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Summary

We previously found a large increase in RNAs in roots of chill-tolerant figleaf gourds
(Cwcwrbita ficifolia Bouch6) but not in those of less tolerant cucumbers (Cucumis satiuws
L.), when the roots were exposed to 14"C (Kanda et al., 1994). In this study, changes in
ribonuclease and RNA polymerase activities in the roots were followed for 6 days after
their exposure to 14" and 23"C. The root enzyme activit ies were assayed at a) the opti-
mal temperatures for the enzymes and b) root-growing temperatures. Neither ribonuclease
nor RNA polymerase activity accounted for the characteristic increase of RNA concentra-
tions in chil led roots of f igleaf gourds, irrespective of assay temperatures. However, the
ratio of RNA polymerase activity to ribonuclease activity closely correlated with RNA
concentrations in both species. This correlation was observed only when the enzyme
activity was assayed at root-growing temperatures. In this case, ribonuclease activity 2
days after exposure to 14'C was much lower in figleaf gourd roots than that in cucumber
roots. However, the activity changed little thereafter in either species, but the RNA
polymerase activity in figleaf gourd roots did increase gradually during exposure to
L4'C it was still lower than the activity at 23"C after 6 days. This increase was not
observed in the cucumber roots. These results strongly suggest that, 1) root RNA concen-
trations in figleaf gourds and cucumbers are largely regulated by RNA polymerase activ-
ity relative to ribonuclease activity, and 2) the marked increase of RNA concentrations in
figleaf gourd roots grown at L4"C was caused mainly by low temperature-induced in-
creases of RNA polymerase activity together with much reduced activity of ribonuclease.

Introduction

The roots of  f ig leaf  gourds are relat ively to ler-
ant to low temperature, and thus have been used
widely as a root-stock of  cucumbers in protected

cul t ivat ion dur ing winter (Tachibana, 1982).
Recently, growers are changing the root-stock
species of  cucumbers f rom f ig leaf  gourds to "bloom-

less" root-stock species.  The lat ter  species have a
low capaci ty, ' to absorb s i l icon, which leads to a
low incidence of  b loom symptoms on the skin of
the cucumbers (Yamamoto et  a l . ,  1989).  However,
the roots of "bloomless" root-stock species are less
tolerant to low soil temperature than are those of
figleaf gourds, so that efforts are now being
directed towards increasing the chi l l - to lerance of

these root-stock species (Yamamoto, 1989).
Previously,  we reported that RNA concentra-

tions in the roots of f igleaf gourds exposed to
14"C were signi f icant ly higher than in roots kept
above or below L4'C (Kanda et  a l . ,  1994).  This
r ise of  RNA concentrat ions at  14'C was con-
sidered to have resul ted f rom net accumulat ion of
RNAs in response to the chi l l ing temperature,  be-
cause root growth was most rapid at  14'C with
decreased cel l  numbers per uni t  f resh weight,  and
because by transferring the roots from 14"C to
Z3"C the RNA concentrat ions decreased to the
pre-chi l l ing level  wi th in 2 days.

RNAs usual ly accumulate in plant t issues of
cold resistant species when exposed to chi l l ing
temperatures (Guy, 1990).  Treatment of  p lants

with inhibi tors of  RNA and protein synthesis dur-
ing cold acclimation inhibits the development ofReceived for publication 6 June 1994.
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Summary

WepreviouslyfoundalargeincreaseinRNAsinrootsofchill-tolerantfigleafgourds
(CucurbitafictfoliaBouche)butnotinthoseoflesstolerantcucumbers(Cucumissativus
L),whentherootswereexposedto14℃ (Kandaeta1.,1994).Inthisstudy,Changesin
ribonucleaseandRNApolymeraseactivitiesintherootswerefollowedfor6daysafter
theirexposureto14oand23℃.Therootenzymeactivitieswereassayedata)theopti一
mattemperaturesfortheenzymesandb)root一growingtemperatures.Neitherribonuclease
norRNApolymeraseactivityaccountedforthecharacteristicincreaseofRNAconcentra-
tionsinchilledrootsoffigleafgourds,irrespectiveofassaytemperatures.However,the

ratioofRNApolymeraseactivitytoribonucleaqeactivitycloselycorrelatedwithRNA
concやntrationsinbothspecies.Thiscorrelationwasobservedonlywhentheenzyme
activitywasassayedatroot一growlngtemperatures.Inthiscase,ribonucleaseactivity2
daysafterexposureto14℃ wasmuchlowerinfigleafgourdrootsthanthatincucumber
roots.However,theactivitychangedlittlethereafterineitherspecies,buttheRNA
polymeraseactivityinfigleafgourdrootsdidincreasegraduallyduringexposureto
14oC;itwasstilllowerthantheactivityat23oCafter6days.Thisincreasewasnot
observedinthecucumberroots.Theseresultsstronglysuggestthat,1)rootRNAconcen-
trationsinfigleafgourdsandcucumbersarelargelyregulatedbyRNApolymeraseactiv-
ityrelativetoribonucleaseactivity,and2)themarkedincreaseofRNAconcentrationsin
figleafgourdrootsgrownat14℃ wascausedmainlybylowtemperature-inducedin-
creasesofRNApolymeraseactivitytogetherwithmuchreducedactivityofribonuclease.

Introduetion

Therootsoffigleafgourdsarerelativelytoler-

anttolow temperature,andthushavebeenused

widelyasarooLstockofcucumbersinprotected

cultivation during winter (Tachibana, 1982).

Recently,grow号rS are Changing the root-Stock
speciesofcucumbersfromfigleafgourdsto"bloom-

1ess"root-stockspecies.Thelatterspecieshavea

low capacity′toabsorbsilicon,whichleadstoa

lowincidenceofbloom symptomsontheskinof

thecucumbers(Yamamotoeta1.,1989).However,

therootsof"bloomless"root-Stockspeciesareless

toleranttolowsoiltemperaturethanarethoseof

figleafgourds,So thatefforts are now being

directedtowardsincreasingthechilトtoleranceof
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theserooトstockspecies(Yamamoto,1989).

