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Abstract The changes of plasnalanma pemeability and same primary morganic r
ons of Antarctic ice m icroalgae (Chlanydanonas sp ICE-L) n the low-tenperature
stress were exan ned The plasnalanma of ICE-L could maintain the stability at the
freezing condition of — 6 C. That signifies that it could mamntain the proper function
of plasmalenma and stability of the ntracellular environrment during sea ice foma-
tion The function of morganic ions on low-tenperature adaptation of ICE-L was nves-
tigated by using the X-ray m icroanalysismethod Low tanperature (0~ - 6 C) -
duces Ca” concentration ncranent of cyioplasn, but after 24 h the content decrease
quickly to nomal value As amatter of fact Ca” plays an mportant wole as the sec-
ond messenger in the low tamperature adaptation of ICE-L. In addition low tempera-
ture also mfluences on the other prmary momganic ions transfer and the cellmamntamns
activity by keep ng ratio balance anong different ions Above all it is necessary for
Antarctic icem icroalgae to survive and breed by maintaining the stability of K™ con-
tent and the balance of Na" /CT .

Key words Antarctic icem icroalca X-ray m icroanalysis  morganic ions  low -tan-
perature adaptation

The pack ice of Antarctic oceans appears to be frozen white desert devoid of life
However beneath the snow lies a unique habitat for groups of bacteria and m icroscop ic
plants and anmals that are encased in ice matrices at low temperatures and light with the
only liquid being pockets of concentrated brines A ntarctic ice m icroalgae thrive in the ice
and their prolific grow th ensures they play a fundanental role m Antarctic ecosystans Ant
arctic ice algaewere canbmed i the sea ice and lived n brine channels during sea ice for-
mation and the environmental conditions under which Antarctic ice algae live are highly
variable (Than as and D ieckm ann 2002). Sea ice is also a relatively extrane environm ent
with ntemal tenperatures ranging fran — 1 C 1o as low as = 50 C inw inter The salinity
of sea ice brinesw ithin channels and cracks of the sea ice ( formed when salt is ejected dur-
ng freezing) can rise as high as 150%o ( Brown and Bowman 2001). Survival in these con-
ditions requires a canplex suite of physiological and m etabolic adaptations
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Antarctic ice m icroalgae adaptwell to hostile enviroorments In plants the cytoplasn
manbrane plays an mportant role in the sensing of enviroomental conditions such as ten-
perature and salmity In previous studies it has been shown that the variation of tem pera-
ture and salmnity could affect cytoplasn menbrane pem eability ( Steponkus 1984 M aurel
1997). In addition sane mportant norganic ions play an mportant role m viability of
plant cell The mportant role of calcim ion signalling n the transduction of environmental
change mto plant has been documented (Knightet al 1996 Sedbrook et al 199 Sand-
ersetal 1999). The envirommental conditions underwhich A ntarcticm icroalgae live char
acterized by high contents ofNa" and CI and low temperature which could affect absorb-
tion and utilization of norganic irons by Antarctic ice m icroalgae (Kotmeier and Sullvan
1988). Therefore the high salmity and low temperature acclmation of Antarctic ice m
croalgae should canpare w ith the morganic irons change of Antarctic ice m icroalgae This
study describes the effect of tanperature on the cytan enbrane pem eability of Chlamydo-
monas sp ICE-L and the function of sane mportant morganic ions n the low temperature
and high salnity acclmation of Antarctic ice m icroalgae

1 M aterials and m ethods
1. 1 Algal strains and expermental design

Antarctic icem icroalga Chlamydanonas sp  ICE-L was purified fran Antarctic sea ice
collected m 18th Chinese Antarctic expedition during 2001/2002 ICE-L was cultured to
log phase at4 C, and then cultured for 6 h 12 h 24 h and 48 h at three temperature
grades — 6 C, 0 C, 6 C. The plasnalenma pemeability of ICE-L was assayed respec-
tively

Antarctic ice m icroalgae ICE-L and mesophile m icroalgae P latymonas sp ( Control)
were culured to the late log phase ICE-L were culured by three temperature grades 6
C,0C and - 6 C, — 6~ 0 C counted as low temperature Platymonas sp were cul
tured by three tenperature grades 15 C, 6 'C and 0 'C. ICE-L and Platymonas sp were
culured for@ 12 24 48 h i tanperature grades and content of sane morganic ions
were assayed

