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Ab stract

The lev els of three en dog e nous cytokinin equiv a lents: zeatin
(Z), iso-pentenyladenine (iP) and dihydrozeatin (dZ) in two
Arabidopsis thaliana (L.) Heynh ge no types – wild type (wt)
and eth yl ene-in sen si tive mu tant (eti5), were com pared us ing
en zyme immunoassay (ELISA). Cytokinin con tent was mea -
sured af ter ex po sure to low (4 °C for 24 h in dark ness) or high
tem per a ture (38 °C for 24 h in dark ness). Mea sure ments were
per formed im me di ately and 24, 48 and 120 h af ter treat ments.
It was found that at nor mal growth con di tions eti5 plants con -
tained more en dog e nous cytokinins com pared to the wild type. 
At both tem per a ture treat ments mu tant plants had de creased
to tal cytokinin lev els. Wild-type plants treated with high tem -
per a ture (HT) ex hib ited re duced to tal cytokinins (with the ex -
cep tion of rates at 48 h), while low tem per a ture (LT) treat ment
re sulted in el e vated to tal amount of the stud ied equiv a lents
(ex cept at 24 h). The ob tained re sults sug gested that HT had
greater ef fect on cytokinin lev els than LT since it caused more
pro found changes in the to tal con tent. We as sume that this was
due to the nat u ral chill ing tol er ance of Arabidopsis plants. 

List of ab bre vi a tions: dZ – dihydrozeatn, dZR –
dihydrozeatin riboside, ELISA – en zyme linked
immunosorbent as say, HT – high temperatute, iP –
iso-pentenyladenine, iPA – iso-pentenyladenosine, 
LT – low tem per a ture, SE – stan dard er ror, wt –
wild type, Z – zeatin, ZR – zeatin riboside

In tro duc tion

Se nes cence as pro grammed age ing pro cess leads
to plant death (Dangl et al. 2000). Ac cord ing to No -
oden et al. (1997) leaf se nes cence re sem bles pro -
cesses oc cur ring at ox i da tive stress. Lev els of re ac -
tive ox y gen spe cies in creased dur ing se nes cence
like wise af ter en vi ron men tal stress (Merzly ak and
Hendry 1994). The plant re sponses to dif fer ent en -
vi ron men tal stresses are spe cif i cally me di ated by
plant hor mones. Cytokinins play an im por tant role
in sev eral as pects of plant growth, me tab o lism and
de vel op ment at nor mal growth con di tions. The me -
ch a nisms by which en vi ron men tal changes af fect
cytokinins are still not clear but their adap tive func -
tion is un doubted. It is sug gested that cyto kinins
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may pre vent ox i da tion and de lay se nes cence (Mus -
grave 1994) and, prob a bly the antisenescence prop -
er ties of these phytohormones are re lated to their
an ti ox i dant ac tiv ity (Pauls and Thomp son 1982).

There are data on en dog e nous cytokinin lev els at
dif fer ent stress con di tions. In gen eral, the cytokinin 
titers de creased at ab nor mal growth con di tions like
drought, ex cess sa lin ity, low and high tem per a ture,
changes in nu tri ent so lu tions (see Letham 1978;
Goodwin et al. 1978; Van Staden and Davey; 1979,
Hare et al. 1997), upon micropropagation (Zaffari
et al. 1998) and her bi cide treat ment (Sergiev and
Karanov, un pub lished). There are also data on in -
creased cytokinin lev els at stress con di tions – such
as heat shock (Veselov et al. 1995), wa ter stress
(Lopez-Carbonell et al. 1996), rust (Kiraly et al.
1967) and vi ral (Whenham 1989) in fec tions as well 
as treat ment with ex og e nous hu man in ter feron 2
and 2’-5’oligoadenylates (Kulaeva et al. 1992).

