 8 h. After completion of each freeze-thaw cycle, ice-seeding was done to start the next cycle. The freeze-thaw cycle was repeated 7 times. After all samples had been taken from the freezer, they were thawed at 4°C overnight in the dark. In all freezing tests, values for 100% and 0% injuries were obtained from samples treated with liquid nitrogen for 10 min and kept at 4°C, respectively.
Measurement of electrolyte leakage is usually used for estimating survival rates of samples after freeze-thawing. However, this method was not suitable for estimation of survival rates under acid conditions since the conductivity of cell extracts in the presence of sulfuric acid was not related linearly to the concentration of the extracts (Fig. 1A). Measurement of amino acid leakage by ninhydrin reaction9) was found to be suitable since the existence of sulfuric acid did not interfere with measurement of amino acid content (Fig. 1B). Therefore, measurement of amino acid leakage by ninhydrin reaction was used for estimation of survival rates in all freezing tests. 
RESULTS AND DISCUSSION

Simulation of reduction in freezing temperature under acid conditions

The equilibrium freezing test under acid conditions was done in order to estimate the effect of exposure to reduction in freezing temperature under acid conditions on the survival of leaves of winter wheat. Although survival rates of leaf samples treated with pH 4.0 and 3.0 were similar to the survival rate of leaf samples treated with water (data not shown), the survival rate of leaf
samples treated with pH 2.0 was markedly　decreased (Fig. 2). This result showed that the [image: image5.emf]0
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addition of sulfuric acid solution (pH 2.0) before freezing caused extensive damage to the leaf samples. In this assay system, acidification before freezing caused damage to the tissues, but acidification after freeze-thawing with water caused little damage (Fig. 3). Acidification in the process of extracellular freezing and/or thawing may be harmful to the leaf samples of winter wheat. In an extracellular freezing process, plant cells were dehydrated and deformed by the growth of extracellular ice10,11). Severe extracellular freezing induced irreversible structural changes in cell membranes, especially plasma membranes10,12,13). Therefore, it is possible that an acid condition may enhance the irreversible structural changes of cell membranes in a process of extracellular freezing of plant cells.  Alternatively, an acid condition may promote injury of membranes and/or cell structure in a different way from freeze-induced structural changes.

[image: image6.emf]Fig. 4. Changes in survival rates of leaf samples after prolonged freezing at various subzero temperatures in the presence (closed
bars) and absence (open bars) of sulfuric acid. (A), 4°C ; (B), -1°C; (C), -2°C; (D), -4°C; (E), -6°C; (F), -8°C. Mean values
+ SD from 3 samples.
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Simulation of prolonged freezing with acid snow

The prolonged freezing test under acid conditions was done in order to estimate the effect of exposure to a subzero temperature for a long time under acid conditions on the survival of leaves of winter wheat.　In this test, the samples were frozen under an acid condition (pH 2.0) at various constant temperatures for 7 days (Fig. 4A-F). Damage caused by acidification was related to lowering of the freezing temperature. The survival rates of leaf tissues frozen with water and sulfuric acid (pH 2.0) gradually decreased during the freezing period. It has been reported that prolonged exposure to subzero temperatures induced additional injury of cells mainly due to the solution effect, which is a harmful effect of the concentration of intracellular and/or extracellular ions caused by　extracellular freezing14).According to this hypothesis, further acidification due to freezing-induced concentration of protons for a long time may be toxic for leaf samples at subzero temperature.

