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Abstract
Chilling	 temperatures	 (1–10ºC)	 lead	 to	 numerous	 physiological	 disturbances	 in	 the	 cells	 of	 chilling-sensitive	
plants	and	result	in	chilling	injury	and	death	of	tropical	and	subtropical	plants,	e.g.,	many	vegetable	species.	The	
literature	review	shows	that	the	exposure	of	chilling-sensitive	plants	to	low	temperatures	causes	disturbances	in	all	
physiological	processes	–	water	regime,	mineral	nutrition,	photosynthesis,	respiration	and	metabolism.	Inactivation	
of	metabolism,	observed	at	 chilling	of	 chilling-sensitive	plants	 is	 a	 complex	 function	of	both	 temperature	 and	
duration	of	exposure.	Response	of	plants	to	low	temperature	exposure	is	associated	with	a	change	in	the	rate	of	
gene	transcription	of	a	number	of	low	molecular	weight	proteins.	
The	review	analyzes	historical	aspects	in	the	development	of	ideas	about	the	nature	of	chilling	damage	of	chilling-
sensitive	plants	and	direction	of	modern	research.	Based	on	the	authors’	own	research	and	the	literature	data,	the	
concept	of	cold	damage	was	proposed,	which	highlighted	the	leading	role	of	oxidative	stress	in	the	induction	of	
stress	response.	According	to	this	concept	there	were	distinguished	possible	ways	how	to	improve	cold	tolerance.	
They	 were	 divided	 into	 several	 groups:	 the	 thermal	 effect	 (low-temperature	 hardening,	 thermal	 conditioning,	
intermediate	warming	and	the	effect	of	heat	stress),	chemical	treatment	(trace	elements,	synthetic	growth	regulators,	
antioxidants)	and	the	use	of	gene	and	cell	engineering.	

Key	words:	antioxidants,	cell,	chilling-sensitive	plants,	chilling	injury,	physiological	processes,	oxidative	stress.

Introduction
More	 than	 half	 of	 the	 350	 000	 plant	 species	

on	Earth	are	grown	in	the	tropics	and	subtropics.	In	the	
course	of	evolution,	they	could	not	develop	the	ability	to	
withstand	low	temperatures	(Лукаткин,	2002).	Most	of	
these	species	are	damaged	during	storage	at	temperatures	
above	the	freezing	point	of	tissues,	but	lower	than	15°C	
(chilling	 temperatures).	 This	 damage	 is	 called	 chilling	
injury	 as	 opposed	 to	 damage	 during	 freezing	 (freezing	
injury)	(Levitt,	1980;	Raison,	Lyons,	1986).	Thus,	chill-
ing injury	 is	 damage	 to	 chilling-sensitive	 plant	 species	
during	storage	at	 temperatures	above	the	freezing	point	
of	tissues,	but	lower	than	15°C.	Chilling-sensitive plants 
are	the	plants	sensitive	to	chilling	and	damaged	at	chill-
ing	temperatures.	

The	ability	of	plants	in	a	vegetative	state	to	sur-
vive	the	action	of	chilling	temperatures	without	harm	to	
the	future	growth	and	development	is	called	cold	resist-
ance	(Генкель,	Кушниренко,	1966;	Коровин,	1969).	In	
turn,	 chilling-sensitive	 plants	 are	 sensitive	 to	 chilling	
and	after	prolonged	storage	in	these	temperatures	exter-
nal	symptoms	of	 injury	are	developed	and	death	of	 the	

organism	occurs	 (Table).	Plants,	which	have	 the	visual	
injuries	 at	 temperatures	 above	 15°C,	 are	 called	 “very	
sensitive	 to	 chilling”	 (Raison,	Lyons,	 1986).	A	number	
of	tropical	or	subtropical	plants,	such	as	rice,	maize,	to-
mato,	cucumber,	cotton,	soybeans,	etc.,	introduced	in	the	
higher	latitudes	have	not	acquired	substantial	resistance	
to	chilling,	despite	the	long	history	of	cultivation	in	tem-
perate	regions	(Wilson,	1985).	

Chilling	 temperatures	effects	on	plants	 in	 tem-
perate	climates	lead	to	a	reduction	or	complete	crop	failure	
due	to	either	direct	damage	or	delayed	maturation.	Even	
a	small	drop	in	temperature,	causing	no	visible	damage	to	
chilling-sensitive	plants,	caused	to	up	to	50%	reduction	in	
their	productivity	(Коровин,	1969).	For	example,	chilling	
damage	 to	young	cotton	plants	 in	U.S.	 in	1980	resulted	
in	the	loss	of	60	million	dollars.	In	South	and	South-East	
Asia,	high-yielding	varieties	of	rice	are	not	grown	in	areas	
of	more	than	7	million	hectares,	where	they	may	be	ex-
posed	to	chilling	temperatures	(Wilson,	1985).	Obviously,	
the	problem	of	plant	resistance	to	chilling	temperatures,	
which	often	occur	in	spring	and	autumn	in	many	count-
ries,	is	important	for	practical	plant	breeding. 
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The	most	noticeable	visual	symptoms	of	chill-
ing	 injury	 in	 herbaceous	 plants	 are	 leaf	 and	 hypocotyl	
wilting	 (Mitchell,	Madore,	 1992;	Frenkel,	Erez,	 1996),	
which	often	precedes	the	appearance	of	infiltration	(wa-
ter	saturated	areas)	(McMahon	et	al.,	1994;	Sharom	et	al.,	
1994),	 the	appearance	of	surface	pits	and	large	cavities	
(Dodds,	 Ludford,	 1990;	 Cabrera	 et	 al.,	 1992;	 Frenkel,	
Erez,	1996),	discoloration	of	leaves	and	internal	tissues	
(Sharom	et	al.,	1994;	Yoshida	et	al.,	1996;	Tsuda	et	al.,	
2003),	 accelerated	aging	and	 rupture	of	 chilled	 tissues,	
slow,	 incomplete	 or	 uneven	 ripening	 (Dodds,	 Ludford,	
1990),	 accompanied	 by	 a	 deterioration	 of	 the	 structure	
and	flavor	 (Harker,	Maindonald,	1994;	Ventura,	Mend-
linger,	1999);	increased	susceptibility	to	decay	(Cabrera	
et	 al.,	 1992),	drying	of	 the	 edges	or	 tips	of	 leaf	blades	
(Жолкевич,	1955;	Hahn,	Walbot,	1989)	and	in	the	case	
of	 prolonged	 chilling	 –	 leaf	 necrosis	 and	 plant	 death	
(Mitchell,	Madore,	1992;	Capell,	Dörffling,	1993;	Fren-
kel,	 Erez,	 1996).	According	 to	 Skog	 (1998),	 potential	
symptoms	of	 chilling	 injury	 are	 surface	 lesions,	water-
soaking	of	tissues,	water	loss,	desiccation	or	shrivelling,	
internal	discolouration,	tissue	breakdown,	failure	of	fruit	
to	ripen,	or	uneven	or	slow	ripening,	accelerated	senes-
cence	and	ethylene	production,	shortened	storage	or	shelf	
life,	compositional	changes,	loss	of	growth	or	sprouting	
capability,	 wilting	 and	 increased	 decay	 due	 to	 leakage	
of	plant	metabolites,	which	encourage	growth	of	micro-
organisms,	especially	fungi.	