Mu tants with al tered sen si tiv ity/pro duc tion of
plant hor mones are a con ve nient model sys tem to
in ves ti gate the role of phytohormones in dif fer ent
phys i o log i cal pro cesses (Scott 1990). Ear lier it was 
es tab lished that eth yl ene-in sen si tive Arabidopsis
mu tant - eti5 had char ac ter is tics of de layed se nes -
cence (Harpham et al. 1991) ac com pa nied by
higher amount of leaf pig ments and sol u ble pro -
teins (Sergiev et al. 2003) as well as el e vated en -
dog e nous polyamines (Todorova et al. 2002) and
higher level of cytokinins (Kudryakova et al.
2001). These data lead us to the sug ges tion that
wild type and eti5 mu tant of Arabidopsis thaliana
might dif fer in tol er ance to en vi ron men tal stresses
and tem per a ture stress in par tic u lar. It is known that 
Arabidopsis is a chill ing-tol er ant plant (Jarillo et al.
1993). On the other hand, there is lit tle in for ma tion
about the ef fect of high tem per a ture on Arabi -
dopsis. Re gard ing this pre lim i nary in for ma tion it
was of in ter est to study the cytokinin lev els in wild
type and eth yl ene-in sen si tive mu tant eti5 of Arabi -
dopsis sub jected to ex treme tem per a tures. We at -
tempted to dis cuss changes in cytokinin con tent in
the con text of plant tol er ance to low and high tem -
per a ture stresses.

Ma te ri als and Meth ods

Plant ma te rial and treat ment

Wild type (wt) and eth yl ene-in sen si tive mu tant
(eti5) plants of Arabidopsis thaliana (L.) Heynh
were grown in a growth cham ber at the fol low ing
con di tions: 16/8 h day/night photoperiod, 67 µmol.
m-2⋅s-1 pho ton flux den sity, 26/22 °C day/night
tem per a ture and 60 % air hu mid ity. All plants (38
day-old) were trans ferred into dark ness for 24 h, in -
clud ing the con trols, and at the same time some of
them were sub jected to low 4 °C (LT) or high 38 °C
(HT) tem per a ture treat ments. The nor mal growth
con di tions were re stored af ter treat ments and sam -
ples were col lected at ev ery sub se quent stage of re -
cov ery pe riod – 0, 24, 48 and 120 h. Mea sure ments
were per formed us ing ma te rial de rived from 3-7
leaf nodes.

Cytokinin ex trac tion

Cytokinins were ex tracted with 80 % CH3OH for
12 h at 4 °C in the dark. Af ter that the meth a nol ex -
tracts were passed through a C18 car tridge
(Sep-Pak, Wa ters Ass., Milford, MA). Losses of the 
cytokinins af ter the pu ri fi ca tion were tested in ad -
vance (Genkov et al. 1996) and var ied from 4 to 8
%. The eluates were evap o rated in vac uum at 45 °C
and cytokinins were ana lysed in the aque ous phase
by ELISA.

ELISA

Cytokinin con tents were mea sured us ing poly clo -
nal an ti bod ies against iPA, ZR and dZR. The poly -
clonal an ti bod ies were pre lim i nary char ac ter ised
for their spec i fic ity by cross-re ac tiv ity stud ies with
dif fer ent struc tural cytokinin an a logues (Genkov et 
al. 1996) ac cord ing to Weiler and Zenk (1976) and
the de tected val ues were in sig nif i cant (be low 5 %).
An ti bod ies were highly re ac tive with their cor re -
spond ing free bases (64 % for anti-iPA, 85 % for
anti-ZR and 86 % for anti-dZR) (Genkov et al.
1996).

For the as say, poly sty rene wells were uni formly
coated with polyclonal an ti bod ies against iPA, ZR
and dZR in 50 mM NaHCO3, pH 9.6 and the
microtitration plates were left at 4 °C for 16 h. Af ter 
wash ing, the wells were filled with 0.25 % so lu tion
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of bo vine se rum al bu min in phos phate buf fered sa -
line and in cu bated at a room tem per a ture for 30
min. Af ter wash ing, the wells were filled with equal 
vol umes of plant ex tract or cytokinin stan dard so lu -
tions (0.1-100 pmol) and in cu bated at 37 °C for 1h.
Af ter the ad di tion of en zyme tracer the plate was in -
cu bated at 37 °C for 1h and washed. The phospha -
tase ac tiv ity was mea sured by add ing of a p-nitro -
phenylphosphate so lu tion (1 mg/ml in 50 mM
NaHCO3, pH 9.6) to each well and af ter in cu ba tion
at 37 °C for 1h the re ac tion was stopped by 2 N
NaON. Absorbance was mea sured at 405 nm. The
val ues were cor rected for non-spe cific bind ing and
the con tent of the en dog e nous cytokinin equiv a -
lents was cal cu lated, us ing the linearized stan dard
curve by Logit-trans for ma tion (Weiler et al. 1981).

