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Abstract: Electrical impedance spectroscopy ( EIS) and electrolyte leakage ( EL) methods were used to measure frost
hardiness of stems and needles of Mongolia Scotch pine ( Pinus sylvestris L. var. mongolica Litv. ) saplings in different
development stage. By comparing the frost hardiness results measured by the two methods, the aim of the study was to find

suitable EIS parameters evaluating the frost hardiness of frost-exposed and non-frost-exposed Mongolia Scotch pine, and to
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optimize EIS method for studying frost hardiness on plant. Eight-year-old Mongolia Scotch pine saplings were sampled in
frost hardening ( October) and dehardening ( March) stage for EIS and EL measurement. The results indicated that the
determination coefficient of frost hardiness between EIS (r,) and EL is 0.97, however, the frost hardiness results evaluated
by EIS (r,) was higher than those by EL. The trend of membrane time constant r_ in needles and relaxation time 7, in
stems changed with the freezing temperatures showed the similar “ Sigmoid function” curve as specific extracellular
resistance r,, and the correlation analysis showed that r, ( stems and needles) correlated with 7, (stems) and 7, ( needles)
after freezing temperature treatment (R* =0.74 ~0.84). Through calculating by Logistic function, the frost hardiness of
Mongolia Scotch pine measured by 7, ( stems) and 7_( needles) methods had high correlations with that measured by EIS
(r,) and EL methods (R* = 0.88 ~0.91). It suggested that 7, of needles and r, of stems might be the parameters to
calculate the frost hardiness after exposed to freezing temperatures. In addition, 7 of needles and 7, of stems in non-frost-
exposed samples increased significantly with the enhanced frost hardiness in two development stages of 8-year-old Mongolia
Scotch pine, indicating that 7 (needles) and 7,( stems) of non-frost-exposed saplings would be good parameters to estimate

frost hardiness in Mongolia Scotch pine.

Key Words: Mongolia Scotch pine; frost hardiness; electrical impedance spectroscopy; extracellular resistance; relaxation

time ; membrane time constant

PLIE M (frost hardiness ) RAGAYI A ZURE A M RE" . W EHY SN, RSHYFEE KA
BIAF M B M L B (5 B, I A RR R AT HEAAEEE N . MY E%Y
TR 28, koK R (WPFT) % i F (EL) & MR VOL (CF) I s B A 3% (EIS) .45, EIS %
R T AEMEIR M 00 2 S P R B B 40 e BEL R R 2R 4k O T BT, BRI B T W SR 5 T Y B
KT, SHARNE TR, BAR RE , B — B SR N KA S AR

JH EIS LM E P Bk, MUSMEBAZR (r,) RAHAHEH EMBEREESNSE” . URTRBIZE - AH
REHNARANTERS FRELEE, KA r B2 AN —MREE (LT, ) RFRRE —HFARKPLIE
#"', Repo %R, B r b, SWERET R (7, 7,) , WIS AT BG 23 A6 R 3K (o, ) S BRI S B BE Ve VR 08 B ik
AT o UEAEIRTERKYN AR ( Pinus sylvestris) ' It 3544 B ( Rhododendron) '™ f B 95 & BL, R & ¥ TR b
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HOREACHR 7, 5K H 9PT M 5 07 ok tH AL B 2 R +2°CHERE"S . Bk, 7 & EIS 2% AL
ATV ACERN & MYt M B 7 kXt T523 EIS 5k ARSI Y E i BE T ENRE X,

ARICVIAE KB BT BRI T #5 ( Pinus Sylvestris L. var. mongolica Litv. ) 416, %A EIS 350 EL #:)%E
BT IRPTIERE . B LLBPIR 7 R I R 45 R DG , ST AR VSRR T 1A S M FI 2889 EIS SHCMPTIEMH)
RE, DIRBE ST RILRENER EIS 28 RIE S A& H A BARE M N Y R EIS 240, A
Yt AR B P R S AR R A T % 8
1 HEE5FZE
1.1 #8