Previously,wereported thatRNA concentra-

tionsintherootsoffigleafgourdsexposedto

140Cweresignificantlyhigherthaninrootskept

a.hoveorbelow 14oC (Kandaeta1.,1994).This
riseofRNA concentrationsat14oC wascon-

sideredtohaveresultedfromnetaccumulationof

RNAsinresponsetothechillingtemperature,be-

causerootgrowthwasmostrapidat140Cwith

decreasedcellnumbersperunitfreshweight,and

becausebytransferringtherootsfrom 14oC to
230C theRNA concentrationsdecreasedtothe

pre-chitlinglevelwithin2days.

RNAsusually accumulatein planttissuesof

coldresistantspecieswhenexposedtochilling

temperatures(Guy,1990).Treatmentofplants

withinhibitorsofRNAandproteinsynthesisdur-

ingcoldacclimationinhibitsthedevelopmentof



cold hardiness (Hatano et al., 1976). The rise of
RNA concentrations, along with a concomitant in-
crease of protein synthesis, has been related to the
acquis i t ion of  cold to lerance by the plants dur ing
cold accl imat ion (Chen and Li ,  1gg0; paldi  and
Devay, L977; Sarhan and Chevr ier ,  1995).

To date,  the mechanisms by which RNAs accumu_
late in chi l led plant t issues are not fu l ly  under-
stood. F'actors responsible for the increased RNA
synthesis under low temperature regimes may in_
clude an increase in RNA polymerase act iv i ty as
well as a decrease in ribonuclease activity in chil l-
ed t issues (Gusta and Weiser,  LgTZ: Kr i tenko et
a l . ,  1986;  Sarhan and Chevr ie r ,  1g8b) .  Accord ing
to sarhan and chevr ier  (198b),  a large increase of
RNA content in winter wheat shoots during cold
accl imat ion was associated with a s igni f icant in-
crease in RNA polymerase activity and a decrease
in r ibonuclease act iv i ty in the chromat in.  Hor_
mones are also known to regulate the rate of RNA
synthes is  (Na i to  e t  a l . ,  1980;  Tomi  e t  a l . ,  19g3;
Van der  L inde e t  a l . ,  1984) .  However ,  on ly  l im i ted
informat ion is avai lable on the physiological
causes of  accumulat ion of  RNAs in chi l led plant
roots.

We expect that  an elucidat ion of  mechanism of
RNA accumulat ion in chi l led roots of  f ig leaf
gourds may contribute to a better understancling
of physiological  bases of  chi l l ing to lerance of  p lant
roots and to the improvement of  chi l l ing to lerance
of the roots of  cucurbi ts including that of  , ,b loom_

less" root-stock species.  Thus, the object ive of  th is
study was to te late the changes in RNA concentra-
t ions in the roots of  chi l l - to lerant f ig leaf  gourds
and less to lerant cucumbers to the act iv i t ies of
RNA polymerase and r ibonuclease in the roots,  fo l -
lowing exposure to 14" and ZJ"C root tempera_
tures for  up to 6 days

Materials and Methods

1. Plant rnaterials and root temperatwre treatments

Seedl ings of  f ig leaf  gourds and cucumbers cv.
Suyo, raised by gravel  cul ture,  were plantecl  at  the
1- leaf  stage in two hydroponic vessels containing a
hal f -strength Hoagland solut ion.  p lants were
growr in a climate-control chamber at Z6.C clay
and 20'C night wi th a photoper iod of  1b hr and a
l igh t  in tens i ty  o f  2b0 pmol  .m-2 .u . . - t  p rov ided by
metal  hal ide lamps. The in i t ia l  temperature of  the
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nutr ient  solut ion was ZJ'C in both vessels;  the
solution temperature in one vessels was lowered to
14'C 6 days after planting. The control vessel was
kept at 23'C. Six days later, f igleaf gourds grown
at 74"c were transferred to the zg"c sorution.
Root samples of the figleaf gourds and cucumbers
were collected in triplicate just before the treat-
ment (day 0;  solut ion temperature at  Z3"C) and af .
ter 2, 4, and 6 days at I4"C and 6 days at 23"C.
Roots of f igleaf gourds were also taken from the
plants grown 2 days at ZZ"C following 6 days at
I4,C.

2. Determination of RI,[A concentrations in roots

RNAs were extracted and pur i f ied as descr ibed
previously (Kanda et  a l . ,  lgg4).  RNA concentra-
t ions in pur i f ied extracts (pg.r l - t )  were calcu-
lated by mul i ip ly ing their  ODzoo values by 45.

3. Ribonwclease assa,y

Ribonuclease was extracted from 2 g port ions of
the roots immediately af ter  harvest according to
the method descr ibed by Chevr ier  and Sarhan
(1980).  Br ief ly,  roots were homogenized in b0 mM
Tris buffer (pH 7.8) and the homogenate centr i .
fuged. A 50-1t  I  a l iquot of  the supernatant (equiva.
lent  to 5 mg of  f resh root)  was mixed with 1 ml of
0 .75  mg.ml - '  RNA in  40  mM sod ium cacody la te
buffer (pH 5.6),  and the mixture incubated for 30
min at  37"C, or for  G0 min at  temperatures at
which the roots were growing when they were
sampled (referred to hereafter as root_growing
temperatures),  to s imulate the in s i tu condi t ion.
React ion was stopped by adding 20 mM lanthanum
nitrate dissolved in 0.S N HCl.  Af ter  centr i fuga.
t ion,  the opt ical  densi ty of  the supernatant f lu id
was read at  260 nm; the react ion mixture wi thout
the extract  served as the blank: Ribonuclease
act iv i ty was expressed in the ODzao values per
gram root f resh weight.  For detect ion of  r ibo.
nuclease isozymes, an al iquot of  the extract  was
loaded on 7.5o/o disc polyacrylamide gels.  Af ter
electrophoresis,  r ibonucleases in the gel  were
made vis ib le by the method of  Wi lson ( lg7I) .

330

4. RNA ltolymerase essay

RNA polymerase act iv i ty in the roots was deter.
mined accord ing  to  L in  e t  a l .  (LgT4) . In  b r ie f ,  10  B
of f reshly harvestecl  roots were homogenized in b0
mM Mes buffer (pH 8.0) and the homogenate cen-
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coldhardiness(Hatanoeta1.,1976).Theriseof

RNA concentrations,alongwithaconcomitantin-

creaseofproteinsynthesis,hasbeenrelatedtothe

acquisitionofcoldtolerancebytheplantsduring

coldacclimation(ChenandLi,1980;Paldiand

Devay･1977;SarhanandChevrier,1985).

