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Abstract-Changes m chloroplast and cytoplasnuc RNA were measured during chloroplast development m 
Eugienu grucrlzs over a 3-day penod The cells were grown m the dark and then dhunmated by 1500 lx 
of white hght at a cell density which was stiaently high to prevent any cell Qvlslon m dlummated cultures 
Light stimulated mcorporation of 14C-orotlc acid mto both chloroplast and cytoplasrnic RNA The most 
rapid rate of light-dependent mcorporatlon occurred durmg the 6rst 8 hr of dlummation and before the 
mam period of chlorophyll synthesis The spectic activity of chloroplast RNA was higher than that of 
cytoplasnnc RNA, particularly durmg the tirst 24 hr of &unmat~on By 32 hr the rate of mcorporation mto 
total cell RNA had decreased to that of dark control cells Whde there was no sqqlficant change m the 
amount of RNA per cell durmg chloroplast development, the amount of chloroplast RNA Increased to a 
mammum of 7 per cent of the total cellular RNA by 16 hr In growing autotrophlc cultures, or m cultures m 
which chloroplast development was followed at low cell densltles (< 3 x lo6 cells per ml), chloroplast RNA 
accounted for about one-fifth of the total cellular RNA 

INTRODUCTION 

WHEN DARK-GROWN cells of Euglena gruczlzs are exposed to light the chloroplast develop- 
ment that ensues over the next three days IS accompanied by changes m synthesis and 
composition of RNA m the cell l-3 If 54luorouraa1, an inhibitor of rrbosomal RNA 
synthesis, 1s present durmg the first several hours of lllummatlon, the chloroplast develop- 
ment 1s inhibited4 suggesting that upon dlummatlon there 1s additional synthesis of nbo- 
somal RNA which is necessary for chloroplast development. An analysis of the changes m 
base composltlon of RNA m cells durmg chloroplast development has indicated that the 
light induces the synthesis of chloroplast RNA 1 According to Zeldm and Schlff3 the turn- 
over of cytoplasmlc RNA IS also stimulated by light However, the extent of the hght- 
dependent increase m chloroplast RNA and the relative rates of synthesis of chloroplast 
and cytoplasmlc RNA at different stages of chloroplast development cannot be readily 
ascertamed from published data In order to obtain mformatlon on these points we have 
utilized the technique of polyacrylamlde gel electrophoreas, which can separate chloroplast 
and cytoplasmlc RNA from E graczlis,5 to follow the appearance of chloroplast RNA durmg 
the development of chloroplasts m a non-dlvldmg culture. In addition, the dlfferentlal 
mcorporatron of radloactlve orotlc acid mto chloroplast and cytoplasmlc RNA during 
early stages of chloroplast development was measured 

* Present address. Plant Physiology Uat, C S I R 0. Dlvlslon of Food Research and School of Blolog~cal 
Sciences, Macquane Unrverslty, North Ryde, 2113, Sydney, Australia 
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FIG 1 CHANGE IN CELL COMPONENTS DURING CHLOROPLAST DEVELOPMENT 
Dark-grown cells were mamtamed on a carbon-free medmm for 3 days m the dark and then 
dlummated for 4 days The culture was sampled at intervals for RNA (O-O), chlorophyll 

(a-----n) and number of cells (~--Cl) 

RNA Content of Cells during Chloroplast Development 

Figure 1 shows changes m RNA and cell concentrations when dlvldmg cells of dark- 
grown E. gracdts were shaken m the dark m a carbon-free medium and subsequently 
lllummated Cells were grown m the dark until a cell density of 4 x IO6 cells per ml had 
been reached. The cells were transferred to a medmm lacking carbon substrates for growth 
and maintained m darkness. Wlthm 24 hr the number of cells had doubled and the amount 
of RNA per cell had decreased by half There was no change m RNA per cell during the 
next 2 days m the dark or durmg the followmg 4 days of lllummatlon Thus the RNA 
content of the culture remamed constant from the begmnrng of the period of carbon 
starvation 

In other experiments, If the cell density was higher than 4 x lo6 cells per ml at the time 
of transfer to a carbon-free medmm, the cell number Increased to a maxlmum of 7-8 x 
lo6 cells per ml with a proportionate reduction of the RNA content per cell 

In contrast to RNA, the DNA content per cell remained constant at 6 mg DNA per 
log cells throughout both the starvation and greening periods and so there was a doublmg 
of the DNA content of the culture during the first 24 hr of starvation m the dark. 

