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The ratio of fluorescence intensity at the first maximum of the chlorophyll Iluorcsccncc temperature curve at 52('  (M l) to the 
intensity at 30°C (F(T30)) is shown to be a sensitive indicator of time-dependent heat stress (49°C) in barley leaves changing in 
correlation with other fluorescence parameters. 

A complex of chlorophyll a fluorescence methods is 
increasingly applied in plant physiology to detect plant 
stresses [1-3]. High temperatures belong to the most 
investigated effects. Leaves and isolated chloroplasts 
show a marked reduction in their photosynthetic activ- 
ity after exposure to temperatures above 40-45°C. it 
has been documented that PS !1 is more susceptible to 
thermal damage than PS i [4,5]. The temperaturc in- 
duced changes in chloroph,,llfluorescencc intensity or 
quantum yield upon linear heating regime in the region 
from 20 to 60°C or higher temperatures were called the 
fluorescence temperature curves (FTC) [6,7]. The FTC 
of leaves and chloroplasts depends on the excitation 
and emission wavelengths, on the intensity of excitation 
light, on pH and ionic strength of the medium and on 
the heating rate [6-10]. The essential points of FTC 
were lately used for characterization of heat :,,~d 
drought adaptation of plants [11-13]. Two critical tem- 
peratures (To. ~ = 45-48°C, To2 = 53-55°C) triggering 
successive irreversible changes in the photosynthetic 

Correspondence to: J. Nau~,, Palacky University, Department ~f 
Experimental Physics, tL Svobody 26, CS-771 4~ Olom~;uc, 
Czechoslovakia. 
Abbreviations: Chl, chlorophyll: F¢~85 1F695, F735), fluorescence 
bands with maxima at about 685 (695, 735) nm; F 0, fluorescence at 
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apparatus have been postulated using a special linear- 
constant heating regime [14, 15]. 

In the present investigation, the changes in the FTC 
upon the time-dependent pre-incubation of barley leaf 
at 49°C are compared to changes in chlorophyll fluo- 
rescence induction at room temperature and fluores- 
cence spectra at 77 K. 

Seedlings of spring barley (th)rdeum culgan' L., cv. 
Zenit) were grown in a cultivation chamber tmdcr light 
intensity of 20 W m -2 at the regime - light 16 h/22°C, 
dark 8 h/18°C. In the growth phase of the secured leaf 
a central segment of the primary leaf blade was excised 
and immersed in the dark iq distilled water of eOllSt~llH 
tentperaturc 49°C for a tintc interval from I s t() 1 h. 
This tentperalurc is chosen slightly higher than the fir,',t 
critical temperature "1"~,~ of irrcvcrsiblc cha,gcs [141. 
The dark treatment was chosen to avoid the protccti,,)n 
of the PS I1 photochemical activity by light [16[. 

A laboratory-made spectrofluorimctcr with a Or,ha- 
pater driven system of the linear heating and fluores- 
cence detection was nsed [14]. Weak act:nic light (~ 2 
W m- 2) of 436 nm with 15 nm spectral half-width was 
used for the chlorophyll fluorescence c,:citation. 'Fhc 
['~FC was detected at 685 nm (emission of 0S I!) with 
the spectral resolution of 6 nm. A leaf segment was 
immersed in distilled water and heated at a rate t~f .I 
C°/min. To measure the chlorophyll fluorescence 
spectrum at 77 K (spectral half-width ~t' emission 
monochromator was from 3 to 6 nm) in a givea mo- 
ment of the incubation treatment, tile scgmcn! surlacc 
was briclly d~icd with filter paper and immediately 
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(max. 5 s) immcrscd in ~i liquid nitrogen b~lth (77 K) in 
a glass Dewar cryostat. 

The ratio F,.//~],, of chlorophyll f luorcsccncc induc- 
tion at room temperature was detected by using a Plant 
Str,:ss Meter  manufactured by Bionlonitor Al l  S.C.I. 
(Umca,  Swcdcn) [17]. Recording time of  I .~ and pho- 
ton llux density of 4(111 #tool  m - '  s ~ wcrc used. 
Before the measurements,  the leaves were predark- 
cncd for at least 15 rain. The l luorcsccncc induction 
cur~es were transferred from ',l~e memory of the Plant 
Stress Meter  to a personal computcr  (PC-AT) for 
further evaluation. A special program for determining 
the F~i value as the first inflection point of  fluores- 
cence induction curve has been developed.  