Wb 8 FAEME TR, MEHREPIIEBIAR (10 ) FIBLBIR (3 A5) WiAmt Hi 4 AIBUEE . 2006 4F 10 A Al
2007 4¢3 A MRFEE e 3K IR B S 8 ARAE A T4, 40 B 10 #RAE 9kt ik , S ARBEHLBT B 6 > 24F A4
B, 3L 60 4~ BABURER , 3 [0 S0 EAEATHIREETIE . VR AR vk, MRIEE KEE B B A L R
FREARRSOK, R R B e s A s P
1.2 B3 (EL) A PR E (EIS) il e et
1.2.1 ¥BuEiHE
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T BB CRARBBR T ARG GHANE A L) . EEBMITBFER TK, U RAEDR AR R
JE L AVKAE (BCD-252WBCS, 5 & ¥ /K ; BD-100LT, F & ¥ /K ; U410-86 , 32 ) HBEAT R URAL B, Foo 4°C o5t
o BB MEERRE , REF 4h, FEUH A 4 CRREZBME 24h, FBRESRNY 6°C-h™'1 RigHY
PEETRRAR , EEMNEREEA R 2REE 2L HRE (R D,

F1 2REFNERBUNENSERE
Table 1 The temperatures used for determining frost hardiness in 2 controlled freezing tests

% B B Development stage {R & Temperature ( °C)
10 A October 4 -3 -6 -9 -15 =25 -35
3 H March 4 -4 -10 -22 -30 —-45 -60

1.2.2 BS(EL)EMEmEr™"

RS EGE , B AP ERTIE 10mm, HE B KR EBRARE S, 8 MAE I 8 Brsrnt, BB
M ERYIE 10mm , BV 4 B, HEE FRKRERARE S, M8 4 BB, 8NMRER4 1N E
8. SN 12ml XBEFK, AEES O, AR IRS 24h, F DDSL -308 Bl FU( LB ERIF#)
B MR SE(C) o B OEEHREE TR b S 20min, FHAEESIRS 24h, WA B FE(C,) .
BRNER , HEEFRENR, EEHBEE, AKX HEHEXTEFHE(REL)

Cl - Cgr__—u
REL = 1
Cz - Cgr__—n ( )
KA, LIS VRIELE M ARHR , REL WARATIER . B Logistic T HHAH %M,
A
y:1+eB(C—x) +D (2)

AH,y N REL(% ) 52 R (C) 5B AR (%-C ™) ,C N#HE(T) A FRZHERN REL M5
KME,D FRKZHFN REL ERE ., F SPSSS. 0 i, Bl it A (2) W MIRERFHLEIILR
BAE(LTs,) GBI
1.2.3  sAHLER (EIS) ¥ i gets "

AURACELE , B R I M4 B A P ARREALE R 8 Bt i (A ER 15mm ) , B 8 BE25(15mm)
FrAE BT EEE . I EAY (Mitutoyo NO. 7331, Japan) JUZEE B2, 1 B9 R BRI B2, KA 21 0. 01mm,
EIS I 52 {338 % BB 44713 ( HP4284A , Agilent, USA) , ¥ Ag/AgCl Bi#% (RC 1, WPI Ltd. , Sarasota, FL, USA )
SEEFLAMHTACHE E , I AR B , TR B AR AR AL B A MR ZE B BT T S B . DU EREATE
42 ANBREET W BEAE e B , W e 552 % 80 ~ 1MHz,

He LR SRR T W R AR B e BELF e 0 2 B S SRR A R R, 4E H e BEL A e H A AR R 1 AR AL Bl 42, B
EIS, R4EFEARNY EIS #f € 18 FE I 520 % o

St B BT S R T Ak B AT A A B BB (Z e a)

(Ry-R,) - (1+B) (3)
1+8-(1+j-w-71,)"

K, R, 1 Ry73 BIRTERR R 3R SARARSR T B B s 7 R4 MR B EIE & , 7, = Ry, x C,, , P R, C. 22
By 2 BB Py FELBEL R L s BB B AR R B R M D i — AT 5 = V1L RARE R 0 =2 %
7 xf, RFIRER(f R AC FiZR) 1P,