Seeds	 of	 chilling-sensitive	 plants	 do	 not	 ger-
minate	 at	 temperatures	 below	 10–15°C	 (Wolk,	Herner,	
1982;	Ismail	et	al.,	1997),	and	by	this	parameter	can	be	
divided	 into	 two	main	groups	 (Markowski,	 1988).	The	
seeds	of	the	first	group	(representatives	–	Solanaceae	and	
pumpkin)	 are	 not	 damaged	 during	 imbibitions	 at	 chill-
ing	 temperatures.	With	 temperature	 increase	 they	grow	
normally,	but	initiation	of	root	growth	leads	to	underde-
veloped	root	tip	tissue,	tissue	necrosis	after	the	root	tip,	
damage	to	the	cortex	or	stele	(Bradow,	1990;	Jennings,	
Saltveit,	1994).	The	second	group	includes	plants	whose	
seeds	are	particularly	sensitive	to	low	temperatures	during	
imbibitions	and	may	not	germinate	at	low	temperatures:	
beans,	 soybeans,	 chickpeas,	 corn,	 and	 cotton	 (Gorecki	

et al.,	1990;	Zemetra,	Cuany,	1991).	There,	plant	damage	
is	increased	by	soil	pathogens,	although	it	is	a	secondary	
factor	(Wolk,	Herner,	1982).	

A	characteristic	effect	of	chilling	 temperatures	
on	 chilling-sensitive	 plants	 is	 growth	 slowing,	 more	
pronounced	in	susceptible	species	and	varieties	in	com-
parison	with	the	tolerant	species	(Ting	et	al.,	1991;	Rab,	
Saltveit,	1996	a;	Venema	et	al.,	1999).	In	addition,	there	
is	a	delayed	development	and	lengthening	of	the	grow-
ing	 season	 (Skrudlik,	 Koscielniak,	 1996).	At	 the	 same	
time	apical	cone	differentiation	is	delayed,	reducing	the	
number	 of	 newly	 formed	 plant	 organs	 and	 the	 rate	 of	
their	 occurrence,	 the	 structure	of	 roots	 is	 changed,	 and	
flowering	 rate,	 fruit	 and	 seed	 filling	 are	 reduced	 (Buis	
et	al.,	1988,	Barlow,	Adam,	1989;	Rab,	Saltveit,	1996	b,	
Skrudlik,	Koscielniak,	1996;	Lejeune,	Bernier,	1996).	

Cytophysiological changes caused 
by chilling in the chilling-sensitive 
plants 
Chilling	 temperatures	 cause	 multiple	 disor-

ganizations	of	the	cells	ultrastructure	in	sensitive	plants	
(Kratsch,	Wise,	2000).	The	damaging	effect	of	chilling	is	
often	revealed	in	the	destruction	of	the	cells	membrane	
systems,	 leading	 to	 loss	of	cell	 compartmentation	 (Gu-
tierrez	et	al.,	1992).	It	was	shown	the	swelling	and	rup-
ture	of	the	plasmalemma	(Tao	et	al.,	1991),	destruction	of	
the	endoplasmic	reticulum	and	vesiculation	of	its	mem-
branes	(Marangoni	et	al.,	1990),	and	changes	of	the	Golgi	
apparatus	(Yoshida	et	al.,	1989).	Upon	chilling,	the	most	
noticeable	changes	were	shown	in	the	structure	of	mito-
chondria,	namely	their	swelling	and	degeneration	(Guti-
errez	et	al.,	1992),	matrix	enlightenment,	cristae	shorten-
ing	and	a	decrease	in	their	number,	which	should	lead	to	
a	reducing	of	oxidative	phosphorylation	(Desantis	et	al.,	
1999;	Yin	et	al.,	2009).	Chilling	temperatures	disturbed	
the	 formation	 of	 prolamellar	 plastids	 (Ikeda,	 Toyama,	
1987),	 caused	 swelling	 and	 structural	 changes	 in	 chlo-
roplasts,	namely	destruction	of	chloroplasts	membranes,	
disintegration	of	grains,	reduction	of	ribosome	number,	

Table.	The	list	of	the	vegetables,	sensitive	to	chilling	temperatures,	the	lowest	safe	storage/handling	temperature	and	
the	symptoms	of	chilling	injury	(DeEll,	2004)	

Crop Lowest	safe
temperature	ºC Chilling	injury	symptoms

Asparagus 0–2 dull,	gray-green,	limp	tips
Bean	(snap) 7 pitting	and	russeting
Cucumber 7 pitting,	water-soaked	lesions,	decay
Eggplant 7 surface	scald,	Alternaria	rot,	seed	blackening
Okra 7 discoloration,	water-soaked	areas,	pitting,	decay
Pepper 7 pitting,	Alternaria	rot,	seed	blackening
Potato 2 mahogany	browning,	sweetening
Pumpkin 10 decay,	especially	Alternaria	rot
Squash 10 decay,	especially	Alternaria	rot

Sweet	potato 10 decay,	pitting,	internal	discoloration
Tomato	(ripe)	 7–10 water-soaking,	softening,	decay

Tomato	(mature-green) 13 poor	colour	when	ripe,	Alternaria	rot
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induced	the	formation	of	peripheral	reticulum	(small	ve-
sicles	of	envelope)	and	the	accumulation	of	lipid	bodies,	
and	the	disappearance	of	starch	grains	(Gutierrez	et	al.,	
1992;	Kratsch,	Wise,	2000).	

The	 sharp	 decrease	 in	 the	 number	 of	 divid-
ing	cells	during	chilling	decreased	 the	mitotic	 index	 in	
apexes	and	in	the	basal	part	of	young	leaves	(Зауралов,	
1993;	Лукаткин	и	др.,	2010).	The	relationship	between	
the	cell	cycle	phases	was	changed	too	(Francis,	Barlow,	
1988;	Rymen	et	al.,	2007).	Significant	reduction	of	cell	
growth	 in	root	elongation	zone	at	 low	temperature	was	
shown	 (Ikeda	 et	 al.,	 1999).	 Chilling	 temperatures	 cause	
accelerated	 cell	 differentiation.	 So,	 in	 chilled	 root	 apex-
es	of	maize	the	progressing	differentiation	of	some	cell	
lines	was	observed	(Zavala,	Lin,	1989).	Inhibition	of	cell	
growth	leads	to	significant	changes	in	growth	of	the	plant	
and	its	organs	(Rab,	Saltveit,	1996	a;	Rymen	et	al.,	2007;	
Strauss	et	al.,	2007).	

Colloid-chemical	properties	of	the	cytoplasm	are	
affected	 by	 chilling	 too	 (Генкель,	 Кушниренко,	 1966;	
Wang,	 1982;	 Minorski,	 1985). So,	 cytoplasm	 viscosity	
decreases	at	a	slight	chilling	due	 to	 the	 increase	of	col-
loids	 dispersion	 and	decay	of	 structural	 formations,	 but	
it	grows	at	a	strong	and	long-term	chilling	due	to	coagu-
lation	of	structural	proteins	 (Жолкевич,	1955;	Генкель,	
Кушниренко,	1966;	Zhang	et	al.,	1995).	The	content	of	
soluble	proteins	was	decreased	in	chilling-sensitive	plants	
at	 low	 temperatures,	 and	 this	 led	 to	 a	 reduction	 in	 the	
isoelectric	zone	of	the	cytoplasm	(Дроздов	и	др.,	1977).	
Chilling	of	sensitive	plants	leads	to	a	shift	of	intracellular	
pH	(Yoshida,	1994;	Zauralov	et	al.,	1997;	Kasamo	et al.,	
2000)	 and	 an	 increase	 in	 cell	 membranes	 permeability	
(Markowski	et	al.,	1990;	Lukatkin	et	al.,	1993,	Лукаткин	
и	 др.,	 2007).	A	 very	 sensitive	 indicator	 of	 the	 cell	 is	 a	
cytoplasmic	 streaming,	 which	 was	 stopped	 for	 several	
minutes	after	chilling	of	sensitive	plants	(tomato,	tobacco,	
and	pumpkin)	to	10°C	(Lewis,	1961).	Other	studies	found	
a	gradual	deceleration	of	the	cytoplasmic	streaming	in	the	
trichomes	of	tomato,	watermelon,	spiderwort	and	digitalis	
when	the	temperature	dropped	below	5°C	(Patterson	et	al.,	
1979),	and	the	streaming	rate	correlated	with	resistance	of	
plants	to	chilling	temperature.	The	changes	in	cyclosis	re-
sponse	to	chilling	were	associated	with	changes	in	the	cy-
toplasm	viscosity,	ATP		(adenosine-5’-triphosphate)	level,	
sensitivity	to	chilling	of	enzyme	systems	responsible	for	
the	use	of	ATP	for	 the	streaming,	with	damaging	of	 the	
cytoskeleton	(Patterson	et	al.,	1979;	Wang,	1982;	Woods	
et	al.,	1984	b;	Minorsky,	1985).	

