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Abstract--Net synthests of RNA and DNA occurred when freshly prepared &ks (1 x 1Omm) of storage ttssue 
of carrot (Duucus curoru L.) were mcubated at 25” under morst condmons. Net synthesrs of RNA oaxrred 
wlthm 8 hr of preparatton of the d&s and contmued for at least 4 days. Net synthests of DNA was preceded 
by a lag of 48-72 hr. Incubabon m either a simple combmatron of plant hormones, or m a nutrient medmm 
known to support the growth of carrot tissue cultures, faded to overcome thts lag. Incubatton m 5-fluorouracd 
inhrbited the net synthesis of RNA and DNA and the development of induced respiratton. Incubation m 
cyclohexinude tibtted the net syntheses of RNA and the development of mduced respiration It IS suggested 
that the development of mduced resptratton 1s dependent upon the syntheses of RNA and protem. 

INTRODUCTION 

A MARKED acceleration of metabohsm occurs when thin shces of many plant tissues are 
incubated under moist conditions at physiological temperatures.1*2 In thrs paper this 
phenomenon is called ageing. Although net synthesis of RNA has been reported to occur 
during ageing of carrot3 and red beet4 tissue, and there IS evidence of a net synthesis of 
DNA during the ageing of disks of Jerusalem artichoke? there is no detailed picture of the 
extent and timmg of these syntheses. In particular we lack knowledge of DNA synthesis, 
and the relation between DNA and RNA synthesis m the same tissue. The work that is 
reported in this paper was undertaken m order to remedy this deficiency. An addibonal 
aim of the work was to Investigate the relationship between any nucleic acid synthesis that 
occurred durmg ageing and the increased rate of respiration, induced respiration, that 
develops in the tist 48 hr of agemg 6 

RESULTS 

E$“ect of Ageing on Content of RNA and DNA 

The amount of RNA in freshly cut disks varied widely. The RNA content was highest 
m young roots and feli durmg maturation and storage. The imtlal content of RNA of 
1Cweek old carrots ranged from 600 to 800 pg/20 disks whereas the values for mature 
carrots, taken from storage clamps, ranged from 200 to 400 pgf20 disks. Regardless of the 
initial content of RNA, agemg was always accompanied by a marked net synthesis of 

1 G. G LATU?S, III Control Mechamsms M Resptratzon and Fermentatmn (&ted by B. Wauxrr), p 129, 
Ronald Press, New York (1963). 

s T. AP Rnas, Australmn J. BIO~ Ser. 19,981 (1966) 
“C.J ~vnnandJ.ED~, Brochem J 97,27 p (1965). 
4 D. VAUGHAN and I R MACDONALD, J L?xptl Botany 18,587 (1967). 
’ Y. MASUDA, Pbtt Cell Physrol 7,75 (1966) 
6 T. AP REM and H. Baavrns, Plant Physrol 35,839 (1960) 
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TABLET EFFECTOF AGEINGONNUCLEICACIDCONTENTOF DISKSOP 
CARROT .¶VRAGE TliWJE 

Number RNA content as percentage DNA content as percentage 
of that of fresh disks that of fresh bks 

hr experb 

aged ments MeanfSEM. Range Mean f S E.M Range 

8 1 112 92 
24 10 166 f 11 103-209 95* 5 78-121 
48 5 226 f 28 137-302 98& 3 91-106 
8’: : 295 254 f 11 235-272 245-344 159 158 f 35 130-186 92-212 

96 4 361 k 33 302426 162 f 22 118-203 

RNA. Thrs net syntbesrs was evrdent wrthm 8 hr of slicing and continued for at least 96 hr 
(Table 1). The extent and precise trme course of synthesis varied with drfferent batches of 
carrots. In general, net syntheses of RNA was most marked in tissue characterized by a low 
initial content of RNA iFIg. 1). 
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FIG 1 RELATIONWIP BETWEEN RNA CONTENT OF PRBSH DISKS AND THE EXTENT OF RNA SYNTWSIS 
m 48 hr AGEING. 