1. 2 Assay of relatwe pem eability of plasnalanma

Antarctic ice m icroalgae ICE-L were culured mn the f/2 medium of Guillard and
Ryther ( 1962). ICE-L cellswere collected by centrifugation (6 000 X g for Sm ), and
washed three tmes using distilled water to elm mate salinity Then the pelletswere put into
tubes w ith quantificational distilled water shaken for I5m n and assayed the conductance
by conductan eter after being placed for 15m in Thiswas low temperature treated conduct
ance (E,). Then the ubewas placed n boilwater and placed for 10m in cooled to roan
tam perature and the total conductance (E,) was assayed The conductance of distilled wa-
terwasE, Relative pemeability of plasnalenma (P) was calculated using the follow ng
fomula

P:[(EI_E())/(EQ_EU}]XIOO%
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The experments were perfomed three tmes
1. 3 Preparation of samples for X ray m icroanalysis

M icroalgae cellswere collected by centrifugation (6 000 X g for 3m in), and washed
w ith ice-cold distilled water(4 C) to ranove the culure medum and prevented the extra-
cellilarmedum fran contrbuting to the mtracellular elenental content A fter washing
specmens were placed n a alum mum netty bags and frozen mmediately m liquid iso-pen-
tane / propane (V/V=1: 3) cooled by liquid nitrogen for I-2m mn then put nto freeze-
drier at (106 C placed for4 d and then placed at roan temperature for 24 h Specinens
were transferred toT vacuum ognotic tubes and filtered w ith ethyl ether at 27 C vacuum for
24 h and then were enbedded i Spurrs resin ( Spurr 1969). A fter anbednent ultrathin
(1 Um) sectionsweremadew ith an ultran icrotame The sectionswere then fixed to copper
nets and coated w ith a conductive carbon layer

1. 4 X -ray m icroanalysis

Prepared sanples were subjected to electron m icroscopy and the X -ray m icroanalysis
was conducted using aH I'ACH IH 00 transm ission electron m icroscope equipped w ith an
EDAX 9100 series energy dispersive X -ray m icroanalyzer The m icroscope was mnning at
120 kV. X-ray spectrawere analyzed for the peak-to-background area ratios (P/B) of ele-
ments (Ca Na K, Cl). The elanental canposition paraneters P and P /B of slices were
duplicated and averaged over the results of seven replicated m easureanents The ntensity
was expressed as the number of counts per second ( cps).

2 Results

2. 1 Effect of tanperature on the plasnalanma pem eability of ICE 4.

The effect of tanperature on the plasnalenma pem eability of ICE-L is shown in Fig-
ure L The plasnalenma pem eability of ICE-L showed sm ilar variation trends n response
to different culture tamperature Culured at — 6 'C, it ncreased w ith the treating tine pro-
longed at beginning fram 63 33% for 6 h tomaxmum 72 21% for 24 h  then declmned
slightly The plasnalenm a pem eability of ICE-L cultured at — 6 'C was relatively higher
than that at0 C and 6 C, which ncreased tomaxmum at24 h fran begin then declined
slightly ButThe plagn alanm a pem eability of ICE-L at 0 C was lower than that at 6 C.

2.2 Effect of tanperature on Ca’* contents of ICE 1.

The effect of tanperature on Ca™ contents of ICE-L is shown in Figure 2a The Ca™
contents of ICE-L culured at — 6 C mcreased to maxmum 103 03 cps at 12 h and de-
creased tom nimum 2 58 cps at48 h The Ca™* contents of ICE-L culured at0 ‘C and 6
C showed sm ilar variation trend but the Ca’ contents of ICE-L culured at — 6 C were
highest at three tanperature grades



Study on changes of plasn alanm a pem eability and sane prmary. . . 23

~] ~J
< w
— 1
4

&

Relative permeability / %

oL—
0 10 20 30 40 50
t/h
Fig 1 Effect of tanperature on the cytan anbrane pem eability of ICE-L

The Ca™ contents of Playmonas sp culiured at0 ‘C were 99 79 cps at6 b then de-
creased remarkably to 2 58 cps at 12 h  and mamtamed 1 96 cps (24 h) and 2 43 cps
(48 h). TheCa™ contents ofPlatymonas sp cultured at 6 C were increased tom axmum
102 05 cps at 12 h  and then decreased tom ininum 2 4 cps at48 h The Ca™ contents of
Platymonas sp cultured at 15 C increased slightly fran 2 57 eps (6 h) to 11 52 cps (48
h).