Rep li ca tion

All ex per i ments were re peated three times with
three to five rep li cates in each. The data pre sented
in the fig ure are means ± SE.

Re sults and Dis cus sion

The ex per i ment was con ducted with 38 day-old
(5-6-week-old) plants. It was es tab lished that at
nor mal growth con di tions eti5 plants con tained
higher lev els of en dog e nous cytokinins (197.2
pmol/g FW) com par ing to the wild type (wt) (105.6 
pmol/g FW). The trans fer of plants in dark ness for
24 hours did not in flu ence sig nif i cantly con trol
cytokinin lev els (see Ta ble).

Ac cord ing to Kudryakova et al. (2001) young
leaves (3 weeks old) of eth yl ene-in sen si tive eti5
mu tant con tained ap prox i mately 17 times more en -
dog e nous cytokinins (zeatin and its riboside) than
wt plants. This dif fer ence de creased with plant age.
Five-week-old plants ex hib ited only three times

higher cytokinin amount than wt and this dif fer ence 
was neg li gi ble in 7-week-old plants. Cytokinin
titers de tected in our study con firmed Z+ZR con -
tents re ported else where (Kudryakova et al. 2001).
Ad di tion ally, in creased dZ+dZR and iP+iPA lev els
in 5-6-week-old mu tant plants were found.

It has been re ported that un der stress con di tions
such as high (Mauk and Langille 1978) and low
(Tantau and Dorffling 1991) tem per a ture the lev els
of en dog e nous cytokinins de clined strongly. Our
data showed that at the first mea sure ment (point 0
h) in wt plants HT pro voked a de cline in the
amounts of Z, dZ and iP equiv a lents com pared to
the data ob tained in LT ex per i ment where el e vated
lev els of cytokinins were ob served (Fig ure, A1). A
similar ob ser va tion was made for mu tant plants but
when com pared to nor mal growth con di tions (Fig -
ure, B1). Likewise, the re duced cytokinin lev els in
wt plants sub jected to HT were due to the nat u ral
chill ing tol er ance of Arabidopsis (Jarillo et al.
1993). LT also pro voked de crease in con tents of all
the cytokinins in eti5.

Af ter 24 h (Fig ure, A2) the lev els of dZ and iP in
both low and high tem per a ture-treated wt plants re -
mained below the con trol rates. The Z amount,
how ever, was al most equal to the con trol one. How -
ever, 24 h af ter tem per a ture treat ment a cer tain rise
of all cytokinins was ob served in the stressed mu -
tant plants com pared to the con tents de tected at first 
mea sure ment (Fig ure, B2).

At 48 h the lev els of dZ, Z and iP in the tem per a -
ture-treated plants of wt Arabidopsis were above
con trols (Fig ure, A3). Sim i lar data were re ported
by Veselov et al. (1995). The au thors found that in
heated wild-type and ipt-trans formed to bacco
plants the lev els of Z equiv a lent were el e vated on
the sec ond day af ter the heat-shock treat ment.

15

TEM PER A TURE STRESS AND EN DOG E NOUS CYTOKININS

Ta ble. To tal cytokinin con tent in wild type (wt) and eth yl ene-in sen si tive (eti5) mu tant of Arabidopsis thaliana, sub jected to 4 °C
(LT) and 38 °C (HT) 

Mea sure ment point wt                                                             eti5

Con trol LT HT Con trol LT HT

pmol/g FW          % of con trol pmol/g FW                  % of con trol

  0 h 108.4 111  80 196.1 73 71

 24 h 124.0  76  80 193.0 85 99

 48 h 104.3 145 158 185.6 81 81

120 h  97.5 121  81 170.2 82 53



How ever, in our model sys tem the re sponse of the
mu tant plants was the op po site – lev els of the three
cytokinins were be low the con trol (Fig ure, B3). 