Todate,themechanismsbywhichRNAsaccumu-

lateinchilledplanttissuesarenotfullyunder-

stood･FactorsresponsiblefortheincreasedRNA

synthesisunderlow temperatureregimesmayin-

CludeanincreaseinRNA polymeraseactivityas

wellasadecreaseinribonucleaseactivityinchilレ

edtissues(G山staandWeiser,1972;Kritenk｡et

a1-1986;SarhanandChevrier,1985)･According

toSarhanandChevrier(1985),alargeincrease｡f

RNA contentinwinterwheatshootsduringcold

acclimationwasassociatedwithasignificantin-

creaseinRNApolymeraseactivityandadecrease

in ribonuclcaseactivity in thechromatin.Hor-

monesarealsoknowntoregulatetherateofRNA

synthesis(Naitoetal･,1980;Tomieta1,,1983;

VanderLindeetal･･1984)IHowever,onlylimited

information is available on the physiological

causesofaccumulationofRNAsinchilledplant
roots.

Weexpectthatanelucidationofmechanism of

RNA accumulation in chilled roots of figleaf

gourdsmaycontributetoabetterunderstanding

ofphysiologicalbasesofchitlingtoleranceof･plant

rootsandtotheimprovementofchiHingtolerance

oftherootsofcucurbitsincludingthatof"bloom-

1ess"root-stockspecies.Thus,theobjectiveofthis

studywasto,relatethechangesinRNAconcentra-

tionsintherootsofchilトtolerantfigleafgourds

andlesstolerantcucumberstotheactivitiesof

RNApolymeraseandribonucleaseintheroots,fol-

lowingexposureto14oand23℃ roottempera-
turesforupto6days.

MaterialsandMethods

l･Plantmaterialsandroottemperaturetreatments

Seedlingsoffigleafgourdsandcucumberscv.

Suyo,raisedbygravelculture,wereplantedatthe

1-leafstageintwohydroponicvesselscontainlnga

half-strength Hoagland solution. Plants were

growninaclimate-controlchamberat26℃ day

and20oCnightwithaphotoperiodof15hranda.
-2

lightintensityof250〟mol･m ･sec~1providedby

metalhalidelamps･Theinitialtemperatureofthe

nutrientsolutionwas23℃ inbothvessels;the

solutiontemperatureinonevesselswasloweredto

14oC6daysafterplanting･Thecontrolvesselwas

keptat23℃･Sixdayslater･figleafgourdsgrown

at14℃ weretransferredtothe23℃ solution,

Rootsamplesofthefigleafgourdsandcucumbers

werecollectedintriplicatejustbeforethetreat_

ment(day0;solutiontemperatureat23oC)andaf.

ter2･,4,and6daysat14oCand6daysat23oc.

Rootsoffigleafgourdswerealsotakenfromthe

plantsgrown2daysat23℃ following6daysat
14oC.

2･DeterminationofRNAconcentrationsinroots

RNAswereextractedandpurifiedasdescribed

previously(Kandaetal･,1994).RNA concentra_

tionsinpurifiedextracts(FLg･ml~1)werecalcu_

latedbymultiplyingtheirOD260Valuesby45.

3･Iubonucleaseassay

Ribonucleasewasextractedfrom2gportionsof

therootsimmediatelyafterharvestaccordingto

themethod described by Chevrierand Sarhan

(1980)･Briefly,rootswerehomogenizedin50mM

Trisbuffer(pH 7.5)andthehomogenatecentri.

fuged･A 50-〃laliquotofthesupernatant(equiva-

1entto5mgoffreshroot)wasmixedwith1ml｡f

O･75mg･ml-1RNA in40mM sodium cacodylate

buffer(pH 5･6),andthemixtureincubatedfor30

minat37oC,orfor60minattemperaturesat

whichtherootsweregrowlngWhentheywere

sampled (referred to hereafter asroot-growing

temperatures),tosimulatetheinsitucondition,

Reactionwasstoppedbyadding20mM lanthanum

nitratedissolvedinO･5NHCl･Aftercentrifugal

tion,the℃pticaldensityofthesupernatantfltlid

wasreadat260nm;thereactionmixturewithout

the extractserved as the blank.Ribonuclease

activitywasexpressedintheOD260 Valuesper

gram rootfresh weight.Fordetection ofribo･

nucleaseisozymes,analiquotoftheextractwas

loadedon 7･5% discpolyacrylamidegels.After

electrophoresis,ribonucleases in the gelwere

madevisiblebythemethodofWilson(1971).

4･RNApolymeraseassay

RNApolymeraseactivityintherootswasdeter.

minedaccordingtoLinetal.(1974).Inbrief,10g

offreshlyharvestedrootswerehomogenizedin50

mM Mesbuffer(pH8･0)andthehomogenate°en-
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t r i fuged at  5,000 x g to isolate chromat in.  To solu-

bil ize RNA polymerases, chromatin was suspended

in 500 mM ammonium sul fate solut ion,  st i r red,

and sonicated. The soluble RNA polymerase (40 pl ,

equivalent to 570 mg of  f resh root)  was mixed

wi rh  200 1 t I  o f .370 kBq 'ml -1  3H-UTP in  50  mM

Tris buffer (pH 8.0), and the mixture incubated

for 20 min at 32"C or at root-growing tempera-

tures.  React ion was terminated by adding 240p|

of I0o/o trichloroacetic acid solution. After centri-

fugation, the radioactivity of the washed precipi-

tate was counted with a l iquid scint i l lat ion spec-

trometer.  RNA polymerase I  act iv i ty was measured
:as described above in the presence of a -amanitin

in the incubat ion mixture.  RNA polymerase I I

act iv i ty was calculated by subtract ing RNA

polymerase I activity from total RNA polymerase

act iv i ty.  Act iv i ty was expressed in the cpm per

gram root fresh weight.