Effect of chilling on the physio-
logical processes in chilling-sensi-
tive plants 
Incubation	 of	 chilling-sensitive	 plants	 at	 low	

temperatures	induces	disturbances	in	physiological	pro-
cesses:	 water	 regime,	 mineral	 nutrition,	 photosynthe-
sis,	 respiration	and	 total	metabolism	(Жолкевич,	1955;	
Генкель,	Кушниренко,	1966;	Levitt,	1980;	Wang,	1982;	
Graham,	Patterson,	1982).	

Water regime.	 Chilling	 of	 sensitive	 plants	 af-
fects	all	components	of	water	regime	and	causes	loss	of	

water,	 resulting	 in	strong	wilting	 (Vernieri	et	al.,	1991;	
Boese	et	al.,	1997;	Bloom	et	al.,	2004).	It	is	based	on	the	
two	main	factors:	rapid	decline	in	the	ability	of	roots	to	
absorb	water	and	transport	it	to	the	shoots	(Bolger	et	al.,	
1992)	and	reduced	ability	to	close	stomata	in	response	to	
subsequent	water	deficit	(Pardossi	et	al.,	1992;	Wilkinson	
et	al.,	2001;	Bloom	et	al.,	2004).	Insufficient	water	sup-
ply	provokes	rapid	drop	in	water	potential	of	leaves	dur-
ing	the	first	hours	of	cooling	(Wolfe,	1991;	Capell,	Dörf-
fling,	1993;	Boese	et	 al.,	1997).	The	degree	of	chilling	
damage	of	plants	can	be	reduced	by	means	of	preventing	
the	disturbance	of	the	water	regime	(Vernieri	et	al.,	1991;	
Wolfe,	1991;	Pardossi	et	al.,	1992;	Janowiak,	Dörffling,	
1996;	Boese	et	al.,	1997).	

Mineral nutrition.	 Low	 temperatures	 have	 an	
effect	on	mineral	nutrition	of	plants.	Absorption	of	ions	by	
roots	is	difficult,	as	well	as	their	movement	in	the	above-
ground	 parts	 of	 plants.	The	 distribution	 of	 nutrients	 be-
tween	the	plant	organs	is	disrupted,	with	general	decrease	
in	 the	 nutrient	 content	 in	 the	 plant	 (Лукаткин,	 2002).	
Chilling	of	plants	leads	to	a	decrease	in	the	activity	of	nit-
rate	reductase,		reduction	in	the	nitrogen	incorporation	in	
the	amino	acids	and	proteins,	and	a	drop	in	the	proportion	
of	organic	phosphorus	and	an	increase	in	inorganic	P	con-
tent	(Holobrada	et	al.,	1981;	Zia	et	al.,	1994),	which	is	a	
consequence	of	a	breach	of	phosphorylation	and	enhanced	
decomposition	of	organic	P	compounds.	Mechanisms	 to	
reduce	the	absorption	of	nutrients	by	chilling	temperatures	
include	 depression	 of	 respiration	 and/or	 oxidative	 phos-
phorylation,	 impair	 enzymatic	 transport	 systems	 associ-
ated	with	conformational	proteins	changes	in	membranes,	
changes	 in	 membrane	 potential,	 reducing	 the	 supply	 of	
ATP	 to	H+-transporting	ATPase,	 as	well	 as	 lowering	 the	
permeability	coefficients	for	ions	(Clarkson	et	al.,	1988).	

Respiratory rate.	 The	 consequence	 of	 keeping	
plants	 at	 chilling	 temperatures	 is	 a	 change	 in	 respira-
tory	 rate.	There	 is	 evidence	 of	 its	 decline,	 occurring	 as	
a	result	of	destruction	of	the	mitochondria	structure,	the	
general	lowering	of	kinetic	energy,	and	the	inhibition	of	
some	enzymes	(Lyons	et	al.,	1979;	Yoshida	et	al.,	1989;	
Prasad	et	al.,	1994	a;	Lawrence,	Holaday,	2000;	Munro	
et al.,	2004).	Other	authors	have	observed	that	an	increase	
in	respiratory	activity	during	chilling	and	prolonged	ele-
vation	 of	 the	 respiration	 rate	 after	 cold	 exposure	 may	
indicate	irreversible	metabolic	dysfunction	and	accumu-
lation	 of	 incompletely	 oxidized	 intermediates	 (Wilson,	
1978;	 Steward	 et	 al.,	 1990;	Yadegari	 et	 al.,	 2008).	The	
mechanism	of	stimulation	is	unknown,	but	it	is	possible	
to	assume	that	it	was	the	result	of	uncoupling	of	oxidative	
phosphorylation	(Wang,	1982).	It	is	also	possible	that	the	
increased	respiration	reflects	a	reaction	to	the	transfer	of	
plants	from	chilling	temperatures	to	the	higher	tempera-
tures	(Zauralov,	Lukatkin,	1997).	As	a	result	of	decreased	
respiration	 and	 increased	 consumption	 of	 energy-rich	
phosphates	at	chilling	temperatures	is	a	reduction	of	ATP	
levels	 (Takeda	 et	 al.,	 1995;	 Lawrence,	Holaday,	 2000).	
Cold-tolerant	 crop	 species	 have	 greater	 temperature	
homeostasis	of	leaf	respiration	than	cold-sensitive	species	
(Yamori	 et	 al.,	 2009).	 Chilling	 reduces	 the	 cytochrome	
path	of	the	electron	transport	in	seedlings	(Prasad	et	al.,	
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1994	a;	Reyes,	Jennings,	1997)	and	enhances	alternative	
respiratory	 pathways	 (Ordentlich	 et	 al.,	 1991;	 Purvis,	
Shewfeld,	1993;	Gonzalez-Meier	et	al.,	1999;	Ribascarbo	
et	al.,	2000).	Perhaps	these	alternative	pathways	play	an	
important	 role	 in	 plant	 adaptation	 to	 chilling	 (Steward	
et al.,	1990).	They	are	triggered	at	the	chilling	period	and	
increase	with	 decreasing	 temperature	 (Ordentlich	 et	 al.,	
1991).	 These	 alternative	 pathways	 induced	 by	 chilling	
caused	a	decrease	in	superoxide	generated	in	mitochon-
dria	(Purvis,	Shewfelt,	1993;	Hu	et	al.,	2008).	