HE A WBERE AERER/D R THMKHETMEE™ . FLEVM v8.06 HAHITHA. St
A WEWSEAT R, (RSB, Q) R, (RS, Q) \B R (A MEERN R EEER,s)

Hapy BB (R,) FHEAMEBE (R, ) 4333 T AR EF

Re = Ro (4)

Zyoaa-4 =Ro +
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R,
Ri_Rw.RO_Rw (5)

H TR AR A5 D T TR AR A B ) R/ v R B9 i 2 3 AV A 2 R BB , T B8 IR AR B LTI R . VR
ZONIE B REAT S HOR B (r, ) , I E B R BHIR AR AT AR, FEBR ARE A ORI B 7,

r.=7R, (6)

Her,r, (x TS e BUHEM ©) RAEBEZE, A4 Qm;R, (x RSt e SR ) R E B R, 40
Q;A BRI E IR, B FRaHETEERTEER T EMETE, B Agy = mab/4,a BEHHE
B, b RATM TR ;1 R AR (15mm)

2R E A T -DCE AR . BBRHLR :

R, R,
Z:R-‘-l+(i°1'1°a))"’1+1+(i°1'2°a))"’2 (7)

K, Z B, 0 AAEE (0 =2 xm xf, i f o AC J1F) ,i FEHRNA, W-DCE HEALH 7 5
WEMSE. EAR3 NEHE(R.R A R,,Q) 2 NMBREE (7, 7., 0,) 2 DMEAF S0 EE RIY 5370 REK
(g F ) o B 1 g BRUNARAAZE I i BE AL 3 R BB, B IR T XU-DCE BRI £ 2R Eer R, R AR,
53 B IE RTINS X B S RAS , 7, A 7, BELBU B R A RS AR R R (ESRAS , ALT X 8
TR A3 B SR o, F g, o SRR BB NS A TR SRS/ RS TR LT EE™

Mash e BE (R, ) FIHE Y B BH (R;) 23 B3R T E A=

g
. =2 o =1 0 =1
. I e
R,=R+R, +R, (8) §5 ley,wwjm&\\\L///:%QL
g ) |5 5t T XE T 3 |
R ® 0 20 30 60
R=R-(1+5 ) (9) = oA Real k)

HERL A B ZR A (6) TR, K 2R B U
Ay =mxd’/4(d HENER) , B4 ',

RBLARTHOBTSE™ " Hgh e LR (r, ) B i AL B
JEHENERRE AN, U HIRE AL,
SRR, R (2) 055K il 2 R4S it
BN, N r AP, BRT r b, HEJLAHE B BN s R R R A
PR E B FEA RSB AS . DI RIEE N RFRE, 4+  Fig. 1 A schematic drawing of an impedance spectrum of stem of
SILAE I AR AR LA BB BN AR 8 P it
HiF0 7. REL 2L B SRR BO B RO I8 (2) AR A WBUR Double-DCE ) SRR MR REIL B 1 AR 1,
B, BIHEM 80 Hz Bl 1 MHz 3£ 42 NFHE( WAEXL ) The

mathematical interpretation of the distributed model parameters (

1.3 A AT GRAEREAR B E S

BR 2 TR BRI AREIBLBE, 8RB o posed of 42 different froquencies ranging from 80 iz to 1 MH: from
FARMBETEE , N PERFEDLIEER 16 4 (A EREL  right to left, respectively
15mm) ,16 B2E (15mm) TR EPIIE, MEF
¥®E1.2.3,
1.4 St

EL & EP1FEM, A Microsoft excel 118 REL,/EE] . EIS EJEPLIEMF LEVM v 8. 06 #HMA-#)4H EIS
ZEUE, B EIEF A Microsoft excel ,/E&], S8 Logistic J7F£(2) , Fj SPSS8. 0( SPSS Inc. , Chicago, II. , U.S.
A ) B, B EM, F independent-samples T test( SPSS8. 0) i WA B I H EIS 28257,