Results

1, RI{A concentrations in roots

RNA concentrations in figleaf gourd roots ex-
posecl  to 14'C increased steadi ly to 2.5-fold the in i -

t ia l  level  af ter  day 6 (Fi?.  1) .  In cucumber roots,

1. Changes with time-in RNA concentrations in the
roots of figleaf gourds (4,  ) and cucumbers (O, O)
following exposure to 14" and 23"C root tempera-
tures. Open and solid symbols represent roots grown

at 23'C and 14oC, respectively. Vert ical bars show
+S. E.

however,  the RNA concentrat ion increased to only
1.4-fold the in i t ia l  level  dur ing the same per iod.
The roots grown at 23"C did not show any signifi-
cant changes in RNA concentrations over the ex-
perimental period in both species. These results
are essentially the same as those reported earlier
(Kanda e t  a l . ,  1994) .

2. Ribonwclease actiuity in,roots

Prior to evaluating the effect of root tempera-
ture on r ibonuclease act iv i ty,  the subcel lu lar  local-
ization of the enzyme in the roots of the two
species grown at  23'C was determined according
to the procedure of  Chevr ier  and Sarhan (1980).
In both species more than 80% of total  r ibo-
nuclease activity in the roots was localized in
cytosol fraction and very low activity was
detected in the chromat in,  mitochondr ia l  and micro-
somal fractions (Table 1). The activity in the
cucumber roots was 57o/o higher than that of the
figleaf gourd roots. Based on the above observa-
tion, ribonuclease activity in the roots was repre-
sented by the activity in cytosol fraction in the
subsequent exper iments.

Effects of root temperature on the ribonuclease
activity in the roots differed markedly with the
assay temperature. Figleaf gourd roots grown at
L4"C showed significantly lower activity than did
those grown at 23"C when determined at 37oC,
regardless of  root temperatures (Fig.2A).  Contrar i -
ly ,  r ibonuclease act iv i ty was higher in the cucum-
ber  roo ts  g rown a t  L4 'C than iL  was a t  23 'C.

When r ibonuclease act iv i ty was measured at
root-growing temperatures,  i t  was much lower in
the roots exposed to 14'C than in those exposed to
23'C (Fig.  2B),  but  the magnitude of  the decrease
was much greater in figleaf gourd roots than it

Table 1. Subcellular localization of ribonuclease activity
(OD26;1i'g-ifw'h-r t S. E.) " in the roots of f igleaf

gourds and cucumbers, grown at a root temperature of
23C .

Fractions Figleaf gourd Cucumber

Ls of

9 t o
'han

mM

rtr i .

iva-

r l  of
' late

30
i a t

i/ere

ving

:ion,

1Um

rga'

lu id

rout

Chromatin
Mitochondria

Microsome
Cytosol

' Activity was assayed at 37C .
v Numerals in parentheses show the percentages of total activity.
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trifugedat5･000×gtoisolatechromatin･Tosolu-

bilizeRNApolymerases･chromatinwassuspended

in500 mM ammonium sulfatesolution,stirred,

andsonicated･ThesolubleRNApolymerase(40/Jl,

equivalentto570m!offreshroot)wasmixed
with200〟lof370kBq･ml~13H-UTPin50mM

γrisbuffer(pH 8･0),andthemixtureincubated

:.for20minat320Coratroot-grわwingtempera-

tures･Reactionwasterminatedbyadding240pl

oflO%trichloroaceticacidsolution.Aftercentri-

fugation･theradioactivityofthewashedpreclpト

一atewascountedwithaliquidscintillationspec-

trometer.RNApolymeraselactivitywasmeasured

･asdescribedaboveinthepresenceofα-amanitin

intheincubation mixture.RNA polymerase II

activity was calculated by subtracting RNA

polymeraselactivityfrom totalRNA polymerase

activity･Activitywasexpressedinthecpm per

gramrootfreshweight･

Results

1.RNAconcentrationsinroots

RNA concentrationsinfigleafgourdrootsex-

posedto14℃ increasedsteadilyto2ふ foldtheini-

tiallevelafterday6(Fig.1).Incucumberroots,

2

1

(
.Ju
.i
tI
B

･
B
tLr)
u
.
!Jt21
盲
a
au
O
U
V
N
tI

oL-1 ･･ . ･11一一 一 12 4 6
Daysaftertreatment

Fig.1.Changeswithtime､inRNAconcentrationsinthe

rootsoffigleafgourds(△,▲)andcucumbers(○,●)
followingexposureto14oand23℃ roottempera-
tures.Openandsolidsymbolsrepresentrootsgrown
at23oCand14oC,respectively.Verticalbarsshow
±S.E.

however,theRNAconcentrationincreasedtoonly

l･4-foldtheinitiallevelduringthesameperiod.

Therootsgrownat23℃ didnotshowanysignifi-

cantchangesinRNA concentrationsovertheex-

perimentalperiodinbothspecies.Theseresults

areessentiallythesameasthosereportedearlier

(Kandaeta1.,1994).

2.1ubonucleaseactivityinroots

Priortoevaluatingtheeffectofroottempera-

tureonribonucleaseactivity,thesubcellularlocal-

ization oftheenzymein therootsofthetwo

speciesgrownat23℃ wasdeterminedaccording

totheprocedureofChevrierandSarhan(1980).

In both speciesmorethan 80% oftotalribo-

nucleaseactivity in therootswaslocalized in

cytosol fraction and very low activity was

detectedinthechromatin,mitochondrialandmicro-

somalfractions(Table 号 The activity in the

cucumberrootswas57% higherthanthatofthe

figleafgourdroots.Basedontheaboveobserva-

tion,ribonucleaseactivityintherootswasrepre-

sentedbytheactivityincytosolfractioninthe

subsequentexperiments.

-Effectsofroottemperatureontheribonuclease

activityintherootsdifferedmarkedlywiththe

assaytemperature.Figleafgourdrootsgrownat

140Cshowedsignificantlyloweractivitythandid

thosegrownat23℃ whendeterminedat37℃,

regardlessofroottemperatures(Fig.2A).Contrari-

ly,ribonucleaseactivitywashigherinthecucum-

berrootsgrownat140Cthanitwasat23℃.

When ribonucleaseactivity wasmeasured at

root-growingtemperatures,itwasmuchlowerin

therootsexposedto140Cthaninthoseexposedto

23oC(Fig.2B),butthemagnitudeofthedecrease

wasmuchgreaterinfigleafgourdrootsthanit

Tablel･Subcellularlocalizationofribonucleaseactivity
(oD260･g~1fw･h-I±S.E.)zintherootsoffigleaf
gourdsandcucumbers,grわwnataroottemperatureof
23℃.