Simulation of repeated freeze-thawing with acid meltwater

     The repeated freeze-thawing test under acid conditions was done in order to estimate the effect of repeated freeze-thawing in acid meltwater in early winter and/or early spring on the survival of leaves of winter wheat (Fig. 5). Survival rates of leaf samples were gradually decreased by repeated freeze-thawing. Treatment with sulfuric acid solution resulted in more damage than did treatment with pure water. In this system, pH of the aqueous solution in the test tube to which leaf samples were exposed changed from 2.0 before freezing to about 4.0 after thawing since pH of the solution was neutralized by intracellular contents that had leaked from damaged cells. Thus, the aqueous solution in a test tube was re-acidified to pH 2.0 after freeze-thawing four times and then leaf samples were put through repeated freeze-thawing three times. Damage of the samples caused by repeated freeze-thawing with re-acidification (pH 2.0) was greater than that of samples without pH re-acidification.
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The results from the three in vitro experiments suggested that acidification in the processes of freeze-thawing caused enhancement of freezing injury of leaves. Acid snow may intensify the freezing injury of wintering plants during winter. 
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[image: image10.emf]Fig. 2. Changes in survival rates of leaf samples after
equilibrium freezing tests in the presence of Milli
Q water (pH 5.6, open bars) and sulfuric acid (pH
2.0, closed bars). Mean values = SD from 3
samples.
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[image: image12.emf]Fig. 1. Measurements of conductivity and amino acid contents
in cell extracts of winter wheat leaves in the presence
(open circle) and absence (closed triangle) of sulfuric
acid (pH 2.0).
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[image: image13.emf]Fig. 5. Changes in the survival rates of leaf samples after
repeated freeze-thawing (-2°C/2°C) in the presence
(closed bars) and absence (open bars) of sulfuric acid.
The pH of the aqueous solution was re-acidified to 2.0
after freeze-thawing four times and then leaf samples
were put through freeze-thawing three times (asterisk).
Mean values + SD from 3 samples.
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[image: image16.emf]Fig. 4. Changes in survival rates of leaf samples after prolonged freezing at various subzero temperatures in the presence (closed
bars) and absence (open bars) of sulfuric acid. (A), 4°C ; (B), -1°C; (C), -2°C; (D), -4°C; (E), -6°C; (F), -8°C. Mean values
+ SD from 3 samples.
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_1334112419.doc
Fig. 3. Effects of acidification in an equilibrium　freezing test at -8°C on survival rate of leaf samples. The freezing test was done in the presence (closed bars) and absence (open bars, Control) of sulfuric acid. Before, acidification before freezing; After, acidification after freeze-thawing in water. Mean values ± SD from 3 samples.
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Fig. 4. Changes in survival rates of leaf samples after prolonged freezing at various subzero temperatures in the presence (closed bars) and absence (open bars) of sulfuric acid. (A), 4°C ; (B), -1°C; (C), -2°C; (D), -4°C; (E), -6°C; (F), -8°C. Mean values ± SD from 3 samples.
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Fig. 5. Changes in the survival rates of leaf samples after repeated freeze-thawing (-2°C/2°C) in the presence (closed bars) and absence (open bars) of sulfuric acid. The pH of the aqueous solution was re-acidified to 2.0 after freeze-thawing four times and then leaf samples were put through freeze-thawing three times (asterisk). Mean values ± SD from 3 samples.
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Fig. 2. Changes in survival rates of leaf samples after equilibrium freezing tests in the presence of Milli Q water (pH 5.6, open bars) and sulfuric acid (pH 2.0, closed bars). Mean values ± SD from 3 samples.
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Fig. 1. Measurements of conductivity and amino acid contents in cell extracts of winter wheat leaves in the presence (open circle) and absence (closed triangle) of sulfuric acid (pH 2.0).
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		3		87.7571428571		66.6076923077						8.5739062353		9.6963910812

		7		74.6		45.79						5.6521435998		12.6495623866

				69.45		32.5						6.7282984476		24.0167996758

		E

				pH 5.6		pH 2.0

		0		89.62		75.5						5.9348125497		10.2716438152

		1		75.5		64.12						9.8083297933		12.6834800692

		3		70.125		37.7666666667						8.2030482139		13.4950731751

		7		64.0571428571		24.975						4.7164605373		10.4509967627

				69.3		56						0.2828427125		5.374011537

		F

				pH 5.6		pH 2.0

		0		76.4333333333		47.94						11.4931283818		11.3669696929

		1		60.7333333333		35.12						8.7148819078		13.3305101178

		3		58.0333333333		29.1833333333						11.9721760762		8.8661810644

		7		51.05		14.3833333333						9.6139482004		9.5407372182

				55.825		20.825						12.3419001778		20.5059950584

		G

				pH 5.6		pH 2.0

		0		55.6		29						11.1015764646		7.4953318806

		1		47.1		19.1

		3		12.65		8						8.2731493399		5.5154328933

		7		7.75		0.8						5.3033008589		1.1313708499

				0		0





Fig 4

		0		0		5.51		5.51		3.2145502537		3.2145502537

		0		0		0.9827076298		0.9827076298		6.1085732104		6.1085732104

		0		0		1.2774975538		1.2774975538		5.0053304919		5.0053304919

		0		0		8.5134012005		8.5134012005		9.0965194809		9.0965194809
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Fig 5