(I-y)m2

double-DCE ) see [°!, Fig. 1 and Appendix 1. The spectrum is
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2 BERSSH
2.1 EL 3F01 EIS gk U2 PRI 45 5100 B

A3 F BTS2 R ), 72T 2 R IR B TE R N, REL o r, (4FM-FI12E) o7, (4HM) o7, (28) B84k
AR AETF—E W, B TR % 2R ENHRAREEB TS, HAMB B s iR
&8 HIE B A LSNP i & B3, I REL 3K (B 2) i r,ry 1 FRIR(E 3,4) . BARFSEEB K
YR 5 | R A 2 R A B A I T TS | S A e BEL R VB8N 5 32 5 R A SRR B HL T -ATPase 35 12 K% 40 Y
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TR R T INHRRAB AR o 7, KIS R B T MRS 2, 7, =R, x C,, B TSR B 2
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Fig. 2 Change in relative conductivity of freezing needles( A) and stems( B) in 8-year-old Mongolia Scotch pine saplings measured in March
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Fig. 3 Change in specific extracellular resistance(r, ) of freezing needles( A) and stems(B) in 8-year-old Mongolia Scotch pine saplings measured in

March

HAE 3A 71 4A HTLIE A FRRIREAE RS M 7, 54 r AL 2E 7 528 r iZAML(HLE
Bl 3B M4B), M3E2FH, FRHIEELEGHSE, 0 T 2269 REL M r A MR 250, HALK S5 18
R MEEE R . H logistic 7772 (2) L3R H A MR B Tt , 1E 0% 05 355K tH P P

AE KT i AR TS 2R SR A L BRI A R R 3. 3 APUEMkEER, r 35 EL 3%
TRE RS H-HLREMAEA 2 10C A, 10 BHTREMEES , i I E B4 ML EMEAZA R 2C, B L
&, EIS(r) IR EL BoRBHILERR . .M 7 35 5HRPIEMERILS r WS RERE. HP M. 5EL
HERHE 3 B MBS REZEAR 2C( -46.19 ~ -47.80C) s /i 7,5 EL 353Kk H 10 A MZEHEHAEZE
AFN3C( -8.53 ~ =6.25C) o JURMITLIERYFH AZEPL BRI R E R (R 4)
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Fig. 4 Change in membrane time constant( 7, ) and relaxation time (7, ) of freezing needles( A) and stems(B) in 8-year-old Mongolia Scotch pine

saplings measured in March

2.2 REGHIETHEHFIZEE EIS 25

8 ARAEAR T ATEA [ R i A 41 - 1 e BB I
TEERR AN, B S 0 (P P i R B ok
H3HE) ZREVNUE SA) . ZERPUEFET,3 A
10 BAaFHEr M B SE MR A EREAR —H, EE B
TR IR ARG, P i S S o BEL T R R AR — B

8 FAEAR T IAEANIE] & 7 e 2R 0 i BEL BT I A 22
BR, 3 AEIEBIENG, 10 AEER. WA 2ER
AHBHIFAIN(E SB) . EIEHXSRRN, AR
B ISIEYHSURAE T e A B

£2 FRAFEETHHNEESHTHHMAEXE
Table 2 Correlation in each parameter of needles and stems under

different freezing temperatures

e Trk

Organs methods #X4E Correlation R?
2% REL+r, y = -0.6916x + 72.459 0.31
Stems REL+ 1, y = -4.5442x + 70.18 0.63
re+ 1y =0.1876x — 1.9245 0.74
£t REL+r, y = -0.873x + 84.152 0.89
Needles REL+ 1, y = -2.0669x + 70.382 0.76
re+ 7, y = 0.3571x - 2.5233 0.84

£3 HWI(EL) ZMHREREE(ES) ZNES FERTARRELERBLILR
Table3 Comparison in frost hardiness of 8-year-old Mongolia Scotch pine saplings between electrolyte leakage and electrical impedance

spectroscopy methods

PL.ZEE Frost hardiness( C)