Amount of Chloroplast RNA in Developmg Chloroplasts 

The RNA extracted from chloroplasts from cells lllummated for 12-72 hr was charac- 
terized by polyacrylamlde gel electrophoresls Chloroplast nbosomal RNA, which consists 
of 23s and 16s specles,s was the prmapal high molecular weight RNA present m the chloro- 
plasts prepared after 16 hr (Fig 2a) or longer periods of dlummatlon However, m the 
chloroplast fraction isolated after only 12 hr of lllummatlon some of the RNA appeared to be 
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FIG 2 POLYACRYLAMIDEGELELETR~PEI~RESI~OF RNA PROMDEVEL~PINGCI-IL~ROPLASTS 
Chloroplast and cytoplasmlc fractions were prepared from cells after 12 or 16 hr of dhmunatlon 
and the RNA was extracted Hnth phenol and separated on polyacrylarmde gel The absorbance 
profiles of the gels are shown. (a) chloroplast RNA (16 hr of hght), (b) ‘chloroplast’ RNA (12 hr 

of light), (c) cytoplasrmc RNA (16 hr of hght) 

cytoplasmlc m ongm (Fig. 2b), since peaks attnbutable to cytoplasmlc RNA (Fig. 2c) were 
also present 

The RNA content of the isolated chloroplasts was estimated chemically and Table 1 
(Expenment 1) shows the amount of chloroplast RNA (mostly nbosomal RNA, as transfer 
RNA IS lost dunng the lsolatlon procedure) as a percentage of the total cellular RNA at 
different stages of chloroplast development. After 12 hr of lllummatlon the chloroplast 
fraction contained 7 per cent of the total RNA, but after correcting for cytoplasmlc RNA 
present m this fraction, chloroplast RNA accounted for only 2 per cent of the total RNA 
After 24 hr of lllummatlon the chloroplast RNA content of the cell had reached 7 per cent 
and remained at around this level for the next 2 days (Table 1) 

This value for the percentage of total RNA contained m the chloroplast of E. grucdzs 1s 
only one-third of that estimated previously for autotrophlc cells using another method ’ At 
the light intensity and cell densities used m the standard greemng condltlons (Fig. 1) the 
cells do not divide even after the chlorophyll content has reached or surpassed that found 
m dlvldmg autotrophlc cells When the experiment was carred out at cell densities which 
were sufficiently low to allow cell dlvlslon to take place once chloroplast development was 
completed, the percentage of total RNA found m the chloroplasts was more than doubled 
(Table 1, Experiments 2 and 3) and was comparable to values found for growing auto- 
trophlc cells (Table 1, Expenments 4 and 5). The rate of chlorophyll synthesis was similar 
at all cell densities 
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TABLE 1 AMOUNT OF RNA IN CHLOROPLASTS 

Exp Hr of dlummatlon 
---~- 

Chloroplast RNA 
(% of total cellular RNA) 

1 12 2* 
16 6 
24 7 
48 6 
72 7 

2 48 14 
72 16 

3 72 18 
4 - 17 
5 - 17 

Expt 1-3, greemng cells Expt 1, standard condrtlons (see Fig l), 
Expt 2 standard condltlons, except cell density at 72 hr was 2 8 x lo6 
cells per ml, Expt 3, as Expt 2 except cell density was 1 3 x lo6 cells 
per ml Expt 4, autotrophlc cells at 1 5 x lo6 cells per ml Expt 5, 
autotrophlc cells at 2 0 x lo6 cells per ml A correctIon for the loss of 
chloroplasts during the lsolatlon procedure was made by measunng 
the yield of chlorophyll 

* Corrected for cytoplasmlc contammatlon (see text) 