		0		0		3.3		3.3		7.7		7.7

		0		0		5		5		5.5		5.5

		0		0		1.7		1.7		6.9		6.9

		0		0		8		8		3.1		3.1
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まとめ

		0		0		0.9609023537		0.9609023537		6.0605280298		6.0605280298

		0		0		2.8574464124		2.8574464124		11.7323058262		11.7323058262

		0		0		3.236201477		3.236201477		11.0923396991		11.0923396991

		0		0		5.080944794		5.080944794		14.3723113428		14.3723113428



pH 5.6

pH 2.0

0

0

0

0

0

0

0

0



		0		0		8.4373771596		8.4373771596		10.7939798036		10.7939798036

		0		0		6.3829792607		6.3829792607		9.9758905796		9.9758905796

		0		0		8.5739062353		8.5739062353		9.6963910812		9.6963910812

		0		0		5.6521435998		5.6521435998		12.6495623866		12.6495623866



pH 5.6

pH 2.0

0

0

0

0

0

0

0

0



		0		0		5.9348125497		5.9348125497		10.2716438152		10.2716438152

		0		0		9.8083297933		9.8083297933		12.6834800692		12.6834800692

		0		0		8.2030482139		8.2030482139		13.4950731751		13.4950731751

		0		0		4.7164605373		4.7164605373		10.4509967627		10.4509967627



pH 5.6

pH 2.0

0

0

0

0

0

0

0

0



		0		0		11.4931283818		11.4931283818		11.3669696929		11.3669696929

		0		0		8.7148819078		8.7148819078		13.3305101178		13.3305101178

		0		0		11.9721760762		11.9721760762		8.8661810644		8.8661810644

		0		0		9.6139482004		9.6139482004		9.5407372182		9.5407372182



pH 5.6

pH 2.0

0

0

0

0

0

0

0

0



		0		0		11.1015764646		11.1015764646		7.4953318806		7.4953318806

		0		0		0		0		0		0

		0		0		8.2731493399		8.2731493399		5.5154328933		5.5154328933

		0		0		5.3033008589		5.3033008589		1.1313708499		1.1313708499



pH 5.6

pH 2.0

0

0

0

0

0

0

0

0



				pH 5.6		pH 2.0		pH 2.0 (*)

		0		100		89.83				2		7.117

		1		93.826243284		75.4972429328				2.7939942129		7.0427569477

		2		94.324728404		70.4673784624				6.0030491848		8.4525603727

		3		87.568521563		64.3635212622				8.8841500327		4.4295929696

		4		90.1000079		61.3234317704				10.1187370055		3.5243978503

		7		86.1611789812		62.8230395431		43.0783342066		7		6.7904761227		3.7660577691





		0		0		0		2		2		7.117		7.117		3.7660577691		3.7660577691

		0		0		0		2.7939942129		2.7939942129		7.0427569477		7.0427569477

		0		0		0		6.0030491848		6.0030491848		8.4525603727		8.4525603727

		0		0		0		8.8841500327		8.8841500327		4.4295929696		4.4295929696

		0		0		0		10.1187370055		10.1187370055		3.5243978503		3.5243978503

		0		0		0		7		7		6.7904761227		6.7904761227



Survival (%)

*

pH 5.6

pH 2.0

pH 2.0 (*)

Repeated freeze-thawing (times)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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Electro conductivity (mS/cm)

A

pH 5.6

pH 2.0

Concentration of cell extracts (%)

0

0.64

0.104

0.58

0.2

0.55

0.3
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0.58
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A 570

B

pH 5.6

pH 2.0

Concentration of cell extracts (%)