Rate of photosynthesis.	During	and	after	chill-
ing,	the	rate	of	photosynthesis	in	the	leaves	of	chilling-
sensitive	 plants	 decreased	 and	 this	 is	 more	 related	 to	
decreasing	 temperature	 and	 lengthening	 of	 chilling	 pe-
riod	and	persisted	for	a	long	time	after	transfer	of	chilled	
plants	in	the	heat	(Janda	et	al.,	1994;	Boese	et	al.,	1997;	
Sonoike,	1998;	Gesch,	Heilman,	1999;	Allen,	Ort,	2001;	
Van	Heerden	et	al.,	2003;	Li	et	al.,	2004;	Strauss	et	al.,	
2007).	The	physiological	reasons	for	the	suppression	of	
photosynthesis	are	the	inhibition	of	phloem	transport	of	
carbohydrates	 from	 the	 leaves,	 stomatal	 limitation,	 de-
struction	of	the	photosynthetic	apparatus,	damage	to	wa-
ter-splitting	 complex	 of	 photosystem	 I,	 inhibiting	 elec-
tron	 transport,	 and	 uncoupling	 of	 electron	 transfer	 and	
energy	storage,	changes	in	the	activity	and	inhibition	of	
synthesis	of	key	enzymes	of	the	Calvin	cycle	and	C4-way	
(Yordanov,	1992;	Nie	et	al.,	1992;	McMahon	et	al.,	1994;	
Gesch,	Heilman,	1996;	Yoshida	et	al.,	1996;	Terashima	
et	al.,	1998;	Kingston-Smith	et	al.,	1999;	Ve	nema	et	al.,	
1999;	Van	Heerden	 et	 al.,	 2003;	Garstka	 et	 al.,	 2007).	
Cold-sensitive	 crop	 species	 have	 smaller	 temperature	
homeostasis	 of	 leaf	 photosynthesis	 than	 cold-tolerant	
species	(Yamori	et	al.,	2009).	

Chilling	 of	 sensitive	 plants	 in	 light	 had	much	
stronger	effects	on	the	photosynthetic	apparatus	than	chill-
ing	in	the	dark	(Szalai	et	al.,	1997;	Alam,	Jacob,	2002).	
It	is	considered	that	a	disturbance	of	photosynthesis	due	
to	the	light	chilling	is	largely	a	result	of	photoinhibition	
and	 photooxidation	 occurring	 in	 the	 chilling-sensitive	
plants	 (but	not	 cold-resistant),	 as	a	 result	of	 the	excess	
energy	 of	 excitation	 obtained	 by	 photosynthetic	 appa-
ratus.	Photoinhibition	of	photosynthesis	 is	 the	lowering	
of	 photosynthetic	 activity	 under	 excessive	 illumination	
during	 chilling	 (Nie	 et	 al.,	 1992;	Wang	 et	 al.,	 2008	 a).	
It	 increases	with	decreasing	temperature	and	increasing	
light	intensity	(Janda	et	al.,	1994;	Greer,	1995).	Primary	
site	 photoinhibition	 is	 the	 photosystem	 II.	 However,	 it	
was	discovered	that	photoinhibition	occurs	at	relatively	
low	light	and	low	temperature,	and	the	main	site	of	dam-
age	is	photosystem	I	(Sonoike,	1996;	1999).	Decrease	of	
photosynthesis	at	chilling	temperatures	may	be	a	conse-
quence	of	photooxidative	damage	to	the	photosystems	in	
the	membranes	of	chloroplasts,	which	 is	manifested	by	
increased	lipid	peroxidation,	degradation	of	chlorophyll,	
carotene,	and	xanthophylls	(Fryer	et	al.,	1998;	Kingston-
Smith,	Foyer,	2000).	It	was	caused	by	activated	oxygen	
species	and	was	associated	with	reduced	antioxidant	ac-
tivity	of	 tissues	 (Leipner	 et	 al.,	 1997;	Terashima	et	 al.,	
1998;	Leipner	et	al.,	2000;	Alam,	Jacob,	2002).	

The inactivation of metabolism	 is	 a	 complex	
function	 of	 both	 temperature	 value	 and	 duration	 of	 its	

effects	(Breidenbach	et	al.,	1990).	It	is	difficult	to	distin-
guish	between	metabolic	 changes	 in	 chilled	plants,	 oc-
curring	as	a	result	of	chilling	damage	or	preceding	it. So,	
protein	 content	 in	 tissues	 of	 chilling-sensitive	 plants	 is	
usually	reduced	with	chilling,	mainly	due	to	a	sharp	de-
crease	in	synthesis	(Levitt,	1980;	Mercado	et	al.,	1997).	
As	a	result	of	inhibition	of	protein	synthesis	is	the	increase	
in	the	level	of	free	amino	acids	(Kanda,	1998),	especially	
proline	(Duncan,	Widholm,	1991;	Jouve	et	al.,	1993),	ac-
cumulation	of	which	is	considered	as	the	element	of	the	
mechanism	of	cold	hardening.	Low	temperatures	reduce	
the	activity	of	many	enzymes	(Guy,	1990).	The	reasons	
for	this	may	be	the	dissociation	of	multimeric	enzymes,	
protein-lipid	and	hydrophobic	interactions	disorders,	re-
versible	 changes	 in	 kinetic	 properties	 of	 enzymes	 and	
allosteric	 regulation	 (Graham,	Patterson,	 1982;	Matsuo	
et al.,	1994).	Keeping	the	chilling-sensitive	plants	at	low	
temperature	the	concentration	of	soluble	sugars	increased	
and	 starch	 content	decreased	 significantly	 in	 all	 organs	
(Jouve	 et	 al.,	 1993).	 Changes	 in	 the	 level	 of	 carbohy-
drates	caused	by	the	chilling	are	associated	with	impaired	
respiration,	photosynthesis,	and	the	activity	of	enzymes	
of	carbohydrate	metabolism	(Ebrahim	et	al.,	1998).	

Various	physiological	functions	are	not	equally	
sensitive	to	cooling	(Wilson,	1978;	Yoshida	et	al.,	1989).	
Physiological	dysfunction	induced	by	low	temperatures,	
can	 be	 converted	 (or	 function	 restored)	 if	 the	 tissue	 is	
returned	 to	 normal	 temperature	 before	 the	 appearance	
of	damage.	Thus,	temperatures	below	critical	trigger	the	
disturbances	of	physiological	functions,	but	these	distur-
bances	do	not	lead	to	visible	manifestations	of	injury	or	
to	changes	in	the	rate	of	growth	and	development,	since	
disturbances	of	the	physiological	processes	are	reversible	
until	they	become	stable	(Lyons	et	al.,	1979).	Irreversible	
damage	arising	from	prolonged	chilling	may	be	caused	
by	the	accumulation	of	toxic	metabolites	(Lyons,	1973;	
Graham,	Patterson,	1982).	