The variation trend of Ca™* contents of ICE-L cultured at — 6 C was sin ilar to that of
Platymonas sp culured at6 ‘C. The Ca” contents of both m icrogalgae reached m ax imum
at 12 h and then decreased tom mimum ran arkably
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Fig 2 Effect of tanperature on Ca” content of ICE-L (a) and Playmonas sp (b)
2.3 Effect of tanperature onNa" contents of ICE 1.

The effect of tanperature on Na~ contents of ICE-L is shown in Figure 3a The Na'
contents of ICE-L culured at — 6 ‘C icreased ranarkably fran 2 86 cps (6 h) to 38 42
cps (48 h). BothNa' contents of ICE-L cultured at0 'C and 6 C were low and increased
slightly in 48 b and kept relative balance TheNa“ contents of ICE-L cultured at — 6 'C
were much higher than those culured at 6 C and 0 C.

The effect of tenperature on Na' content of P latymonas sp is shown in Figure 3h
TheNa" contents of Platymonas sp culured at 0 'C increased fran 28 17 cps (6 h) to
41 10 (48 h), which even higher than those of ICE-L cultured at — 6 C. TheNa" con-
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tents of P latymonas sp cultured at 6 'C were 2 66 at6 h and 2 03 cps at 12 h  then in-
creased remarkably and reached 36 27 cps at 24 h and kept relative stable The Na" con-
tents of P latymonas sp cultured at 15 ‘C were very low, increased slightly and kept rela-
tively stable (2 19— 8 12 cps).
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Fig 3 Effect of tanperature on Na'  content of ICE-L (a) and Platymonas sp ('b)

2.4 Effect of tanperature on K" contents of ICE 1.,

The effect of tan perature on K™ contents of ICE-L is shown in Figure 4a TheK"™ con-
tents of ICE-LL mamntamned high levels (90— 105 cps) at three temperature grades which
showed temperature affected K™ content of ICE-L slightly The K™ content of ICE-L cul
tured at — 6 C reached maxmum 112 13 cps at 24 h which was highest in all tested
groups Then theK" content decreased tom mimum 86 05 cps at48 h which was the low-
est m all tested groups

The effect of temperature on K™ contents of Platymonas sp is shown in Figure 4h
The K" contents of Platymonas sp at0 C mamtained very low levels (2 08— 5 99 cps)
and were the lowest in three temperature grades The K™ contents of Platymonas sp cul-
tured at 6 C fluctuated largely It decreased fran 91 34 cps (6 h) 1o 2Q 6 cps (12 h),
then increased to 93 86 cps at24 h and decreased to 27 63 cps at48 h TheK" contents
of Platymonas sp cultured at 15 'C changed slightly ranged fran 96 5 cps to 98 92 cps

The K" contents of ICE-L culured at — 6 'C fluctuated slichtly which decreased at
12 h then increased at 24 h and then decreased at 48 h The K" contents of P latym onas
sp. at6 C showed siilar trend but flicmated more largely The K™ contents of ICE-L
cultured at0 C and 6 C maintained stable and were s ilar to those of P latymonas sp
cultured at 15 C.

2.5 Effect of tanperature on Cl contents of ICE 1.

The variation trend of CI contents is sin ilar to that of Na' content in ICE-L. The CT
content of ICE-L culured at — 6 C decreased fran 4 74 cps (6 h) to L 96 cps (12 h),
and then ncreased sharply tomaxmum 64 9 cps at48 h Both CI' contents of ICE-L at0
C and 6 C were low and mamntained relative stable n 48 h ( Figure Sa).
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Fig 4 Effect of tanperature on K™ content of ICE-L ( a) and Playmonas sp ( b)