. ; &t MR RHE & (7,,) B
BERH e (L) ok MM, ) % isiepilirioiNG
Development stage Organ Electrolyte leakage Extracellular = !
. Membrane time constant of needle and relaxation
method resistance method
time of stem methods
10 B October £t needle -20.06 -21.08 -15.51
2£ stem -8.53 -15.92 -6.25
3 H March 411 needle -46.19 -57.73 -47.80
2£ stem -46.44 -59.35 -34.08

Xt LA b 3 AR AY A4t ) AN DCE 522 (2£)
WA, SRR EIS 240(H (52 5,% 6) . RS T
UEH,3 AHEEstBn e (r,) 8& KT 10 A4
(P<0.01), SHiEdAeb—3:3 AZEr R/ T 10
A BREEZRABE. WA ¢ L EZRAEBE,
3 AfrZEHash R B ELT 10 A4 (P <0.05),

mE6 LA 3 ABETHIMK r BER/T
10 B3 (P <0.05) , SHi BB -3 MK,8 &
BBEMT 10 A (P <0.05), 3 A4 egfsh
TP L BE R T 10 A, BEERARE

4 EL .7 ERr () M, (5HH) RN EME TR HER

FEREXE

Table 4 Correlation of the frost hardiness in needles and stems of
Mongolia Scotch pine measured by EL, r, with 7, (stems) and 7,
(needles) methods

e HHRAE R
Methods Correlation

EL¥: + r, ¥ y = 1.2017x - 2.1015  0.97
EL¥ + 7, (8tH) . 7 () 5 = 0.9289x + 2.2413 0.91
e+ T, () o (Z) y = 0.7519% + 3.0517  0.88
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A 4}t Needle B Z£ Stem
3H March
=350 — A Marc =30 37 March 10H October
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g P00 ﬁb. = -5 | “““ﬂl
h| -
= 250 - £ Aﬂi‘ - 0 b
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= -100 = o 2
g 10 AT ¥
® -s0 |- A i S

0 | | M - | 0 | | |

0 500 1000 1500 2000 0 50 100 150

J2HR Real (kQ)

Bl5 ARZE R TRREE H(A) FZE(B) s E LR

Fig. 5 Impedance spectra of non-frost-exposed needles (A) and stems (B) of Mongolia Scotch pine saplings in different development stage

W LI % Py 80Hz ~ 1 x 10°Hz FE I 42 SR B (BN BIZE) s B HR 16 14111 16 MEEWSAE TRV The spectra

are composed of 42 different frequencies ranging from 80Hz to 1 MHz ( from right to left, respectively) ; Each point is the mean of 16 needles and stems

in each frequency

®5 FRAXZEHPETRALSFZNBRERSWLILE

Table 5 Comparison in impedance spectra parameters of non-frost-exposed stems of Mongolia Scotch pine saplings in different development

stage

™ T BRI

. Jfa4h e BEL %R JH2 Py e BEL 2R o ™ BT R
g Specific extracellular Specific intracellular %ﬁﬁfj‘lﬁl %ﬁﬁvj‘lﬁ‘l Dlstnl')utmn Distribution coefficient of

Development i i Relaxation time Relaxation time coefficient of L

resistance resistance (us) (us) relaxation time relaxation time 7,
stage r,(Qm) r,(Qm) T8 T2\ P8 Ty "
13
10 A October 53.69°* 12.01 6.98 30.52 0.62 0.87
3 H March 45.85 10.73 7.51 245.83 ¢ 0.61 0.83

Independent-Samples T Test £ 7 B &4  Significant of difference; * P<0.05, % % P <0.01

£6 TREEFHPETRARSFHHHIRERS YR
Table 6 Comparison in impedance spectra parameters of non-frost-exposed needles of Mongolia Scotch pine saplings in different development

stage

J—— b ek FRLPS LB 22 A BT TR 1B B 2%
Devel Specific extracellular resistance Specific intracellular resistance Membrane time constant B efz' :
evelopment stage r, (Om) r, (Qm) - (ms) B coefficient
10 A October 61.98 11.65 12.83 0.64°
3 H March 66.71 12.01 19.06 * 0.57