Fig. 1 shows the FTCs of  an unheated leaf and of  
incubated leaves at 49°C for 91) s and 1 h, respectively. 
The curves are normalized at the M I value. It can be 
clearly sccn that a rclativc cnhanccmcnt  of the F(T30) 
value occurred with the increasing incubation time 
together with a shift of the maximum to lowc= temper- 
atures. Only a decreasing t~end without any maximum 
was obtaincd in thc FTC of a leaf incubated for 1 h. 

The M1/F(T3())  paramctct  of FTC is defined as a 
ratio of fluoresccncc intensity ;at the first FTC max•- 
taunt (M1) to the intensity at 30°C (F(T3(h). The de- 
pendence of this param: ' tcr  on the incubat;on time is 
prcscnted in Fig. 2a. Thc standard M I / F ( T 3 0 )  value 
(2.02 ± (I.36) lor a non-incubated leaf was obtained as 
an :wcrage of  four FTC measurements .  This ratio was 
very sensitive to tile heat t reatment  and gradually 
decrcz~sed with the time of  leaf incubation. The first 
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Fig. 2. T ime  courses of  the FTC p a r a m e t e r  M1 /E{T30)  (a),  of  the 
F , / F  m (b) and (Fr, 1 - F ~ i ) / F .  , (c) ob ta ined  f rom the chlorophyll  
f luorescence induction curve and o f  the uncor rec ted  f luorescence 
band ratio F ? 3 5 / F 6 8 5  (d) at 77 K dur ing leaf incubation t r e a t m e n t  
at 49°C from l s to 60 rain. The time axis representing heat 
treatment of the leaf are given in logarithmic scale. The MI/FtT30) 
value of ram-incubated leaf is taken as average of 4 FTCs with 
standard deviation (S.D.). In the casts of the chlorophyll fluc~res- 
tenet induction parameters (b, c). each point represents the average 

of four values with S.D. 
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maximum was present in the FTCs up to incubation of  
22.5 min and its position shifted from 52°C for the 
standard leaf to 47°C (data not shown). The  positions 
of the first maximum for the time of  incubation greater  
than 22.5 min were determined approximately with the 
help of linear regression method.  

Thc meaning of the chlorophyll f luorescence induc- 
tion curvc was described in detail in [1,18]. The  points I 
and D are usually not discernible and may be desig- 
nated as a plateau (Fpl) as was suggested by Forbush 
and Kok [19] and quite frequently used [20-22]. 

The dependence  of  the F, /F , ,  value on the time of 
acuba t ion  :it 49°C is shown in Fig. 21,. Thc / ~ / F , ,  ratio 
dccrcascd from the beginning of the incubation treat- 
mcnt. The lt,wcst valuc (F, . /F m = 0.226) was reached 
after 6 min of incubation. For an unknown reason, the 
following F,/F,., ratios increased to the value of 0.413 
al ter  30 min incubation and then decreased mildly to 
the final value 0.337. 
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Fig. 3. (a) Correl~tiov between M I / F ( T 3 0 )  ~md F~/I:,, va'.ue~ 
Correlation coeff icient  r = 0.857. (b) Correlatioh be twet  
M I / F ( T 3 0 )  and ( F pI -  F~))/F~ values. Correlation coefficient r 
-0 .923 .  (c) Correlation between I~I/F(T3I))  and F735/F685 value~;. 

Conelation coefficient • = - 0.881. 

Another parameter obtained from the fluorescence 
induction, the ( F o I - F 0 ) / F  ~ value, was investigated 
during the leaf incubation treatment {Fig. 2c). The Foj 
value reas detected according to Melts [231. The (Fp l -  
F o ) / F  ~ ratio was suggested' to represent a rclative 
amount of the PS 11 OB-nonreducing centres in the 
total number of PS 11 centres [21]. The measured 
(Fr, I - F o ) / F  ~ ratio remained relatively constant up to 
the incubation time of 50 s (Fig. 2c), sharply increased 
in the incubation times from 1 min to 30 min and 
finally reached a constant maximal level ( ~ 0.92). 

The dependence of the F735/F685 band ratio of 
the chlorophyll fluorescence spectra at 77 K ",n the leaf 
incubation time at 49+C is shown in Fig. 2d. The F685 
and F695 bands are usually ascribed to the inncr 
antennae of PS 1I whereas the F735 band belongs to 
LHC I [1,18]. The increase of the F735/F685 value 
upon the incubation with no change in the band posi- 
tion was observed. Only a mild decrease of F685/F695 
was detected (data not shown). 