At the end of the ex per i ment (120 h), the only lev -
els higher than the con trol were de tected in
LT-treated wt plants. All other cytokinin lev els
were be low the con trols in both ge no types with ex -
cep tion of iP de tected in HT-stressed wt plants (Fig -
ure, A4). In eti5, HT pro voked much more pro -
nounced de crease in cytokinin lev els than LT (Fig -
ure, B4). 

Our data on the cytokinin con tent in the con trol
plants are in con trast with the re sults of Tantau and
Dorffling (1991), who ob served re mark able dif fer -
ences in the lev els of Z and ZR in chill ing sen si tive

and chill ing tol er ant Euphorbia
pulcherrima plants. In their ex -
per i ments, the sen si tive va ri ety
had about four times higher Z
and ZR lev els. How ever, LT
stress strongly re duced the
cytokinin con tent in chill ing
sen si tive plants while in chill -
ing tol er ant – only a slight drop
was found. More over, the au -
thors sug gested that the strong
de crease in the cytokinin level
in chill ing sen si tive plants
could be con sid ered as an in di -
ca tor of the higher chill ing
stress sen si tiv ity of this va ri ety
(Tantau and Dorffling 1991).
How ever, we could not make
the same con clu sion. Pre vi ous
data for the lower lev els of
some en dog e nous stress mark -
ers (H2O2, prod ucts of lipid per -
oxidation – MDA, prod ucts of
ox i da tive pro tein mod i fi ca -

tions) in mu tants com pared to the wt Arabidopsis
showed that eti5 was less in flu enced by LT treat -
ments. Ad di tion ally in creased catalase (de tox i fy -
ing H2O2 en zyme) and de creased super oxide -
dismutase (pro duc ing H2O2 en zyme) ac tiv ity in
eti5 was de tected and this was in agree ment with
the above state ment (Alexieva et al. 1998a, b).

Mauk and Langille (1978) re ported lower ZR lev -
els in po tato plants, grown at higher tem per a ture
with 18-h photoperiod com pared to those grown at
lower tem per a ture with re duced photoperiod (10
h). Data ob tained in the pres ent study showed that
in gen eral this trend was the same in both ge no types 
of Arabidopsis. The level of Z equiv a lents in plants
sub jected to HT was be low the one stud ied in plants 
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Fig ure. Cytokinin equiv a lents (pmol/g
FW) in ro sette leaves of wild type (wt)
(A) and eth yl ene-in sen si tive (eti5) mu -
tant (B) Arabidopsis thaliana mea sured
af ter 4 °C (LT) and 38 °C (HT) treat -
ments. Data are ob tained from mea sure -
ments done at 0 h (1), 24 h (2), 48 h (3)
and 120 h (4) af ter tem per a ture treat -
ments.



treated with LT dur ing all the ex per i ment ex cept
48-h (wt) and 24-h (eti5) stages. The same trends
are valid for the to tal cytokinin con tent where the
data are rep re sented as % of the con trol (Ta ble).

In a pre vi ous study with the same model sys tem HT 
treat ment caused more sig nif i cant changes in
Chlorophyllase ac tiv ity and chlo ro phyll con tent
than LT (Todorov et al. 2003). Our pre vi ous data in -
di cated higher stress marker lev els af ter HT com -
pared to LT treat ment in both ge no types. On the
other hand HT com pared to LT (Alexieva et al.
1998 a, b) more sig nif i cantly in hib ited stress de -
fense en zyme ac tiv i ties. Gen er ally, the greater re -
duc tion of hor mone lev els in the HT-treated plants
at the end of the re cov ery pe riod sug gested that HT
more ef fec tively in flu enced the cytokinin con tent
than LT. We as sumed that these re sults orig i nated
from the nat u ral chill ing tol er ance of Arabidopsis
plants.
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