Molecular-genetic changes 
During	 growth,	 plants	 are	 exposed	 to	 various	

abiotic	 stresses	 such	 as	 low	 temperature,	 salt,	 drought,	
flooding,	heat,	heavy	metal	toxicity,	etc.	Plants	must	be	
able	 to	 respond	 appropriately	 to	 the	 stress.	 In	 nature,	
many	stresses	affect	plants	together.	Due	to	the	complex	
nature	of	 stress,	multiple	 sensors	 are	more	 likely	 to	be	
responsible	for	perception	of	the	stress.	After	the	initial	
recognition	 of	 the	 stress,	 a	 signal	 transduction	 cascade	
is	invoked.	Secondary	messengers	relay	the	signal,	ulti-
mately	activating	stress-responsive	genes	generating	the	
initial	stress	response	(Mahajan,	Tuteja,	2005;	Grennan,	
2006;	Duchovskis	et	al.,	2006;	Oktem	et	al.,	2008).	Now	
it	is	known	that	drought	and	salt	stresses	were	found	to	
induce	many	of	the	same	genes	as	did	drought	stress	and	
ABA	 application	 or	 response	 to	 both	 cold	 and	 salinity	
stresses	 is	 regulated	by	genes	of	calcium-signaling	and	
nucleic	acid	pathways	(Mahajan,	Tuteja,	2005;	Grennan,	
2006).	Apparently,	that	chilling	sensitivity	is	generically	
determined,	 and	 the	 species	 and	 varietal	 differences	 of	
chilling	resistance	are	connected	to	definite	genes	(Pra-
sad	et	al.,	1994	a;	Sabehat	et	al.,	1998;	Grennan,	2006;	Su	
et	al.,	2010).	There	were	identified	634	chilling-respon-
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sive	genes	in	the	chilling-lethal	mutants	of	Arabidopsis.	
This	gene	list	includes	genes	related	to	lipid	metabolism,	
chloroplast	function,	carbohydrate	metabolism,	free	radi-
cal	detoxification	(Provart	et	al.,	2003).	In	sweet	potato	
there	 were	 examined	 transcriptional	 regulation	 of	 ex-
pansin	genes	in	response	to	various	chilling	temperatures	
(Noh	et	al.,	2009).	90%	of	the	108	cDNA	clones	of	low	
temperature-grown	sunflower	plants	expressed	at	various	
temperatures	were	to	be	down-regulated	and	involved	in	
the	metabolism	of	 carbohydrate,	 protein	 synthesis,	 sig-
nal	 transduction	 and	 transport	 function	 (Hewezi	 et al.,	
2006).	Response	of	plants	to	low	temperature	is	associ-
ated	with	 a	 change	 in	 the	 rate	 of	 gene	 transcription	 of	
low	 molecular	 weight	 proteins.	 Even	 very	 brief	 plant	
exposures	 to	 chilling	 temperature	 are	 sufficient	 for	 the	
appearance	of	 stress	proteins.	Cooling	 several	 chilling-
sensitive	 plants	 (corn,	 rice,	waving,	 tomato,	 cucumber,	
peanuts,	cotton,	sunflower,	etc.)	induced	the	synthesis	of	
more	than	20	polypeptides	with	molecular	masses	of	14	
to	94	kDa,	which	were	similar	to	HSP,	induced	by	hea-
ting,	or	different	from	them	(Hahn,	Walbot,	1989;	Pareek	
et	al.,	1997;	Li	et	al.,	1999).	Cold	acclimation	of	chilling-
sensitive	 plants	 is	 also	 accompanied	by	 the	 changes	 in	
synthesis	of	several	proteins	(Hahn,	Walbot,	1989;	Guy,	
1990;	Cabane	et	al.,	1993;	Anderson	et	al.,	1994).	Chill-
ing	leads	to	differential	expression	(down-regulated	and	
up-regulated)	of	genes	encoding	different	proteins	(Van	
Heerden	et	al.,	2003;	Yamagitchi-Shinozaki,	Shinozaki,	
2006;	Rymen	et al.,	2007;	Wang	et	al.,	2008	a).	

Cell membrane changes 
Low	 temperatures	alter	 the	physical	properties	

of	cell	membranes.	Chilling	of	sensitive	plants	leads	to	
multiple	changes	in	their	membranes,	namely	reduce	the	
membrane	 elasticity,	 decreasing	 their	 compliance	 and	
preventing	 lipid	 inclusion	 in	 their	 composition,	 lower	
lipid	 fluidity,	 thereby	 reducing	 the	 activity	 of	 several	
membrane-bound	 enzymes,	 including	 H+-ATPase,	 in-
crease	the	lateral	diffusion	of	phospholipids,	sterols	and	
proteins	in	the	plasma	membrane	(Quinn,	1988;	Kasamo	
et	 al.,	 1992;	Koster	 et	 al.,	 1994;	Kasamo	et	 al.,	 2000).	
The	phase	transition	of	cell	membranes	occurs	at	chilling	
temperatures	in	chilling-sensitive	plants	(but	not	cold-re-
sistant),	and	membranes	from	flexible	liquid-crystal	turn	
into	solid-gel	structure,	leading	to	changes	in	the	proper-
ties	of	membranes	and	membrane-bound	enzyme	activity	
(Raison	et	al.,	1971;	Lyons,	1973).	It	is	believed	that	the	
phase	 transitions	 of	 even	 small	 fractions	 of	membrane	
lipids	result	in	the	formation	of	solid	domains	that	cause	
cell	membrane	and	cell	damage	(Thompson,	1989).	The	
phase	separation	of	the	membrane	components	is	linked	
with	phase	transition.		This	phase	separation	is	character-
ized	by	the	appearance	of	gel-like	sites	in	the	plane	of	the	
bilayer	lipid.	These	sites	are	partially	or	completely	free	
of	proteins.	When	the	cells	were	not	damaged,	the	forma-
tion	of	 these	microdomains	was	of	a	 temporary	nature.	
The	 disturbances	 became	 irreversible	 with	 long-term	
chilling,	 and	 coincided	 with	 the	 appearance	 of	 visual	
symptoms	 of	 damage	 (Platt-Aloia,	 Thomson,	 1987).	A	
number	of	species	of	tropical	origin	have	the	lateral	phase	

separation	temperature	some	higher	(15°C)	than	in	plants	
from	temperate	zones	(6–8°C)	suggesting	that	plants	re-
duce	the	freezing	point	of	membranes	with	the	distance	
from	zone	of	tropical	origin	(Terzaghi	et	al.,	1989).	

The	lipid	components	of	membranes	are	conside-
red	the	most	important	for	the	membranes	functioning	at	
low	temperatures	(Lyons,	1973;	Lyons	et	al.,	1979;	Nish-
ida,	Murata,	 1996;	 Routaboul	 et	 al.,	 2000).	 Chilling	 of	
sensitive	plants	causes	degradation	of	galacto-	and	phos-
pholipids,	resulting	in	increased	free	fatty	acids.	Chilling	
of	plants	and	fruits	changed	the	molar	ratio	of	sterols	and	
increased	 the	 ratio	 of	 sterols/phospholipids,	which	may	
be	one	reason	for	lowering	the	membrane	fluidity	when	
cooled	 (Wang	 et	 al.,	 1992;	 Whitaker,	 1993).	 Chilling-
sensitive	plants	growing	at	lower	hardening	temperature	
show	an	increase	in	unsaturated	fatty	acids,	phospholipids	
accumulation	 in	 the	 tissues,	 lower	 levels	 of	 sterols	 and	
their	esters,	which	reduced	the	ratio	of	sterol/PL	(Kasamo	
et	al.,	1992;	Kojima	et	al.,	1998;	Kaniuga	et	al.,	1999).	

Exposure	of	chilling-sensitive	plants	to	low	tem-
perature	changes	protein	components	in	their	membranes.	
These	changes	include:	disorders	of	protein	structure,	the	
release	of	non-protein	components	of	enzymes,	changes	
in	allosteric	control	of	activity	and	kinetic	parameters.	At	
the	same	time	the	protein-lipid	interactions	in	the	mem-
brane	have	a	significant	role	in	the	low-temperature	inac-
tivation	of	enzymes	(Graham,	Patterson,	1982).	

Changes	in	the	state	of	membranes	may	lead	to	
secondary	 or	 irreversible	 reactions,	 depending	 on	 tem-
perature,	exposure	duration	and	sensitivity	of	the	species.	
After	a	prolonged	chilling,	these	changes	will	cause	loss	
of	membrane	integrity	and	compartmentation,	the	leakage	
of	solutes,	decrease	of	oxidative	activity	of	mitochondria,	
increase	 of	 the	 activation	 energy	 of	 membrane-bound	
enzymes,	 reduce	 the	 rate	 of	 photosynthesis,	 cause	 dis-
ruption	and	imbalance	of	metabolism,	the	accumulation	
of	toxic	substances	and	the	symptoms	of	chilling	injury	
(Lyons,	1973;	Levitt,	1980;	Quinn,	1988).	

The theory of chilling injury 
In	 the	 initial	 period	 of	 studying,	 the	 influence	

of	 low	 temperatures	 on	 chilling-sensitive	 plants	 was	
widespread	 theory	Sachs	 about	 the	death	of	plants	due	
to	disorders	of	water	regime.	However,	subsequent	stud-
ies	 have	 shown	 one-sided	 interpretation	 of	 these	 data.	
Changes	in	water	regime	were	likely	due	to	disturbances	
of	 other	 processes.	 In	 the	middle	 of	 the	 20th	 century	 it	
was	found	that	the	wilting	of	the	aerial	organs	is	not	due	
to	excessive	transpiration	over	slow	supply	of	water	by	
roots,	but	is	the	result	of	lowering	water-holding	capaci-
ty	due	to	disorganization	of	the	cytoplasm	structure	and	
metabolic	decompensation	(Жолкевич,	1955).	