To analyze a suitability of the FTC for a detection 
of heat injury, the correlations of M1/F(T30) value 
with the other detected fluorescence parameters were 
evaluated. The results of these analyses are expressed 
in Fig. 3a for F v / F  m (correlation coefficient r = 0.857), 
in Fig. 3b for ( F p I - F o ) / F  ~ (r = -0.923) and in Fig. 3c 
for F735/F685 (r : -0.881). The lowest absolute value 

of thc correlation coefficient between M I /F(T3m and 
F~//:,, is probably causcd by an uncxpcctcd incrcm, c ¢~f' 
the /"~//~,, parameters ~,tt iucubation times above ~, rain 
(scc Fig. 2b). 

Thc FTC has bccn alrcady mcasurcd both t, ntlL.r / ' .  
and F,, conditions [7]. Undcr k~ eonditi(~ns, all R(' II 
arc opcJi and O A is in its t)xidizcd statc. The main 
fluorescence rise in the H 'C  course was suggested to 
;effect a blocking of PS 11 reaction ccntcrs [7, 10]. A 
shape of F r c  similar to that of /~ conditions was 
obtained by us for an unaffected leaf at steady ~t:tlc 
conditions (light excitation of 2 W m -2) (sec Fig. 1). 

At the F m level, ali the RCs 1I are closed by high 
light or DCMU presence. At this situation, only a 
decreasing curve was obtained [7,24]. This type of FT(" 
corresponds with the FTC of thc leaf incubated fl)r I h 
(Fig. 1). 

The inner antenna of PS il is usually thought to 
emit the 685 nm fluorescence [1]. Thc quantum yield ()t 
chlorophyll fluorescence is increased whcn the process 
of photosynthetic electron transport through PS !1 is 
reduccd dt, c to the hcat stress. Based on this assump- 
iron, the heat exposure of lcal at 49~C inactivated a 
part of PS I1 centrcs causing a relative enhancement of 
F(T30) value and consequently a decreasc of the 
MI/F(T30)  value. (Figs. 1, 2a). From this, the 
MI/F(T30)  value may be suggested as a factor ~;iving 
information about the activity of Photosystem 11. 

The F J F ~  ratio reflecting the potential photo- 
chemical efficiency of PS II [17,25] has bccomc a 
widely used measurc of plant stress as it is rather 
constant among healthy leaves of many different species 
and decreases upon specific stress cffccts [25]. 

In our case, the usc of F , / F  m was suitablc tbr the 
heat injury detection in the Ica,,es incubated within 
first 5 min (sec Fig. 2b). However, an uncxpeclc,.I 
increase of the F v / F , ,  ratio at longcr incubation times 
does not apparently mean a partial recovery of the 
situation in PS Ii and remains tt) bc cxplaincd. 

On thc othcr hand, the bchavi~)r of (1'i, I - I . , ) /1",  
valuc (Fig. 2c) displayed zt continuously increasing ac- 
cumulation of the PS II Olcnonrcdueing ccntrc~, upon 
incubation [23]. For this reasort, thc application ol 
(k~  I - -F~)) /F, .  seems to be more acceptable than the 
F,,/FIn valuc for the determination ol the hmg-tcrmcd 
heat stress in barlcy leaves [26]. 

The increase of F735/F685 at 49"C (lqg. 2d) should 
document the functional separation of LHC il com- 
plexes from the PS I1 systcms (Fig. 2d) and /o r  a 
preferential delivery of excitations to PS 1. This notitm 
is in agreement with the suggestion ¢,f Schrcibcr and 
Armond [7] and Bcrry and Bj6,kman [4]. This effect 
seems to proceed in parallel way to the F r (  changes. 

Based on the favourable results of correlation be- 
tween the M I/F(T30) and other t]uo~e,~ccncc parame- 
ters (Fig. 3~, the M1/F(T3I)) ratio of the f:'I(" ma~' hc 
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sugges ted  as a sensitive indicator  of  lhc heat  s t ress  

it~juD, !t, plant  tissues. 

The  au tho r s  arc grateful  to Dr.  M. Magl~fi and  Mr. 

D. Zfik for the cons t ruc t ion  of  the  a p p a r a t u s  for the 

FTC m e a s u r e m e n t s .  
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