The amount of DNA in freshly cut disks also varied, but thrs varratron was not obvrously 
related to the age of the carrots. Agemg led to a net synthesis of DNA, the pattern of whrch 
differed from that of RNA synthesis (Table 1). First, net synthesis of DNA was less exten- 
sive than that of RNA. Second, net syntheses of DNA normally occurred only after a lag 
of 48-72 hr. We found no evrdence of any relatronshrp between the pattern of net syntbesis 
of DNA and the amount of DNA in the freshly cut drsks. We investigated whether the lag 
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phase preceding the onset of net synthesis of DNA could be overcome by agemg m the 
presence of hormones and nutrients. The amount of DNA m disks aged for 48 hr in O-033 M 
KH2P04 (pH 5.2) did not drffer qnificantly from the amount in disks aged for the same 
time in the following media: kinetm (1-O mg/l.); kinetm (O-2 mg/l.) and IAA (2-O mg/l.); 
kmetm (1-O mg/l.) and IAA (10 mg/l.); kinetin (O-2 mg/l.), IAA (2-O mg/l.) and coconut 
milk (15 %) ; Hlldebrandt’s’ ‘D’ medrum for tissue culture. The above patterns of net 
synthesis of RNA and DNA were found both in disks prepared and aged aseptically and 
m disks prepared and aged under non-sterile conditions. 

Relations between Syntheszs of Nucleic Acidr and Protein, and Induced Respiration 

The rapid rise m the content of RNA in the first 24 hr of agemg comcides with the 
development of induced respiration m carrot disks. 6 A further simdarity between the 
development of induced respiration and the synthesis of RNA was discovered when we 
found that freshly cut disks of young carrots had a very high rate of respiration that in- 
creased only slightly during ageing (Table 2). As the carrot root matured the rate of respira- 
tion of freshly cut disks fell and the extent of the induced respiration rose. The possiblhty 
that the development of induced respiration was not only associated with synthesis of 
RNA, but was also dependent upon it, was tested by studying the effects of 5-fluorouracd 
on the two processes. 5-Fluorouracil effecttvely mmblted the development of induced 
respiration (Table 3) and the net synthesis of RNA and DNA (Table 4). Incubation of 
freshly cut disks and of 20 hr aged disks, m 5-fluorouraal (1 mg/ml) for 150 min had no 
detectable effect on the rates of oxygen uptake. 

TABLE 2 RELATIONSHIP BETWEEN AGE OF CARROT AND THE DEVELOP- 
MENT OF INDUCED RESplRATlON 

Age of storage 
roots used for 

preparation of disks 

Oxygen uptake 
&l/hr/20 disks) 

Freshly cut Aged for 24 hr 

Freshly harvested young roots, 
maximum diameter, 2-O cm 

Freshly harvested roots, 
maxunum dxuneter, 4 0 cm 

Mature roots from storage 
clamps 

246 267 

207 299 

100 286 

We have shown that ageing of carrot disks IS accompanied by protein synthesis.* This 
fact, together with the above demonstration of a relationship between induced respiration 
and the synthesis of RNA, prompted us to investigate whether the development of induced 
respiration and the synthesis of RNA were dependent upon the protein synthesis. We did 
this by measuring the effect of cycloheximide, known to inhibit the protein synthesis,* on 
the two processes. The data in Tables 3 and 4 show that cycloheximide mhtbrted the 
development of Induced respiration and the synthesis of RNA. The effects on respiration 
were reversible m that removal of the cycloheximide was followed by the development of 
an increased rate of respiration. 