Based	on	observations	of	changes	in	protoplas-
mic	viscosity	at	low	temperatures,	it	has	been	suggested	
that	 this	 cell	 property	 plays	 a	 key	 role	 in	 the	 damage	
(Belehradek,	1935).	The	less	tolerant	plants	to	cold,	the	
higher	temperature	at	which	cytoplasm	geling	occurs	and	
the	 faster	 increases	 the	 viscosity	 of	 the	 cytoplasm.	At	
considerable	increase	in	viscosity	the	rate	of	biochemical	
reactions	in	the	cytoplasm	is	decreased,	the	metabolism	
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is	disturbed,	which	leads	to	dysfunction	of	physiological	
processes.	However,	it	was	shown	that	cucumber	plants	
decreased	viscosity	with	increasing	chilling	duration,	and	
the	worst	after	2.5–4	days,	and	then	increased	gradually,	
reaching	viscosity	level	of	non-chilled	plant,	but	shortly	
before	 the	 complete	 withering	 away	 could	 exceed	 this	
level.	An	increase	in	viscosity	of	highly	damaged	plants	
also	 continued	 after	 the	 transfer	 into	 heat.	 “Dying”	 in-
crease	 protoplasmic	 viscosity	 and	 is	 the	 final	 stage	 of	
death,	which	has	no	relation	to	the	first	stage	of	damage,	
but	only	deepens	it	(Жолкевич,	1955).	

According	 to	 data	 of	 some	 research	 from	 the	
1950–60s,	 the	 main	 result	 of	 chilling-sensitive	 plants	
damage	during	 long-term	cooling	 is	 a	metabolic	 disor-
der.	 In	 this	 case,	 the	 death	 of	 plants	 occurs	 due	 to	 the	
predominance	of	the	destruction	over	the	synthesis.	One	
of	 the	probable	 causes	of	 the	protoplasm	structure	dis-
organization	and	irreversible	changes	in	the	metabolism	
is	 the	 uncoupling	between	 the	 energy	obtaining	during	
respiration	 and	 its	 effective	 consumption	 (Жолкевич,	
1955).	However,	metabolic	changes	occur	only	after	suf-
ficiently	long	chilling	of	plants	and	most	of	them	as	well	
as	changes	in	water	regime	are	not	the	primary	cause	of	
chilling	injury.	So,	shorter	duration	of	chilling	does	not	
cause	a	sharp	inhibition	of	metabolism.	Accumulation	of	
toxic	products	of	metabolism	as	a	result	of	the	imbalance	
that	occurs	during	chilling	of	sensitive	plants	and	is	one	
of	the	main	reasons	of	chilling	injury	(Жолкевич,	1955,	
Генкель,	Кушниренко,	1966),	which	often	occurs	after	
the	 return	 of	 chilled	 plants	 to	 heat,	 i.e.	 is	 the	 result	 of	
secondary	dysfunction	associated	with	heating.	

Among	the	hypotheses	about	the	primary	events	
that	trigger	the	occurrence	of	reaction	to	lower	tempera-
tures,	hypothesis	of	phase	change	prevailed	in	the	1970s,	
according	 to	which	 the	chilling-induced	changes	 in	 the	
molecular	ordering	of	membrane	lipids	may	be	the	cause	
of	 chilling	 injury	 (Raison	 et	 al.,	 1971).	These	 changes	
increase	 the	damage	by	lowering	the	ATP	levels,	meta-
bolic	imbalances	and	increasing	membrane	permeability	
(Lyons,	1973).	However,	all	these	changes	do	not	occur	
immediately	after	the	start	of	chilling	and	are	likely	to	be	
secondary	 disorders	 (Minorsky,	 1985).	The	 increase	 in	
membrane	permeability	due	to	the	low-temperature	expo-
sure	(“membranes	leakage”)	should	be	quick,	registered	
in	the	first	few	minutes	after	placing	the	tissue	at	chilling	
temperatures,	in	accordance	with	the	hypothesis	of	phase	
transitions.	In	reality,	this	does	not	happen,	and	often	pas-
sive	permeability	is	not	increased	(Patterson	et al.,	1979).	
Moreover,	the	increase	in	electrolyte	leakage	is	likely	due	
to	chilling-induced	water	stress,	which	has	been	revealed	
to	 be	 considerably	 weaker	 in	 an	 atmosphere	 saturated	
with	water	(Guinn,	1971).	At	the	same	time	it	is	notewor-
thy	that	the	low	unsaturation	of	membranous	phospholi-
pides,	which	is	generically	determined,	gives	sensitivity	
to	 cold	 temperatures	 to	 chilling-sensitive	 plants	 (Zhu	
et al.,	2008).	The	data	about	the	introduction	of	genes	of	
fatty	 acid	 desaturases	 in	 a	 genome	 of	 chilling-senitive	
plants	confirms	that	this	gives	sensitive	plants	more	pro-
nounced	chilling	resistance	(Kodama	et al.,	1994;	Ishiza-

ki-Nishizawa	et	al.,	1996;	Hamada	et	al.,	1998;	Murata,	
Tasaka,	1997;	Domínguez	et	al.,	2010).	

In	recent	years,	special	attention	of	researchers	
has	been	drawn	to	two	hypotheses	to	explain	the	induc-
tion	of	chilling	damage	to	a	rapid	increase	in	the	concen-
tration	of	free	cytosolic	Ca2+	([Ca2+]cyt)	(Minorsky,	1985)	
and	 the	occurrence	of	oxidative	 stress	upon	chilling	of	
chilling-sensitive	plants	(Hariyadi,	Parkin,	1993;	Prasad	
et	al.,	1994	b).	

Minorsky	(1985)	proposed	a	hypothesis	 to	ex-
plain	 most	 of	 the	 secondary	 effects	 of	 chilling	 shock,	
which	suddenly	increases	(by	1–2	orders)	in	the	concen-
tration	of	[Ca2+]cyt.	It	is	assumed	that	the	rapid	increase	in	
[Ca2+]cyt	due	to	chilling,	may	serve	as	the	primary	physio-
logical	signal	of	cold	exposure.	It	was	shown	that	chang-
es	 in	 intracellular	 calcium	 compartmentation	 in	 chilled	
plants,	leading	to	an	increase	in	[Ca2+]cyt,	stop	cytoplasmic	
streaming	 	and	affect	 the	subcellular	structures	 (Woods	
et	al.,	1984	b).	There	is	evidence	that	input	of	45Ca2+	 in	
maize	root	cells	increased	by	20–25%	at	a	temperature	of	
2°C	(Zocchi,	Hanson,	1982).	Changes	in	[Ca2+]cyt	trigger	
cascade	 reactions	 in	 the	 cell,	which	 leads	 to	 numerous	
disturbances	at	all	levels	of	an	organization.	Our	inves-
tigation	shows	that	chilling	induces	abrupt	reduction	of	
Ca2+-ATPase	activity,	which	pumps	out	Ca2+	in	apoplast	
and/or	 in	 intracellular	 depots	 (Лукаткин,	 Еремкина,	
2002).	So,	this	enhances	the	[Ca2+]cyt	level	in	cytoplasm.	
During	the	growth	of	maize	seedlings	on	nutrient	media	
with	different	calcium	status	more	intense	chilling	injury	
was	observed	at	reduced	or	enhanced	Ca2+	doses	in	com-
parison	with	optimal	dose	(Lukatkin,	Isaikina,	1997).	