Incorporation of Orotic Acrd by Growmg Autotrophlc Cells 

Autotrophlc cells from a culture m the exponential phase of growth were incubated for 
various penods of time with 3H-orotlc acid While the specific activities of the chloroplast 
and cytoplasmlc RNA extracted with phenol Increased more than IO-fold between 3 and 6 hr 
after add&on of the Isotope, the mcrease between 6 and 14 hr was comparatively small 
(Table 2) and the ratio of the specific activity of cytoplasmlc RNA to chloroplast RNA 
remained constant at l-2 1 

TABLE 2 SPECIFIC ACTIVITY OF RNA FROM GROWING AUTOTROPHIC CULTURES 

Time of Cytoplasrmc RNA Chloroplast RNA 
Cytoplasmlc RNA 

mcubatlon (cpm per mg x 10m3) (cpm per mg x 10e3) Chloroplast RNA 

3 34 22 15 
6 

ii E 
12 

14 12 

Cells were grown autotrophlcally and “H-orotlc acid (62 mCl/m-mole) was added (700 &l/l ) when the 
cell density had reached lo6 cells per ml RNA was extracted from the chloroplast and cytoplasmic fractions 
with phenol and the spe&ic actlvlty determined as desc&ed 

Incorporation of Orotrc Acrd durmg Chloroplast Development m a Non-Dmrdmg Culture 

Cells at different stages of chloroplast development were mcubated with 14C-orotlc acid 
for 16 hr and the rate of mcorporatlon mto total RNA measured Other ahquots of cells 
from the ongmal culture were treated slmdarly but were kept m the dark Figure 3 shows 
that the rate of mcorporatlon was approximately linear over 16 hr of labelhng of all cultures 



RNA syntheses durmg chloroplast development in E&W gracdrs 49 

,-O-8 HR 8-24 HR 

m- 
‘0 
z3- 

32-48 HR 56-72 HR 

EXPOSURE TO 14G-OROTIC ACID (HR) 

FIG 3 INCORPORATIONOF OROTICACIDINTOCRLLULAR RNA BYCELLSILLUMINATEDPORINCRBASINO 
PERIODSOFTIME 

Dark-grown cells were shaken in darkness m a carbon-depleted medmm for 30 hr En&t 50 ml 
SaITqk3 of cells were placed erther m hght (1500 Ix) and 5 % CO, m an or tn darkness %-OrOtlC 

acrd (40 &l/l , 0 8 mCt/m-mole) was added after 0,8,32 and 56 hr to mdtvtdual flasks 111 the light 
and m the dark The values shown at the top of the graphs mdlcate the tune periods (as measured 
from the begnuung of the tllunnnatton) during whtch W-orottc actd was fed Total RNA was 

extracted from the cells with KOH 

examined. The rate of mcorporatron was greatest m cells labelled durmg the first 8 hr of 
dlummatron and resulted m 2 per cent of the Isotope bemg mcorporated mto RNA Cells 
which had been dlummated for more than 32 hr and also cells kept m darkness took up 
much less rsotope (about 0.1 per cent) 

To determme the dlstnbutton of the labelled RNA, the cells were fractloned into chloro- 
plast and cytoplasmrc fractions at different stages of chloroplast development rmmedtately 
followmg a 16-hr labellmg perrod Table 3 shows that dunng the early stages of chloroplast 
development, when the light-strmulated mcorporatton of 14C-orotlc aad into RNA was 
at its hrghest (Fig 3), the specrfic actlvrty of total chloroplast RNA (extracted with KOH) 

TABLE 3 THE INCORWRATION OF "c-oROTIC ACID INTO CHLOROPLAST AND CXTOPLASMIC RNA DIJRING 

CHLOROPLASTDEVELOPMENT 

Penod of labelhng 
(hr of &nnmation) 