‘I A. C. HILDEBRANDT, A. J RlKl3R and B M. DWGAR, Anz J Botany 33,591 (1946). 
* T AP REINS and J A BRYANT, Phytochem lo,1183 (1971) 
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TABLB~.EPFBCZX OFJ-FLUOROURACILANDCYCLO HEUMJDEONDBVEI.DPMRNTOFJNDUCRD 
REspIRATIONBYDIsKsOFcARRoTSToRAoB~~ 

OXYen 6.4 
oxygen W) absorbed per hr 

absorbed per hr by2oduksagedfor. 
by 20 fresh 

disks Incubation m&a used durmg agemg 21 hr 27 hr 45 hr 

110 

108 

0 02 M KHaPO* (PH 5.2) 168 153 182 
5-Fluorouracd (1 mg/ml) 112 113 93 
mO02MKHzPO4(pH52) 
for 21 hr followed by 24 hr m 0 02 M 
K&PO&H 5.2) 
0.02 M KHaP04 (PH 5.2) 210 196 - 
Cyclohexmude (10 pg/ml) 150 208 - 
m 0.02 M KH2P04 (pH 5.2) for 21 hr 
followed by 6 hr m 0.02 h4 KH,PO, (pH 5.2) 

TABLE~.EPPBCTSOP ~-FLUOROU~WXLANDCY~L~ HRXlMlDEONNUCLRICACIDSYNTaBSISDURING 
AGEINOOFDL9KSOFCARRoTSKRtAGETISSUR 

Nuclex acid content 
_ bg) of 20 fresh &sks Incubation 

media used 
RNA DNA durrng agemg 

447 98 

390 - 

0 02 M KHzPO* (pH 5 2) 
5-Fluorouracd (1 mg/ml) 
m O-02 M KH,PO~ @H 5 2) 
0 02 M KHzpo, (PH 5.2) 
Cyclohextmlde (10 pg/ml) 
m 0 02 M KHPP04 (pH 5 2) 

Nuclex acid content 
@g) of 20 disks aged for 
48hr 96 hr 

RNA DNA RNA DNA 

1120 
748 

ii 1746 199 
840 97 

1185 - - - 
634 - - - 

DISCUSSION 

Our results estabhsh that agemg of carrot storage tissue IS accompanied by a massive net 
syntheses of RNA. The continued net syntheses of RNA after more than 3 days agemg 
distmguishes our results from those reported for carrot trssue by Leaver and EdehnarP and 
for red beet tissue by Vaughan and MacDonald.4 The reason for these differences is not 
apparent but we stress the frequency with which we found net synthesis of RNA continumg 
after more than 3 days ageing. The results obtained wrth cycloheximrde indicate that the 
net synthesis of RNA IS at least partially dependent upon the synthesis of protein. The 
work of Leaver and Key,g the evidence that 5-fluorouracrl h&bits the formation of nbo- 
somal RNA,‘O and the general consideratron that the bulk of cellular RNA is normally 
ribosomal RNA, lead us to suggest that much of the RNA formed during agemg in carrot 
drsks represents the synthesis of nbosomes 

Our results also show that agemg of carrot drsks leads to a net synthesis of DNA and 
that the trme course of this net syntheses differs radrcally from that of RNA synthesis. Our 

g C J LEAVER and J. L. KEX, Proc Nat1 Acad Ser. 57,1338 (1967). 
lo J L. KEY and J. IN~LE, Proc. Nat1 Ad Sea. 52,1382 (1964). 
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failure to overcome the lag in net synthesis of DNA, not only with simple combmations of 
hormones but also with a nutrient medmm known to support the proliferation of carrot 
root cells,’ l suggests that considerable changes are necessary before dormant carrot storage 
tissue can synthesize DNA. The inhibition of DNA synthesis by 5-fluorouracd may mean 
that RNA synthesis IS required before DNA can be made. Alternatively it may reflect a 
direct effect of 54lourouracil on DNA synthesis caused by the inhibition of thymidylate 
synthetase by 5-fluoro-2’deoxyuridme 5’-monophosphate.12 The separation, by at least 
2 days, of the onset of net synthesis of DNA from that of RNA mdicates that the mecha- 
nisms that control the synthesis of the two nucleic acnls are independent, and suggests 
that aged disks of carrot may be suitable material for the study of such mechanisms. 