The effect of tanperature on CI content ofP latym onas sp is shown i Figure Sh The
CI contents of Platymonas sp cultured at 0 ‘C mcreased fran 2 44 cps (6 h) to 12 08
cps (24 h), and then decreased slightly to 11 42 cps at48 h The CI content of P laty-
monas sp cultured at 6 'C decreased fran 4 2 cps (6 h) to L 77 ¢ps (12 h), and then
increased shamply tomaxmum 63 8 cps at48 h The CI contents of P latymonas sp  cul
tured at 15 C kept relative stable n 24 h  ranged fran 2 07 cps to 2 54 cps then in-
creased to 1Q O cps at48 h

The CI contents of ICE-L culured at — 6 'C and P latymonas sp  at6 ‘C had sm ilar
variation trend namely CI content decreased to m mmun at 12 h and then mcreased to
maxmum at48 h and their CI contents at 48 h were basically sane
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Fig 5 Effect of tanperature on CI content of ICE-L ( a) and Platymonas sp  ( b)

3 Discussion
3. 1 The role of the relatwe pem eability of plasnalenma in ICE 1. survival

A 1l the plagnalenma pem eability of ICE-L cultured at three tamperature grades w as
increased in short tme and then decreased This suggested that ICE-L could maintain the
stability of plasn alenm a at low temperature The plasnalenma pemeability at0 ‘C was the
low est and increased whether the tanperature increased or decreased and that mdicated
that the plasnalenma of ICE-LL was most stable at 0 'C. Temperature nduced change n
menbrane fluidity is one of the mmediate consequences in plants during temperature stres-
ses and m ight represent a potential site of perception and/or mjury (Horvath et al 1998
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Orvaret al 2000). Freezng-induced cellular dehydration causes various perturbations to
m en brane structure and function indicating thatm enbranes are the primary targets of freez
ng njury ( Steponkus 1984). H igh temperature could ncrease membrane fluidity which
increased m enbrane pemeability Low temperature could induce phase transition of mem-
brane lipid fran liquid crystal state to gel state which made m enbrane crack and pem ea-
bility increased The plasn alenm a pem eability of ICE-L showed increase trend at — 6 C,
but the mcranentwas snall For exanple at48 h the relative plasn alanm a pem eab ility
of CE-Lwas63 7% at0C, 66 18 at6 C and 70 60% at—- 6 C. Therefore ICE-
L could mamntamn the stability of plasmalemma at — 6 C freezing state and maintain nomal
function ofmanbrane and stableness of mtracellular environm ent

3.2 The function of Ca’" in ICE 1 survival at lav tenperature

The cytosolic Ca™ seems to be linked to the acquisition of tolerance to low tam perature
stresses Results in this study showed that the Ca™ content incrementwas induced by low
tanperature O— — 6 C i ICE-L cytoplasn, and themore tamperature decreased themore
Ca”" content increased The Ca~ content of ICE-L reached maxinum at 12 h which was
40 tmes of nomal value of cells (2 5—- 2 6 cps). Then the Ca" content of ICE-L de-
creased to nomal level at48 h This trend occurred nP latymonas sp too at6 C. Elevat-
ed cytosolic Ca™™ levels in response 1o low temperature aremainly due to Ca™* nfluix fran
extracellular stores (M onroy and Dhindsa 1995).

M any environmental and endogenous stimuli are linked to changes in Ca™* of cytoplas-
min n plants (Knightetal 1991 Knightetal 1996 Sedbrook etal 1996). Ithasbeen
dam onstrated that plants react to cold-shock by an mmediate and transient rise in cytosolic
calcum, which could mduce the expression of anti-cold gene and the development of freez
ing tolerance (Knightetal 1991, Russelletal 1996 Polisensky and Braan 199 Sang-
wan et al 2001). Thus themessenger function of Ca” was exerted by regulate dissocia-
tive Ca* i cells The change of Ca™* levels in cellswas linchpin of cells response to exter
nal stinulator M aintain the Ca™ content stable was pram ise of its messenger function
However it is hamful to cells of maintaining exobitant Ca™* levels in long tme which
could result n the deprivation ofmetabolian and m ight destroy the cell architecture (W ang
and Jian 1994). Therefor¢ i order tomamntamn the stability of Ca™ contents 1t is neces-
sary to active Ca~ translation systans such as Ca — ATPase which could make high
Ca”" levels stinulated revert to nomal levels after accanplish signal transduction The re-
sults demonstrate that Ca™, as a second messenger is required for cold induced gene ex-
pression and development of freezing tolerance