0

0

0.02775

0.02475

0.05925

0.056

0.0965

0.0895

0.12925

0.1325

0.1695

0.161

0.20325

0.18975

0.24725

0.25

0.28375

0.29225

0.30825

0.3265

0.37425

0.352



		4		4		2		2		7.1173590608		7.1173590608

		-4		-4		6.6143239296		6.6143239296		4.0764196263		4.0764196263

		-8		-8		6.6315968607		6.6315968607		6.1416971958		6.1416971958



Survival (%)

pH 5.6

pH 2.0

Temperature (℃)

100

89.8

93.6

84.6

82.5

44.8



		C		C		10.469508192		10.469508192		NaN		NaN

		B		B						5.225		5.225

		A		A						9.915		9.915



Survival (%)

pH 5.6

pH 2.0

Acidification

75.4528248993

50.0990371688

79.8144995092



		0		0		5.51		5.51		3.2145502537		3.2145502537

		1		1		0.9827076298		0.9827076298		6.1085732104		6.1085732104

		3		3		1.2774975538		1.2774975538		5.0053304919		5.0053304919

		7		7		8.5134012005		8.5134012005		9.0965194809		9.0965194809



pH 5.6

pH 2.0

100

99.5

99.6285714286

99.1666666667

99.88

100.45

99.7

100.7



		0		0		3.3		3.3		7.7		7.7

		1		1		5		5		5.5		5.5

		3		3		1.7		1.7		6.9		6.9

		7		7		8		8		3.1		3.1



pH 5.6

pH 2.0

95.7

89.6

94.6

86.6

93.4

82.6

91.8

78



		0		0		0.9609023537		0.9609023537		6.0605280298		6.0605280298

		1		1		2.8574464124		2.8574464124		11.7323058262		11.7323058262

		3		3		3.236201477		3.236201477		11.0923396991		11.0923396991

		7		7		5.080944794		5.080944794		14.3723113428		14.3723113428



pH 5.6

pH 2.0

98.9333333333

91.9

97.3

85.68

88.05

68.28

81.8

60.2166666667



		0		0		8.4373771596		8.4373771596		10.7939798036		10.7939798036

		1		1		6.3829792607		6.3829792607		9.9758905796		9.9758905796

		3		3		8.5739062353		8.5739062353		9.6963910812		9.6963910812

		7		7		5.6521435998		5.6521435998		12.6495623866		12.6495623866



pH 5.6

pH 2.0

94.9444444444

85.5714285714

91.4333333333

76.0818181818

87.7571428571

66.6076923077

74.6

45.79



		0		0		5.9348125497		5.9348125497		10.2716438152		10.2716438152

		1		1		9.8083297933		9.8083297933		12.6834800692		12.6834800692

		3		3		8.2030482139		8.2030482139		13.4950731751		13.4950731751

		7		7		4.7164605373		4.7164605373		10.4509967627		10.4509967627



pH 5.6

pH 2.0

89.62

75.5

75.5

64.12

70.125

37.7666666667

64.0571428571

24.975



		0		0		11.4931283818		11.4931283818		11.3669696929		11.3669696929

		1		1		8.7148819078		8.7148819078		13.3305101178		13.3305101178

		3		3		11.9721760762		11.9721760762		8.8661810644		8.8661810644

		7		7		9.6139482004		9.6139482004		9.5407372182		9.5407372182



pH 5.6

pH 2.0

76.4333333333

47.94

60.7333333333

35.12

58.0333333333

29.1833333333

51.05

14.3833333333



		0		0		0		2		2		7.117		7.117		3.7660577691		3.7660577691

		1		1		1		2.7939942129		2.7939942129		7.0427569477		7.0427569477

		2		2		2		6.0030491848		6.0030491848		8.4525603727		8.4525603727

		3		3		3		8.8841500327		8.8841500327		4.4295929696		4.4295929696

		4		4		4		10.1187370055		10.1187370055		3.5243978503		3.5243978503

		7		7		7		7		7		6.7904761227		6.7904761227



Survival (%)

*

pH 5.6

pH 2.0

pH 2.0 (*)

Freeze-thawing (Times)

100

89.83

93.826243284

75.4972429328

94.324728404

70.4673784624

87.568521563

64.3635212622

90.1000079

61.3234317704

86.1611789812

62.8230395431

43.0783342066