We have shown that 54uorouracil effectively inhibits the synthesis of RNA during 
ageing and that it bas no direct effect upon the rate of respiration of either fresh or aged 
disks. Consequently we think that the abihty of 5-fluorouracil to mhibit the development 
of induced respiration is strong evidence that the increase in the rate of respiration is at 
least partially dependent upon the synthesis of RNA. We have already demonstrated that 
protem synthesis occurs during agemg of carrot disks and that the preparation of cyclo- 
hexnnide used m the experiments reported m this paper mlubited this synthesis.* In addition 
we have produced very strong evidence that this mhibition is due to a specific effect of the 
cyclohexinnde on the polymerization of ammo acids and not to any direct effect of cyclo- 
hexlmide on respiration. The reversihhty of the effect of cycloheximide on the development 
of Induced respiration (Table 3) is evidence that this effect is not due to any general and 
permanent damage to metabolism. We think that our results with cycloheximide provide 
sound evidence that the development of mduced respiration in carrot disks is, to a significant 
extent, dependent upon the synthesis of protein as well as the synthesis of RNA. Thus in 
both carrot and potato l3 tissue there is very strong evidence that the development of m- 
duced respiration requires the synthesis of protein and RNA. Laties’ has suggested tbat 
induced respiration is due to the escape of some volatile inlnbitor of respiration during age- 
mg. The results obtained with carrot and potato make it clear that such an explanation, 
on its own, is madequate. If the removal of an inhibitor of respiration were all that were 
necessary for the development of induced respiration then it is very unhkely that the develop- 
ment would be sensitive to inhibitors of protein and RNA synthesis. 

Our results show that the onset of dormancy in carrot roots 1s accompamed by a marked 
decline in both RNA content and the rate of respiration. In general terms the agemg pheno- 
menon may be viewed as a reversal of the changes that accompany dormancy. It seems 
hkely that agemg represents a change from dormancy to rapid growth that is eventually 
checked by lack of nutrients or hormones. 

Mated 
EXPERIMENTAL 

Carrots (Daucus car&a L ) were bought locally and were used at once Cylmders of storage tissue were 
taken vertically and shced to gwe d&s 1 x 10 mm Disks were aged at 25” by mcubatlon m 7 0 ml KI-&PO~ 
(0 033 M or 0 02 M) at pH 5-2 111 100 ml Erlenmeyer flasks stoppered with cotton wool plugs Samples of 
twenty d&s were ltud on filter paper supported by a smgle layer of glass beads (dmmeter 0 4 cm) The fiasks 
were shaken reciprocally throughout the mcubatlon Inhibitors and hormones were dissolved m KHzPOb 
(0 033 M or 0 02 M) and the pH was adjusted to pH 5 2. The methods used m the preparation and mcubation 

I1 D K DOUGALL, Ekpd Cell Res 33,438 (1964). 
l2 C HEIDELBERGER, III Chemotherapy of Cancer (edited by P A. PUTTNER), p 88, Elsev~er, Amsterdam 

(1964) 
I3 R. E CLICK and D P. HACKETT, Proc Nat1 Acad Scr SO, 243 (1963) 
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of drsks under asepttc condtttons, and m the detectton of wn tammants, have been descrmed.t4 Compartsons 
between fresh and aged trssue were made only wrthm the same batch of rephcate samples. 

Extra&on and Assay of Nuclerc Acids 

We wmpared a number of methods for extractron of nuclerc acids and found that a mod&canon of 
Cherry’si method was the most sattsfactory for thts tissue The methods of Schmtdt and Thannhausar16 
and of Ogur and Rosen” gave poor separahon of RNA from DNA and yrelded extracts which, Judged by 
their U.V. absorptron spectra, were heavtly wntammated wrth u v absorbmg tmpurrtres Extracts prepared 
by the method of Fowler and ap Rees”’ faded to show absorptton maxlfna m the regton 255 to 260 nm; the 
yreld of DNA was very low. A method which combmed features of Ktrby’s19 techmque and Gumn’szo 
techmque gave a low yield of both nuclerc acids 