Ca” contents of ICE-L sharply increased in short tine (6- 12 h) at — 6 'C and in-
duced the expression of anticold genes and then the Ca™* levels decreased Thismay be
the reason that superfluous Ca’ was transported out of cytoplasn by Ca’ - ATPase and
decreased to nomal levels thereby mamtamed the cell function of metabolian and signal
transduction (Knightet al 1996). These indicated that Ca™ plays mportant roles in the
cold acclmation of sea m icroalgae as second messenger The optimum grow th tenperature
of ICEL is — 3— 6 C, Ca" content of ICE-L maintain low levels at 6 'C while its in-
creased largely at — 6 C as second messenger and could revert nomal levels quickly The
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optimum grow th tan perature of P latymonas sp is about 20 C, Ca” play the sane function
as it n ICE-L at6 C. Butat0 'C, Ca" content of Platynonas sp increased tom axinum
at 6 h and decreased to m mmum at 12 h which indicated Platymonas sp could be de-
stroyed at lw tanperature 0 C, the ability of Ca™ regulation in cellswas deprived after 6
h and Ca* was leaked fran cytop lasm.

3.3 Thefunction of Na*, K* and CI in ICE 4. surwival at lav tenperature

At nomal grow th tanperature (0— 6 C), theNa and CI contents of ICE-L cyto-
plasn were low and maintained relative stable and the value ofNa" /CT i cells also kept
relative stable TheNa" and CI contents of ICE— L cytoplasn were increased quickly at
low temperature — 6 C, but their increased speeds were different The Na'  increased
largely while CT contents decreased which make the value of Na" /CI ratio increased re-
markably at 122 h Then the value of Na" /CT ratio in cells decreased w ith the enhancem ent
the ability of cells absoth CI' and reverted to the levels of 6 h after 48 h ( F igure 6a). The
value of Na" /CT ratio in Platymonas sp maintained relative stable at 6 'C and 15 C.
Culured at 0 'C, the value of Na" /CT ratio in Platymonas sp was 12 56 at6 h which
much more than those at wo other tanperature and decreased to 4 1 at 12 h and then
maintained relative stable ( Figure 6b).
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Fig 6 Effect of tanperature on Na' /CT ratio of ICE-L ( a) and Platymonas sp (b)

The K" contents of ICE-L maintained relative stable at three tem perature grades The
value of Na" /K" ratio in ICE-L ranged Q 02~ Q 03 at6 ‘C and 0 C. but increased large-
ly at — 6 C (Figure 7a). TheK" contentmaintained relative stable and the Na" contents
increased at — 6 C i ICE-, while the Na' contents were stillmuch lower the K™ con-
tent Therefore the enhancament of Na™ contents in cytoplasn didn f induce the K™ exosm o-
sis. The K" contents were stillmuch higher than the Na" contents in ICE-L indicated the
K" requirament of cellswasmuch higher than that of Na'. Potassim is an mportant nutrr
ment n plant cells It is significant formenbrane ntegrality and enzymes activity to keep
the stability of cytoplasn K*. The Na" contents increased and the K™ contents decreased
at0 C inPlatymonas sp, whichmade theNa" /K" ratio values increase to 19 76 at48 h
(Figure 7b). The reason of the enhancement of the Na" /K" ratio values was the leakage
of K".
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Fig 7 Effect of tanperature on Na' /K" ratio of ICE-L (1a) andPlatymonas sp (b)

The culuremedim ofAntarctic ice algae was freezing at — 6 'C. Thereforg the envr
romm ental condition n which Antarctic ice algae mcubated was not only low tenperature
and but also high salmity (R iaux-Gobm 2000). The increase of salmnity could mduce Ant
arctic ice algae to enhance the absotbed dose of Na' and CI, which could resist the
change of osmotic pressure and cells destruction during ice fomation Though the Na~ and
CT contents of cytoplasn and the Na' /K" ratio values mncreased the K* of cytoplasn
wasn { exosnosis Thereforg the most lkely cause was the channels of Na” and CI i
m en brane w ere opened and the Na” and CI content increased At the sane tine these
suggested Na' and CI were transported into cytoplasn maily by passive transport too
(Trevena et al 2000).
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