Fractions Figleafgourd Cucumber

Chromatin l･71±0.07(5.6)y 3.18士0.05(6.4)
Mitochondria 1.47土0.09(4.8) 2.50士0.10(5.0)
Microsome 1.90土0.19(6.2) 3.94士0.ll(7.9)
Cytoso1 25.49士2.18(83.4) 39.99士 1.13(80.7)

zActivitywasassayedat37℃.
yNumeralsinparenthesesshowthepercentagesoftotalactivity.
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A. Assayed at 37C

2 4 6
Days after treatment

B. Assayed at root-growing temperatures

4 6
after treatment

'ool 
P

ll{
100

to
w€
las
t h i

L 4
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th t
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aft

w h

w h
gr(

2
Days

Fig.2. Ribonuclease activi ty in the roots of f igleaf gourds (4,  )  and cucumbers (C, O)
grown at 14" and 23'C root temperatures. Figleaf gourds grown at I4"C for 6 days were
transferred to 23"C at the time shown by arrows. Enzyme activity was assayed at 37'C
(A) and at root-growing temperatures (B). Open and solid symbols represent roots grown
at 23'C and 14'C, respectively. Vertical bars show*S. E.

E  0 . 5

was in cucumber roots.  Consequent ly,  r ibonuclease
act iv i ty in f ig leaf  gourd roots grown at  14'C was
only about 25o/o of. that in cucumber roots grown
at the same temperature,  whereas i t  was about
50o/o for roots grown at 23"C. The enzyme activity
in both species did not change signi f icant ly over
the per iod of  6 days af ter  exposure to 14"C.
Furthermore, transfer of f igleaf gourd roots from
14'  to 23"C at  day 6 did.  not  cause any changes in
the act iv i ty when assayed at  ST"C (Fig.  ZA),
whereas the act iv i ty reverted to the control  level
when assayed at the root-growing temperature
( F i g . 2 B ) .

Polyacrylamide gel  e lectrophoresis of  r ibo-
nucleases showed the existence of  several  isozymes
in roots of  both species,  Isozyme banding patterns
did not change with root temperatures in cucum-
ber roots (data not presented), whereas in the fig-
leaf  gourd roots,  the s lowly migrat ing band dis-
appeared when the roots were exposed to IA"C
(Fig.  3) .  Since the band was very weak, i ts dis-
appearance may have contr ibuted l i t t le to the
quant i tat ive change of  r ibonuclease act iv i tv in the
roots.

3. R/f,4 polymerase actiuity in roots

RNA polymerase act iv i ty in cucumber roots
grown at  t4"C was higher than that at  Z3"C when
assayed at  32"C (FiS. 4A).  I t  increased sl ight ly
dur ing the 6 days exposure to 14"C, but,  when

days

r4T

Fig. 3. Polyacrylamide gel electrophoresis of ribonuclease
isozymes obtained from figleaf gourd roots exposed
to 23'C or to 14'C for 2,4 and 6 clays. The banding
patterns of ribonuclease isozymes from cucumber
roots did not change with growing temperatures (gels
not shown).

assayed at  the root-growing temperature,  the act iv.
i ty did not increase, being ident ical  to that  at  23"C
(Fig.  aB).

The RNA polymerase act iv i ty in f ig leaf  gourds
was very low in the roots grown at  14"C, com.
pared to those at  23oC, regardless of  assay
temperatures (Fig.  4A and B).  The act iv i tv tended
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Fig･2･RibonucleaseactivityintherootsoHigleafgourds(△･▲)andcucumbers(○,●)
grownat14oand23℃roottemperatures･Figleafgourdsgrownat14oCfor6dayswere
transferredt023℃ atthetimeshownbyarrows･Enzymeactivitywasassayedat37oC
(A)andatroot-growingtemperatures(B)IOpenandsolidsymbolsrepresentrootsg,own
at23oCand14℃,respectively.Verticalbarsshow±S.E.

wasincucumberroots･Consequently,ribonuclease

activityinfigleafgourdrootsgrownat14℃ was

onlyabout25% ofthatincucumberrootsgrown

atthesametemperature,whereasitwasabout

50%forrootsgrownat23oC･Theenzymeactivity

inbothspeciesdidnotchangesignificantlyover

theperiod of6 daysafterexposureto 14℃.

Furthermore,transferoffigleafgourdrootsfrom

14oto23OCatday6did･notcauseanychangesin

the activity whbn assayed at37oC (Fig.2A),
whereastheactivityrevertedtothecontrollevel

when assayed atthe root-growlng temperature
(Fig.2B).

Polyacrylamide gel electrophoresis of ribo-

nucleasesshowedtheexistenceofseveralisozymes

inrootsofbothspecies･Isozymeban°ingpatterns

didnotchangewithroottemperaturesincucum-

berroots(datanotpresented),whereasinthefig-

1eafgourdroots,theslowlymlgratingbanddis-

appearedwhentherootswereexposedto 14oC

(Fig･3)･Sincethebandwasveryweak,itsdis-

appearance may have contributed little to the

quantitativechangeofribonucleaseactivityinthe
roots.

3･RNApolymeraseactivityinroots

RNA polymerase activlty in cucumber roots

grownat14℃ washigherthanthatat230Cwhen

assayedat32oC (Fig･4A).Itincreasedslightly
duringthe6daysexposureto14℃,but,when

23℃

2 4 6 days

14℃

Fig･3･PolyacrylamidegelelectrophoresiPofribonuclease
isozymesobtainedfromfigleafgourdrootsexposed
to23oCorto14oCfor2,4and6days.Theban°ing
patternsofribonucleaseisozymesfrom cuctlmber

rootsdidnotchangewithgrowingtemperatures(gels
notshown).

assayedattheroot-growingtemperature,theactiv･

itydidnotincrease,beingidenticaltothatat23oC

(Fig.4B).