T-Test 2R BEM:  Significant of difference; * P <0.05

3 itig

EIS ¥k — il e Yt SEvk A RS RO T8 Oy vk, 55 EL 3640 bod , oA T B B i B ™ o AR
B HA T WA T A T AT SR M S R etk , 45 R %W EIS(r, ) $5 5 EL 3£ 5 BOAE T-HA%H M FI2E 89
PEEAREIHEXME(R =0.97) , METHITERE N, EIS(r,) M EL 3002 4T H L EREER
3 2°C L EMBIRIT, B, XM AT BT —3 ' AT, AIRH EIS(r, ) ¥ b EL 3k Bifh
PrEH:, 35 W BRI ARAA R BRI R BT SEA—3L, BD EIS ¥ EL ¥ E B B2 #A ( Pinus bungeana ) 7041 i
PLEEM G AW B AR A, EIS 3548 EL B fRAGH 281, Vainola * 21 5f# B8RO B 55 B R, EIS(r,) ¥k
I BT SRR (1 = 0.81 ~0.86) AL Sk (r = 0.84 ~0.90) Bl BAHX B R EIS(r,) I LB KA
PLEME, Mancuso %™ B 451 B/R, A EIS ¥ 71 EL 3£ I 5E 4 4T 2)8 ( Callistemon) 1 2 TR HER
( Grevillea) FEMIIHTIEME , BARH 5 BESR M IOPT SEME S RAE R, ML BB SCERIRE 7T LA ), RE R R
MR 25, B2 EIS(r,) 5 %38 EL 300 E NPT 0 2 MR B H X R EIS(r,) B 7T LUR RAG I
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E SR NOE R

TR, R THZER) 7 FIST ) 7, 2R BS W EF r A SR B2 L8R 3 MK 4 TTLIE ) 7
ZERER T, —SHXPRAIMLMNER, B ARRLIEE " (BT ERN, E Z A KRG
J& , BT B4 v B S 5/, S T e ) O St B ) 20 A AR BB/ o ZE X B[ BB 32 B ( Lolium perenne ) 4T ZE
TR R I, 25 - 16°C B9 AL TG , 2500 MuAh e BELFN S I B TRD 358N ™ o Zhang S BF5E 1 R0, % H ik
(Brassica oleracea) M}t 223 —6°C BV& VR-VR R IHISEL/G , 94| e BEL , 200 i o ekt BEL AT 48 T8 Py oL BEL ( P IS AR B 3 B
PIEEAEAT LS ) B0 o R URAL B A T-#4 EIS SHH R T RIS AT R B, 220 7.5 7, SHIHEY 7,
5 r A RIS (R = 0.74 ~0.84) o & Logistic HRMA , 7, (4FH) Fl 7, (2£) ¥5 EIS(r,) ¥ .EL 31
ERRT AN IR S B (R = 0.88 ~0.91) , 3KHI% "1, EIS 4347 o0, JuShHBHAR (r, ) e EHL
T BRI — B4, BRI R (r)) BASTHE RRES . NABIRRE 7. (50 APPSR T A4
M IR BEES L

L BE TR AR LR B, AR R T ISR VAR TRA ST M RIZE R A T S5 FIAE 2 7R 4k, ZERRINARHA B9
EIS 4347 oh MU SR B B A I B A (L SR B AR Ao 73 H B MBBIA S, &
RIRGRGRACTEREAR RSB ETIE] 7, (25) \Hapg s B r, (ZERIST M) STEMABEMM LM (R = 0.79
~0.86) 121, SiitRy" BRI RI , — A Tokk R AL BT R P, RS VR R HESM R e R S P S
HIRCEAE S, TR T8 — MR L R AR, FRiRE+,8 SFARTH 3 AN 10 53, K
2, MEM 7, WBERT 10 B, SHUEENEL—3 RWHASRELHE, B «(Z) M 7, (1) MR
TR R & BB Bt B R IRA RIS 5
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