Specific acttvity ratio 
of chloroplast nbosomal 

RNA to cytoplasmlc 
rtbosomal RNA 

Specttic actrvtty 
ratio of chloroplast 

total RNA to 
cytoplasmrc total RNA 

O-16 52 1 41 1 
8-24 70 1 29-l 

32-48 23 1 
56-72 121 17 1 

Experimental condttrons were sun&r to those grven m Ftg 3 14C-orotlc acid (20 ~0, 0 8 mCt/m-mole) 
was added to one htre of cells Total RNA was obtained by KOH dtgestton and nbosomal RNA was ob- 
tamed from sucrose gradient centrtfugatton of RNA extracted wrth phenol The amount of orotlc actd taken 
up and hence the specdlc acttvtty of the RNA varied shghtly from expertment to experrment and so the results 
are expressed as a ratio 
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was about four times that of the total cytoplasmrc RNA. This ratio subsequently decreased 
so that when chloroplast development was completed, the specific activity of the RNA m 
the chloroplast was only 1 7 times higher than cytoplasmlc RNA 

Samples of the chloroplast and cytoplasmlc fractions were extracted with phenol and 
the RNA was fractionated on a sucrose gradient as described under Experimental In cells 
tllummated for 16 hr, over 90 per cent of the RNA from the chloroplast was nbosomal 
(sedlmentmg at 16s and 23s) and there was good agreement between the distribution of 
fractions absorbing at 260 nm and the radioactivity throughout the gradient On the other 
hand, centnfugatton of the RNA from the cytoplasmlc fraction m a sucrose gradient 
revealed that about 25 per cent of the absorbancy and almost 50 per cent of the radioactivity 
was m low molecular weight RNA (3S-5s) This IS reflected m comparisons shown m Table 3 
between the specific activities of ribosomal RNA from the chloroplast and cytoplasmlc 
fractions During the early stages of chloroplast development, the ratio of specific activity 
of chloroplast nbosomal RNA to that of cytoplasmlc ribosomal RNA was even higher 
than the correspondmg ratio for total RNA (Table 3) 

Although the chloroplast RNA had a consistently higher specific activity than the 
cytoplasmic RNA, it made up only a minor portion of the cellular RNA and the total radio- 
activity found m each chloroplast fraction isolated was about one-third of that incorporated 
by the whole cell 

DISCUSSION 

Under the standard expenmental condltlons employed m these studies, lllummatlon 

of dark-grown cells of Euglena gracdzs resulted m a rapld development of chloroplasts, but 
there was no appreciable change m the total RNA of the cells Zeldm and Schlff 3 and Brawer- 
man and Chargaff also observed no change m total RNA during greemng of E graczks 
although net mcreases m RNA of 30-50 per cent have been reported m other papers 2.7 The 
differences may be related to the extent to which the experimental conditions used were 
conducive to cell division A medium rich m nitrogen and yeast extract supported an m- 
crease m cellular RNA,’ but a medium lacking these components did not 6 In our experi- 
ments the medium contamed a mtrogen source and no carbon substrate but the low light 
intensity (optimal though for chloroplast development) and high cell density used excluded 
cell division In these cells chloroplast RNA reached a maximum by 16 hr of illummatlon, 
but accounted for only 7 per cent to the total cellular RNA This percentage was more 
than doubled m growing autotrophic cells or m greening cells at a low cell density so that 
the cells divided after chloroplasts were formed This additional chloroplast RNA then is 
not essential for the development of exlstrng chloroplasts but may be synthesized prior to 
chloroplast division 

Even under experimental conditions where no cell division took place, light nevertheless 
stimulated the incorporation of erotic acid into both chloroplast and cytoplasmlc RNA 
(Table 3) Zeldm and Schlff3 also found that light stimulated the uptake of 32P mto cyto- 
plasmlc RNA during chloroplast development m E grads In our studies, the effect of 
light on the mcorporation mto RNA was confined to the early stages of chloroplast develop- 
ment (Fig 3, Table 3) Between 32 and 72 hr of lllummatlon there was little difference m 
the rate of mcorporatlon m lllummated and non-illummated cultures, although during this 

6 G BRAWERMAN and E. CHARGAFF, Wochrm Btophys Acru 31,164 (1959) 
7 G. BRAWERMAN, A 0. POGO and E CHARGAFF, Bloc/urn Wophys Actu 55,326 (1962). 
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period m the hght chlorophyll synthesis continued (Fig 1) After 16 hr of rllummatton the 
total RNA m the chloroplast had four times the speafic acttvrty of that m the cytoplasm 
and moreover the activity of chloroplast nbosomal RNA was five times higher than the 
cytoplasmrc rlbosomal RNA. After 24 hr of illummatlon, the chloroplast nbosomal RNA 
was seven times more highly labelled than the cytoplasmic nbosomal RNA Developmg 
chloroplasts show a rapid mcrease m size between 12 and 24 hr of illummation* and thts 
would seem to be accompamed by a rapid increase m amount of chloroplast RNA (Table 1) 
and by a high mcorporatlon of precursor on a specific activity basis (Table 3) It is not 
known to what extent this mcorporation is affected by a change m precursor pool size or by 
rlbonuclease activity dunng this period. 