TheRNA polymeraseactivityinfigleafgourds

wasverylow intherootsgrownat14oC,com･

paredLtO those at 23oC,regardless ofassay

temperatures(Fig･4Aand町 Theactivitytended



to increase over the per iod of  6 days at  14'C as

well as at 23"C; the rate of increase during the

last 4 days was faster in roots grown at I4"C

than i t  was in those held at  23'C; i .e. ,  1.8-fold at

L4'C vs.  I .Z-f .o ld at  23"C. This comparison is

based on the assumption that the increase during

the 6-day period at 23"C was linear. The enzyme

activity in the roots exposed to 23"C for 2 days

after 6 days at IA"C decreased by about 30Vo

when the enzyme act iv i ty was assayed at  32oC,

whereas it changed litt le when assayed at root-

growing temPerature (2 3"C).

A. Assaved at 32C

RNA polymerase I activity in figleaf gourd roots
assayed at root-growing temperatures was higher
than that of RNA polymerase II in f igleaf gourd

roots at day 0 (Fig. 5A and B). This implies that
rRNA is synthesized at a rate higher than that of
mRNA. Responses of RNA polymerase I and II
activit ies to root temperatures were essentially the
same as those of total RNA polymerase activity,
except that RNA polymerase II activity did not de-
crease during the 2 day readaptation period at
23 'C.

Assayed at root-growing temperatures

Fig. 4. RNA Polymerase activity in the roots of figleaf gourds (4,  ) and cucumbers (C, (D)

grown at 14"C and 23"C root temperatures. Figleaf gourds grown at L4"C for 6 days were
transferred to 23'C at the time shown by arrows. Enzyme activity was assayed at 32"C
(A) and at root-growing temperatures (B). Open and solid symbols represent roots grown
at23"C and 14"C, respectively. Vert ical bars showts. E.

A. RNA polymerase I B. RNA polymerase Il

FiS. 5. Activity of RNA polymerase I (A) and RNA polymerase II (B) in the roots of figleaf gourds
grown at I4"C (A) and 23"C (A) root temperatures. Plants grown at 14'C for 6 days were
transferred to 23'C at the time shown by arrows. Enzyme activity was assayed at root-grow-
ing temperatures. Open and solid symbols represent roots grown at 23'C and 14"C,
respectively. Vertical bars show+S. E.
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wellasat23oC;therateofincreaseduringthe

last4dayswasfasterinrootsgrownat140C
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14oC vs･1･2-fold at23oC･Thiscomparison is
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the6-dayperiodat230Cwaslinear･Theenzyme
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whentheenzymeactivitywasassayedat32oC,
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RNApolymeraseIactivityinfigleafgourdroots

assayedatroot-growingtemperatureswashigher

thanthatofRNA polymeraseIIinfigleafgourd

rootsatday0(Fig.5A andB).Thisimpliesthat

rRNA issynthesizedataratehigherthanthatof

mRNA･ResponsesofRNA polymeraselandH

activitiestoroottemperatureswereessentiallythe

sameasthoseoftotalRNA polymeraseactivity,

exceptthatRNApolymeraseHactivitydidnotde-

creaseduring the2dayreadaptationperiodat
23oC.
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Fig.4.RNAPolymeraseactivityintherootsoffigleafgourds(A,A)andcucumbers(0,+)
grownat14oCand23℃roottemperatures･Figleafgourdsgrownat14oCfor6dayswere
transferredt023℃ atthetimeshownbyarrows･Enzymeactivitywasassayedat32oC
(A)andatroot-growingtemperatures(B).Openandsolidsymbolsrepresentrootsgrown
at23oCand14℃,respectively.Verticalbarsshow士S.E.
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4. Ratios of RNA polyrnerase actiuity to ribonwclease
actiuity in roots

RNA concentrations in the tissue could be
affected by the activity of either ribonuclease or
RNA polymerase, alone in some cases but in com-
bination in most cases. Our examination of the
relationship between RNA concentrations in both
species roots grown at L4" and 23'C root tempera-
tures and the ratio of RNA polymerase activity to
ribonuclease activity (RP/RN) revealed that when
the enzyme activity was assayed at root-growing
temperatures, RP/RN values in figleaf gourd roots
increased 3.3-fold dur ing the 6-day growth per iod
at 14'C (Fie.  6) .  They decreased rapidly to the
pre-chil l value within 2 days after retransfer to
23"C. In cucumber roots, the ratio doubled during
the first 2 days at I4"C, but remained unchanged
thereafter.  RP/RN values in roots of  both species
grown at  23"C remained constant throughout the
exper imental  per iod.  These changes in RP/RN
values closely resemble the t rends of  RNA concen-
trations in the roots as affected by root tempera-
ture (Fig.  1) .  Thus, the correlat ion between RNA
concentrat ions in the roots and their  RP/RN
values is highly s igni f icant (Fig.  7) .  But,  the rate

0 300 600 900 1200
RP/RN

FiS. 7. Relationships between RNA concentrations
and the ratio of RNA polymerase activity to
ribonuclease activity (RP/RN) in figleaf gourd
and cucumber roots grown at 14'C and 23"C
for up to 6 days. Activities of both enzymes
assayed at root-growing temperatures were used
for the calculation.

of  increases of  RP/RN values in both species dur.
ing growth at  14'C was relat ively fast ,  compared
to the rate of  the RNA increase. When the act iv i ty
of  the enzymes was assayed at  their  opt imal
temperatures,  no correlat ion wa$ establ ished be.
tween RP/RN and RNA concentrat ions (data not
presented).

Discussion

The close correlat ion between RNA concentra.
t ions in the roots and their  RP/RN values assayed
at root-growing temperatures strongly suggests
that RNA concentrations in figleaf gourd and
cucumber roots are largely regulated by RNA
polymerase act iv i ty relat ive to r ibonuclease act iv.
i t y .  The lack  o f  cor re la t ion  when. the  ac t iv i t y  o f

the enzymes was assayed at  their  opt imum temper.
atures indicates that the ambient temperature
when samples are taken should be used for the en'

zyme assay, part icular ly when the enzyme act iv i fy
is to be related to the metabol ic changes caused by

temperature stresses. A simi lar  suggest ion has

been proposed by Burke and Hatf ie ld (1987).
Ribonuclease act iv i ty in chi l led cucumber ' roots

increased when assayed at  37'C, whereas i t  de'