In	 recent	 years,	 the	 calcium	 hypothesis	 has	
been	 further	developed	 in	view	of	oxidative	 stress	 that	
occurs	when	cooling	the	chilling-sensitive	plants.	Oxida-
tive	stress	that	occurs	during	cooling	of	chilling-sensitive	
plants	plays	a	leading	role	in	the	transduction	of	chilling	
injury	(Lukatkin,	2002	a;	b;	Hu	et	al.,	2008).	The	reason	
why	production	of	free	radicals	and	reactive	oxygen	spe-
cies	(ROS)	increased	is	singlet	oxygen,	superoxide	anion,	
hydroxyl	 radical,	 hydrogen	 peroxide	 (Suzuki,	 Mittler,	
2006).	These	ROS	cause	considerable	damage	 to	mem-
brane	 lipids	 and	 other	 cellular	 components	 (Lukatkin	
et al.,	1995;	Lukatkin,	2003;	Попов	и	др.,	2010).	It	was	
shown	that	[Ca2+]cyt	changes	are	intimately	connected	to	
an	 oxidative	 stress.	Oxidative	 stress	 causes	 an	 immedi-
ate	increase	in	cytosolic	calcium	(Price	et	al.,	1994),	act-
ing	the	same	as	chilling	shock	(Knight	et	al.,	1996).	This	
reaction	is	transient,	and	finishes	within	1–2	minutes.	In	
turn,	[Ca2+]cyt	influences	a	level	of	free	radicals,	inhibiting	
activity	 of	 SOD	 (Price	 et	 al.,	 1994).	 So,	 increasing	 the	
concentration	of	ionized	calcium	causes	increased	oxida-
tive	stress	(Price	et	al.,	1994;	Lock,	Price,	1994),	i.e.	is	the	
signal	amplification	cascade	that	causes	chilling	damage.	

Summarized	scheme	of	the	initiation	and	devel-
opment	 of	 chilling	 injury	 in	 the	 cells	 of	 chilling-sensi-
tive	plants	is	shown	in	Figure.	This	scheme	includes	all	
physiological	and	biochemical	events	which	are	known	
as	chilling	damage	of	susceptible	plants.	
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Ways to improve chilling toler-
ance of chilling-sensitive plants 
At	the	present	time,	to	improve	the	chilling	tol-

erance	 of	 sensitive	 plants	 various	 techniques	 are	 used,	
which	can	be	divided	into	several	groups:	the	thermal	ef-
fect,	chemical	treatment,	the	use	of	cellular	and	genetic	
engineering.	

Thermal effects	includes	low-temperature	hard-
ening,	thermal	conditioning,	intermediate	warming,	and	
the	effect	of	heat	stress.	The	basis	of	seed	and	seedling	
hardening	of	chilling-sensitive	plants	to	cold,	which	has	
long	been	used	in	practical	plant	breeding,	is	the	adapta-
tion	of	the	organism	in	the	early	stages	of	development,	
accompanied	by	the	emergence	of	specific	structural	and	
functional	rearrangements	(Генкель,	Кушниренко,	1966,	
Дроздов	и	др.,	1977).	Low-temperature	hardening	proc-
ess	 is	 associated	 with	 the	 protein-synthesizing	 system	
(Титов,	Шерудило,	1990)	and	is	accompanied	by	a	rear-
rangement	of	the	hormonal	system	of	plants	(Таланова	и	
др.,	1991;	Волкова	и	др.,	1991).	

Similar	to	the	hardening	is	the	thermal	conditio-
ning	(“preconditioning”),	associated	with	changes	in	plant	
response	to	chilling	connected	with	growth	temperature	in	
the	preceding	period.	Growing	plants	at	 lower	 tempera-
tures	 leads	 to	 acclimation,	 which	 increases	 their	 resis-
tance	 to	chilling	 (Nie	et	al.,	1992;	Leipner	et al.,	1997;	
Kingstom-Smith	et	al.,	1999;	Leipner	et	al.,	2000;	Kato-
Noguchi,	2007;	Попов	и	др.,	2010),	as	well	as	exposure	
of	chilling-sensitive	plants	or	their	tissue	for	some	period	
of	time	(from	2	to	14	days)	to	a	relatively	reduced	tem-
peratures	(10...18°C)	(Wolk,	Herner,	1982;	Wang,	1982;	

Ahn	et	al.,	1999).	Such	conditioning	gives	 the	plants	a	
greater	degree	of	chilling	tolerance	for	some	time	(Bolger	
et	al.,	1992;	Cabane	et	al.,	1993;	Capell,	Dörffling,	1993;	
Anderson	et	al.,	1994;	Wang	et	al.,	1992;	Wang,	1993;	
1995).	 Conditioning	 causes	 changes	 in	 physiological	
and	biochemical	processes	 in	plants,	changes	operation	
of	 protein-synthesizing	 system,	 leads	 to	 the	 synthesis	
of	new	proteins,	possibly	involved	in	protection	against	
chilling	 shock	 (Marangoni	 et	 al.,	 1990;	 Cabane	 et	 al.,	
1993;	Anderson	et	al.,	1994;	Prasad	et	al.,	1994	a).	The	
thermal	 conditioning	 is	 dependent	 on	 temperature	 and	
light	in	this	period	(Grishenkova	et	al.,	2006;	Лукаткин	
и	др.,	2006).	

Intermediate	 warming	 is	 another	 way	 of	 ther-
mal	regulation	of	chilling	injury.	Transfer	of	the	chilled	
plants	 in	 the	warm	afternoon	prevented	 the	appearance	
of	visible	 symptoms	of	damage,	 impaired	 inhibition	of	
photosynthesis	 and	 transpiration,	 reduced	 leaf	 osmotic	
potential	(Koscielniak	et	al.,	1996;	Koscielniak,	Biesaga-
Koscielniak,	 2000;	 Skrudlik	 et	 al.,	 2000).	 Intermediate	
warming	 is	 often	 used	 for	 storage	 of	 chilling-sensitive	
plants’	fruits	(Wang,	1982;	1993).	It	is	assumed	that	the	
temporary	placement	in	heat	allows	the	chilled	tissues	to	
metabolize	 toxic	substances	 that	accumulate	during	 the	
chilling	process,	or	helps	to	restore	the	compounds	in	tis-
sues	that	are	depleted	during	chilling	(Lyons,	1973).	

High-temperature	conditioning	(heating	for	seve-
ral	minutes)	of	seeds	and	seedlings	induced	increased	chill-
ing-resistance	in	plants	(Rab,	Saltveit,	1996	b;	Mandrich,	

Figure.	Scheme	of	the	initiation	and	development	of	chilling	injury	in	the	cells	of	chilling-sensitive	plants	
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Saltveit,	 2000).	This	 process	 involves	 protein	 synthesis.	
So,	in	tissues	exposed	to	heat	stress	there	is	observed	the	
appearance	 of	 new	mRNAs	 and	 proteins	 that	 are	main-
tained	and	even	increased	after	chilling,	but	quickly	dis-
appear	at	 the	optimum	 temperature	 (Adnan	et	 al.,	 1998;	
Kadyrzhanova	et	al.,	1998;	Sabehat	et	al.,	1998).	

Chemical treatments	of	chilling-sensitive	plants	
lead	to	increased	chilling	tolerance.	The	effects	of	trace	ele-
ments,	synthetic	growth	regulators,	and	antioxidants	were	
most	studied.	One	group	of	compounds,	the	most	promis-
ing	in	terms	of	increasing	the	chilling	resistance	of	chilling-
sensitive	plants	is	synthetic	analogues	of	phytohormones	
and	other	plant	growth	regulators.	The	efficacy,	which	in-
duced	an	increased	resistance	to	chilling	was	shown	for	all	
groups	of	phytohormones	(Генкель,	Кушниренко,	1966;	
Володько,	1983;	Зауралов,	Лукаткин,	1996).	