The extractron procedure started wrth the kdhng and homogemsatron of samples of twenty drsks m 
methanol The mttral temperature of the methanol was -20” but rose to 20” durmg the homogemsatton. The 
disks were homogemsed by grmdmg tit m a pestle and mortar and then m a hand-model glass Ten-Broek 
homogemser The homogenate was extracted successrvely wtth* methanol at 20” (three tlmes),0*31 Nperchlorrc 
acid at 2”, ethanol at -2O”, ethanol-ether rmxture (2 1) at 50” for 30 mm, and ethanol at 20” Next the nucleic 
acids were removed from the homogenate by extractron wtth 0.77 N perchlortc actd (two 15mm extractrons 
at 90” followed by one 2-mm extra&on at 20”). The total amount of nuclerc acrd m the extract was deter- 
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\ 

260 300 340 
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FIG 2.Uv. ABSORPTIONSPECTRAOFNUCLEICACIDBXTRACTSOFPRESHANI)AGBDD~SKSOPC~OT. 
The nuclerc acids were extracted from samples of 20 dtsks and the extracts were made up to 15 ml. 

0 Fresh disks, 0 47-hr aged d&s, 0 95-hr aged d&s. 

I4 T AP Rsss, Phytochem 8,1879 (1969). 
I5 J H CHERRY, Plant Physwl 37,670 (1962) 
l6 G SCHMJDT and S J. TIL4NNEL4usER, .I Bzol Chem 161, 83 (1945) 
I7 M OGUR and G ROSEN, Archs Bzochem 25,262 (1950). 
I* M W FOWLER and T. AP Rxm, Blochem BJophys Acta 201, 33 (1970) 
I9 K S KIRBY, Prog Nuclerc Aced Res. 3, 1 (1964) 
z” G GUINN, PIant Physrol 41,689 (1966). 
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mmed from measurements of absorbance at 260 nm. DNA was assayed by the dtphenylamme reactton *I 
RNA was determmed by subtractmg the values for DNA from those for total nucleic acrd. All values for 
DNA and RNA represent means from three or two rephcate samples 

The methods that we used to assay nucletc actds are suscepttble to mterference from lmpurrtres m the 
extracts Sugars and uromc actds could interfere wtth the estlmatton of DNA by the dtphenylamme method. 
Paper chromatography of our nucleic actd extracts m EtOAc-pyrtdm+H20 (8 2 1) revealed only mmute 
traces (c 10 &ml) of sugars and uromc actds Less than 2 per cent change m absorbance at 600 nm was 
caused by 2 mg of arabmose 21 We found that as much as 1 mg/ml of glucuromc acid was necessary to alter 
the absorbance at 600 run by 21 per cent. Thus we argue that our assays of DNA were not s~gm8cantly affected 
by contammatmg sugars or uromc acids Our estunates of total nucletc actd would be affected by the presence 
of substances that absorbed at 260 nm The absorptton spectra of extracts from fresh and aged drsks com- 
pared favourably wtth spectra of RNA that had been purr&d from yeast (&ma Chenucal Co and Koch-Light 
Laboratories Ltd ) and hydrolysed m 0 77 N perchlortc actd (Frg 2) These spectra strongly Indicate that our 
extracts dtd not contam unpurmes that contrtbuted apprectably to absorbance at 26Onm Smce themost hkely 
source of mterference was protemz2 wedetermmed the protem present m theextracts and, usmg the extmctron 
coeffictent at 260 nm of purified bovme serum albumm, e&mated the contnbuttons that protem m the nucletc 
acrd extracts made to absorbance at 260 nm On this basis we found that the percentage of absorbance at 
260 nm that could be attributed to protem was 6 5,8 1 and 6 8 per cent m extracts of fresh, 47-hr aged, and 
9%hr aged dtsks, respecttvely We constder these contnbuttons to be very small m relation to the changes m 
nucleic acid content that we found. 

Measurement of Oxygen Uptake 

Oxygen uptake was determmed manometrtcally at 25” by Warburg’s dtrect method All values represent 
means of rates, measured over at least 1 hr, of tnphcate samples 
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21 K BURTON, Bwcftem. J. 62,315 (1956). 
22 H N MUNRO and A FLECK, m Methoa!s of Blochemzal Anafysrs (ed&d by D GLICK), Vol. XIV, p 113, 

Intersctence, New York (1966). 
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