creased in roots of  f ig leaf  gourds.  The same trend

2 4 6
Days after treatment

Fig. 6. Changes with rime in the ratio of RNA
polymerase activity to ribonuclease activ_
ity (RP/RN) in the roots of figleaf gourds
('A,,1) and cucumbers (C, O) fol lowing
exposure to l4"C and 23'C root tempera_
tures. Figleaf gourds grown at l4'C for 6
days were transferred to 23"C at the time
shown by an arrow. Enzyme activities of
ribonuclease and RNA polymerase were
assayed at root-growing temperatures.
Open and solid symbols represent roots
grown at 23"C and l4'C, respectively.
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4･1htiosofRNApolymeraseactivitytoribonuclease

activityinroots

RNA concentrations in the tissue could be

affectedbytheactivityofeitherribonucleaseor

RNA polymerase,aloneinsomecasesbutincom-

bination in mostcases.Ourexamination ofthe

relationshipbetweenRNA concentrationsinboth

speciesrootsgrownat14oand230Croottempera-

turesandtheratioofRNA polymeraseactivityto

ribonucleaseactivity(RP/RN)revealedthatwhen

theenzymeactivitywasassayedatroot一growlng

temperatures,RP/RNvaluesinfigleafgourdroots

increased3･3-foldduringthe6-daygrowthperiod

at14oC (Fig.6).Theydecreasedrapidlytothe

pre-chillvaluewithin 2daysafterretransfert0

23oC･Incucumberroots,theratiodoubledduring

thefirst2daysat14℃,butremainedunchanged

thereafter･RP/RN valuesinrootsofbothspecies

grownat230Cremainedconstantthroughoutthe

experimentalperiod.These changes in RP/RN

valuescloselyresemblethetrendsofRNAconcen-

trationsintherootsasaffectedbyroottempera-

ture(Fig.1).Thus,thecorrelationbetweenRNA

concentrations in the roots and their RP/RN

valuesishighlysignificant(Fig.7),But,therate
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ofincreasesofRP/RNvaluesinbothspeciesdur.

inggrowthat140Cwasrelativelyfast,compared

totherateoftheRNA increase･Whentheactivity

of the enzymes･was assayed attheir optimal

temperatures,nocorrelationwasestablishedbe･

tweenRP/RN andRNA concentrations(datanot

presented).

Discussion

TheclosecorrelationbetweenRNA concentra･

tionsintherootsandtheirRP/RNvaluesassayed

at root一growing temperatures strongly suggests

thatRNA concentrations in figleafgourd一and

cucumber roots are largely regulated by RNA

polymeraseactivityrelativetoribon･ucleaseactiv･

ity･Thelackofcorrelationwhen･theactivityof

theenzymeswasassayedattheiroptimumtemper･

atures indicates that the ambient temperature

whensamplesaretakenshouldbeusedfortheen･

zymeassay,particularlywhentheenzymeactivity

istoberelatedtothemetabolicchangescausedby

temperature stresses･A similar suggestion has

beenproposedbyBurkeandHatfield(1987).

Ribonucleaseactivityinchilledcucumber､roOtS

increasedwhenassayedat37℃,whereasitde.

creasedinrootsoffigleafgourds.Thesametrend



was noted for RNA polymerase activity in the

roots assayed at 32"C. Although these differences

in responses of the enzymes to growing tempera-

tures between the two plant species are diff icult to

explain, the higher RP/RN values in chil led roots

of. figleaf. gourds over those in cucumbers may be

ascribed to a greater reduction in ribonuclease

activity in the figleaf gourd roots. Likewise, the

RNA polymerase activity of f igleaf gourd roots

was much lower than was that in chi l led cucumber

roots throughout the experimental period.

The marked reduct ion of  r ibonuclease act iv i ty

in the chil led figleaf gourd roots agrees with the

observat ion made by Dzhokhadze and Tabatadze

(1984) that  r ibonuclease act iv i ty was lower in

leaves of cold resistant than it was in cold sus-

cept ib le c i t rus var iet ies.  Brown and Bixby (1973)

opine that the decrease of  r ibonuclease act iv i ty

dur ing induct ion of  cold hardiness in mimosa is

caused by the inactivation or degradation of en-

?,yme proteins rather than by the decreased synthe-

sis induced by the low temperature.

Gradual  and steady increases in RP/RN values

and in RNA concentrations in figleaf gourd roots

after exposure to 14"C may, have resul ted because

of increases in RNA polymerase I  and I I  act iv i t ies;

r ibonuclease act iv i ty did not decrease correspond-

ingly dur ing the same per iod.  However,  the rate of

increases in RNA concentrat ions was slower than

that of RP/RN values in figleaf gourd roots grown

at  14"C (3 .3 - fo ld  vs .  2 .5 - fo ld ) ,  wh ich  may ind ica te

that factors other than the ratio of the two enzyme

act iv i t ies are involved in the accumulat ion of
RNAs in chi l led roots of  f ig leaf  gourds.

We conjecture that the roots of f igleaf gourds
respond to low temperature by increasing RNA
polymerase act iv i ty,  whereas those of  cucumbers
do not. Although only the solubil ized RNA
polymerase act iv i ty was determined in the present
study, our resul ts do not preclude the possibi l i ty
that chromat in template act iv i ty was also en-
hanced in the same manner as the solubi l ized en-
zyme act iv i ty.  Simi lar  resul ts have been reported
with wheat leaves by Sarhan and Chevr ier  (1985)
and Kr i tenko e t  a l .  (1986) ,  bu t  the i r  resu l ts  d i f -
fered-from ours in that  RNA polymerase act iv i ty
was far greater in chi l led than in unchi l led plants.
Furthermore, Kr i tenko et  a l .  (1986) .  found a
harked increase in RNA polymerase act iv i ty in

tion at 10"C over that of the.control plants grown

at 25"C. It would be interesting to know whether
RNA polymerase in different t issues of the same
plant responds differently to low temperatures.

The mechanisms by which RNA polymerase

activity increases in chil led plant t issues have not

been . fu l ly  e lucidated. Kukina et  a l .  (1985) pre-

sented evidence indicat ing that ABA inhibi ts

rRNA synthesis by blocking the transcription of
rRNA precursors in the chromatin. This action of
ABA was reversed by treatments with cytokinins.
It is also known that magnesium and other metall ic
ions activate RNA polymerase (Guilfoyle et al.,
L976; Wielgat and Kahl ,  L979).  Cytokinin synthe-

sis in the figleaf gourd roots is markedly stimu-
lated by low temperature (Tachibana, 1988).