Cytokinins	and	ABA	were	most	effective	of	all	
plant	growth	regulators	(Duncan,	Widholm,	1991;	Mitch-
ell,	Madore,	1992;	Anderson	et	al.,	1994;	Pareek	et	al.,	
1997;	Зауралов	и	др.,	2000;	Lukatkin	et	al.,	2003;	Lu-
katkin,	Zauralov,	2009;	Лукаткин,	Овчинникова,	2009).	
Non-hormonal	growth	regulators	are	used	also	 in	order	
to	 improve	 the	 chilling	 tolerance	 of	 cultivated	 plants.	
These	 include	paklobutrazol,	 chlorocholinchloride,	me-
fluidid,	unikonazol	and	other	triazoles	(Lurie	et	al.,	1994;	
Feng	 et	 al.,	 2003).	The	 treatment	 by	 	 antioxidants	 and	
free	 radicals	 quenching	 (ethoxyquin,	 sodium	 benzoate,	
glutathione,	 tyrone,	 formate,	 ascorbate,	 diphenylamine,	
α-tocopherol,	propyl	gallate)	can	slow	down	the	degrada-
tion	of	unsaturated	fatty	acids	and	reduce	chilling	dam-
age	in	chilling-sensitive	plants,	leaves	and	fruits	(Lukat-
kin,	Levina,	1997;	Michaeli	et	al.,	1999;	Xu	et	al.,	2000;	
Kocsy	et	al.,	2001).	Increasing	the	chilling	resistance	of	
chilling-sensitive	plants	is	also	shown	for	compounds	of	
different	 nature:	 choline,	 proline,	 polyamines,	 glycine	
betaine,	 alcohols,	 anesthetics,	 etc.	 (Lyons	 et	 al.,	 1979;	
Wang,	 1982;	 Duncan,	 Widholm,	 1991;	 Wang,	 1993;	
Frenkel,	Erez,	1996;	Janda	et	al.,	1999;	Shen	et	al.,	2000;	
Ding	et	al.,	2007;	Wang	et	al.,	2008	b).	The	mechanisms	
of	their	action	are	different.	They	increase	the	fluidity	of	
membranes,	protecting	them	from	free	radical	peroxida-
tion,	alter	the	ratio	of	lipid	as	well	as	protein	conforma-
tion,	thereby	alter	activity	of	membrane	enzymes,	influ-
ence	hormones	synthesis,	water	regime,	etc.	

Cellular and genetic engineering	is	a	new	trend,	
which	allows	fundamental	changes	in	the	chilling	resist-
ance	of	chilling-sensitive	plants.	They	are	based	on	a	large	
genetic	variability	in	components,	controlling	sensitivity,	
on	the	one	hand,	and	on	the	development	of	gene	transfer	
technology,	transformation	and	selection	markers,	on	the	
other	hand	(Greaves,	1996;	Лукаткин,	Дерябин,	2009).	
So,	screening	the	surviving	cells	during	chilling	of	callus	
and	suspension	cultures	and	subsequent	plant	regenera-
tion	yielded	plants	with	 increased	epigenetic	 resistance	
to	chilling	temperatures	(Dix,	1979;	Lukatkin,	1999;	Lu-
katkin,	Geras’kina,	2003;	Lukatkin,	2010).	Somatic	hy-
bridization	may	be	a	convenient	way	for	the	introduction	
of	germplasm,	associated	with	 resistance	 to	chilling,	 in	
new	lines	of	tomato	(Bruggemann	et	al.,	1995;	Venema	
et	al.,	2000).	The	 increased	chilling	 tolerance	observed	

in	transgenic	tobacco	plants	with	introduced	chloroplast	
ω-3	 fatty	 acid	 desaturase	 from	 Arabidopsis thaliana 
or	 Δ9-desaturase	 from	 the	 cyanobacterium	 Anacystis 
nidulans	with	increased	levels	of	polyunsaturated	fatty	
acids	in	membrane	lipids	(Kodama	et	al.,	1994;	Ishizaki-
Nishizawa	et	al.,	1996;	Hamada	et al.,	1998;	Murata,	Ta-
saka,	1997).

Conclusion 
The	 literature	 review	 shows	 that	 the	 exposure	

of	chilling-sensitive	plants	to	low	temperatures	leads	to	
disturbances	 in	 all	 physiological	 processes	 –	water	 re-
gime,	mineral	nutrition,	photosynthesis,	 respiration	and	
metabolism.	 Inactivation	 of	 metabolism,	 observed	 at	
chilling	of	chilling-sensitive	plants	is	a	complex	function	
of	both	temperature	and	duration	of	exposure.	Response	
of	plants	to	low	temperature	exposure	is	associated	with	
a	change	in	the	rate	of	gene	transcription	of	a	number	of	
low	molecular	weight	proteins.	

Based	on	the	authors’	own	research	and	the	lite-
rature	data,	 the	 concept	of	 cold	damage	was	proposed,	
which	 highlighted	 the	 leading	 role	 of	 oxidative	 stress	
in	 the	 induction	 of	 stress	 response.	 According	 to	 this	
concept,	 there	were	distinguished	possible	ways	 to	 im-
prove	cold	tolerance,	which	were	combined	into	several	
groups:	 the	 thermal	 effect	 (low-temperature	 hardening,	
thermal	conditioning,	intermediate	warming	and	the	ef-
fect	of	heat	stress),	chemical	 treatment	(trace	elements,	
synthetic	growth	regulators,	antioxidants)	and	the	use	of	
gene	and	cell	engineering.	
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Santrauka
Žemos	teigiamos	(1–10°	C)	temperatūros	sąlygoja	daugybę	fiziologinių	sutrikimų	tokioms	temperatūroms	jautrių	
augalų	ląstelėse,	o	tai	lemia	tropinių	ir	subtropinių	augalų,	pavyzdžiui,	daugelio	daržovių,	žūtį.	Literatūros	apžvalga	
parodė,	kad	šilumamėgių	augalų	laikymas	žemų	teigiamų	temperatūrų	sąlygomis	nulemia	visų	fiziologinių	procesų	
(vandens	režimo,	mineralinės	mitybos,	fotosintezės,	kvėpavimo,	medžiagų	apykaitos)	pažeidimus.	Šilumamėgių	
augalų	medžiagų	apykaitos	 inaktyvacija,	nustatyta	žemų	temperatūrų	sąlygomis,	priklauso	ir	nuo	temperatūros,	
ir	nuo	jos	trukmės.	Augalų	atsakas	į	žemų	teigiamų	temperatūrų	poveikį	yra	susijęs	su	keleto	mažos	molekulinės	
masės	baltymų	genų	transkripcijos	greičiu.	
Apžvalgoje	analizuojami	žemų	temperatūrų	pažeidimų	sampratos	kaitos	istoriniai	aspektai	ir	šiuolaikinių	tyrimų	
kryptys.	 Remiantis	 autorių	 tyrimais	 ir	 literatūros	 duomenis,	 pasiūlyta	 žemų	 teigiamų	 temperatūrų	 pažeidimų	
koncepcija,	pagal	kurią	didžiausia	reikšmė	tenka	oksidaciniam	stresui	kaip	stresinės	reakcijos	sukėlėjui.	Pagal	šią	
koncepciją	pasiūlyti	keli	būdai,	kaip	padidinti	žemų	temperatūrų	toleranciją.	Jie	suskirstyti	į	kelias	grupes:	terminis	
poveikis	 (grūdinimas	 žemomis	 temperatūromis,	 temperatūrinis	 kondicionavimas,	 tarpinis	 atšildymas,	 šilumos	
streso	 poveikis),	 cheminis	 apdorojimas	 (mikroelementais,	 sintetiniais	 augimo	 reguliatoriais,	 antioksidantais)	 ir	
genų	bei	ląstelių	inžinerijos	panaudojimas.	

Reikšminiai	 žodžiai:	 antioksidantai,	 fiziologiniai	 procesai,	 ląstelės,	 oksidacinis	 stresas,	 žemoms	 teigiamoms	
temperatūroms	jautrūs	augalai.	

Chilling injury in chilling-sensitive plants: a review