Whether, 1) this property of f igleaf gourd roots is
responsible for  the increase in RNA polymerase

activity and consequently in RNA concentrations
in the chil led roots, and 2) the application of cyto-
kinins to the roots can enhance the chil l ing toler-

ance in the roots of  "bloomless" root-stock species
need further explanat ion.
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wasnotedforRNA polymeraseactivityinthe

rootsassayedat32oC･Althoughthesedifferences

inresponsesOftheenzymestogrowlngtempera-

turesbetweenthetwopla叶 speciesaredifficultto

explain,thehigherRP/RNvaluesinchilledroots

offigleafgourdsoverthoseincucumbersmaybe

ascribedtoagreaterreductioninribonuclease

activityinthefigleafgourdroots･Likewise,the

RNA polymeraseactivityoffigleafgourdroots

wasmuchlowerthanwasthatinchilledcucumber

rootsthroughouttheexperimentalperiod.

Themarkedreductionofribonucleaseactivity

inthechilledfigleafgourdrootsagreeswiththe

observationmadebyDzhokhadzeandTabatadze

(1984)thatribonucleaseactivitywaslowerin
leavesOfcoldresistantthanitwasincoldsus-

ceptiblecitrusvarieties･BrownandBixby(1973)

oplnethatthedecreaseofribonucleaseactivity

duringinductionofcoldhardinessinmimosais

causedbytheinactivationordegradationofen-

2ymeproteinsratherthanbythedecreasedsynthe-

sisinducedbythelowtemperature.

GradualandsteadyincreasesinRP/RNvalues

andinRNA concentrationsinfigleafgourdroots

afterexposureto14oCmay､haveresultedbecause

ofincreasesinRNApolymeraseIandIIactivities;

ribonucleaseactivitydidnotdecreasecor･r･espond-

1nglyduringthesameperiod.However,therateof
increasesinRNAconcentrationswasslowerthan

thatofRP/RNvaluesinfigleafgourdrootsgrown

at14oC(3.3-foldvs.2.5-fold),whichmayindicate

thatfactorsotherthantheratioofthetwoenzyme

activities are involved in the accumulation of

RNAsinchilledrootsoffigleafgourds.

Weconjecturethattherootsoffigleafgourds

respondtolow temperaturebyincreasingRNA

polymeraseactivity,whereasthoseofcucumbers

do not･Although .Only the solubilized RNA
polymeraseactivitywasdeterminedimthepresent

study,Ourresultsdonotprecludethepossibility

thatchTOmatin template activity was also en-
hancedinthesamemanneI･aSthesolubilizeden-

‡ymeactivity.Similarresultshavebeenreported

WithwheatleavesbySarhanandChevrier(1985)

andKritenkoetal.(1986),buttheirresultsdif-

feredfrom oursinthatRNA polymeraseactivity

Vasfargreaterinchilledthaninunchilledplants.

Furthermore, Kritenko etal.(1986)_found a

increaseinRNA polymeraseactivityin

ドleavesduringthecourseofcoldacclima-

tionatloo°overthatofthe.controlplantsgrown

at25℃.Itwouldbeinterestingtoknow whether

RNA polymeraseindifferenttissuesofthesame

plantrespondsdifferentlytolowtemperatures.

Themechanisms by which RNA polymerase

activityincreasesinchilledplanttissueshavenot

been.fullyelucidated･Kukinaetall(1985)pre･
sented evidence indicating that ABA inhibits

rRNA synthesisbyblockingthetranscriptionof

rRNAprecursorsinthechromatin.Thisactionof

ABAwasreversedbytreatmentswithcytokinins.

Itisalsoknownthatmagnesiumandothermetallic

ionsactivateRNA polymerase(Guilfoyleeta1.,

1976;WielgatandKahl,1979).Cytokininsynthe-

sisinthefigleafgourdrootsismarkedlystimu-

lated by low temperature (Tachibana, 1988).

Whether,1)thispropertyoffigleafgourdrootsis

responsiblefortheincreaseinRNA polymerase

activityandconsequentlylnRNA concentrations

inthechilledroots,and2)theapplicationofcytO-

kininstotherootscanenhancethechillingtoler-

anceintherootsof"bloomless''rooLstockspecies

needfurtherexplanation.
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低温に遭遇したクロダネカボチャの根のRNA濃度の増大におけるリボヌクレアーゼ活性と

RNAポリメラーゼ活性の関与

神田啓臣 ･橘 昌司

三重大学生物資源学部

摘

14oCの低根温遭遇によってクロダネカボチャの根

のRNA濃度が著しく高まる機作を明らかにするため,

14℃ と23oCの根温で6日間生育している間の,タ

ロダネカボチャとキュウリの根のリボヌクレアーゼ活

性とRNAポリメラーゼ活性の経時変化を調べた.活

性の測定は,それぞれの酵素の適温と採取時の根の生

育根温で行った.その結果,いずれの酵素活性も単独

では,根温 14℃で生育したクロダネカボチャの根で
みられたRNA濃度の著しい増大を説明することはで

きなかった･しかし,リボヌクレアーゼ活性に対する

RNAポリメラーゼの活性の比率は,生育根温で活性

を測定した場合にのみ,根のRNA濃度と高い相関関

係を示した･生育根温で活性を測定した場合,リボヌ

クレアーゼ活性は,両植物とも23oCで生育した根よ

514 津市上浜町1515

要

り14℃で生育した根のほうが低かったが,低下の程

度はクロダネカボチャのほうが顕著であった.一方,

RNAポリメラーゼ活性は,キュウリでは14℃ で生

育した根と23℃で生育した根でほぼ同じであったの

に対 して,クロダネカボチャでは14℃ で生育した根

のほうが小さかった.しかし,クロダネカボチャの根

では14oCで生育している問に次第に活性が増大した.

以上の結果から,両植物の根のRNA濃度は,主とし

て生育根温下での2つの酵素の活性比率に支配されて

いると考えらItLる.また,14℃ で生育したクロダネ

カボチャの根におけるkNA濃度の著しい増大は,低

温によるリボヌクレアーゼ活性の顕著な低下と,

RNAポリメラーゼ活性の低温適応的増大によってい

る'と考えられる.
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