The importance of RNA synthesis m the early stages of lllummatlon IS consistent with 
the effects of Muorouracil This compound mhlblts chloroplast development only when 
added durmg the first 14 hr of illummation 4 

The maintenance of a high level of mcorporatlon of 14C-orotlc acid mto cytoplasmtc 
RNA during the early stages of chloroplast development (Table 3, Fig 3) comcides with 
the increase m the synthesis of some enzymes localized m the cytoplasm that may be im- 
portant m provldmg energy for chloroplast development g*lo Thus the early stages of 
chloroplast development may also mvolve mobilization of the cytoplasmlc protein syn- 
thesizing system 

The cytoplasmic protein synthesrzmg system may be active m chloroplast development 
m other ways Some chloroplast proteins may be synthesized m the cytoplasm and then 
transferred to the chloroplastsg and this may be true of certain hpids and other non-protein 
components of chloroplasts There is some evidence from the effects of chloramphemcol 
and cyclohexlmlde upon the Increase m phosphohplds which accompanies chloroplast 
development in E graczhs that this Increase occurs as the result of synthesis m the cyto- 
plasm. l1 

EXPERIMENTAL 

Cell cultures Ezzglena graczlzs stram Z was grown m the dark m the basal medmm described by Hutner 
et al ‘* and supplemented wnh vrtamm Blz (5 pg/l ) In order to study chloroplast development, the dark- 
grown cells were resuspended m a carbon-depleted medium (growth medmm from wmch all carbon com- 
pounds except EDTA and vrtamms had heen ormtted) to a density of 3-8 x IO6 cells per ml, shaken m the 
dark for 2 or 3 days and then exposed to white fluorescent light (1500 lx) The atmosphere was 5 % CO2 m 
au and the temperature was 25” 

Autotropmc cells were grown m the carbon-depleted medmm at a light mtenslty of 7000 lx The cultures 
were shaken m 5 y0 COa m an at 25” 

Preparatzon of chloroplast and cytoplasmzc fractzons Chloroplasts were prepared as previously descnbed’= 
Hrlth a yield of 20-50x (determmed by recovery of chlorophyll) The chloroplasts formed m cells that had 
been exposed to hght for only 12 hr were small* and the lsolatlon method was moMed as follows The cells 
were broken at 8800 p s I m a French Pressure Cell and centnfuged at 200 g for 2 mm to remove paramylon 
granules The chloroplasts were collected at 10,080 g for 15 mm and separated from the cell debns by flota- 
tion on 58 % (w/v) sucrose 

The cytoplasrmc fraction was obtained from the cell homogenate after removal of the chloroplasts and 
other particulate matenal by centnfugatlon at 20,000 g for 30 mm 

Extractzon, estzmatzon and determznatzon of radzoactzvzty zn RNA Total RNA was extracted with KOH 

8 Y BEN-SHAUL, J A. SCHIFF and H T EPSTEIN, Plant Physzol 39,231 (1964) 
g R M SMILLIE, D GRAHAM, M R DWYER, A GRIEVE and N F TOBIN, Bzochem Bzophys Res. Commzztt. 

28,604 (1967) 
lo M R DWYER and R M. SMILLIE, Bzochzm Bzophys Acta 216,392 (1970) 
I1 D G BWIOP and R. M SMILL& Arch Bzochek -Bwphys, 139,179.(1970) 
I2 S H HUTNER, M K BACH and G I M Ross. J Protozool 3.101 (1956) 
l3 N S Scorr, q C SHAH and R M SMILJ_IE,J~C~N Bzol 38,151 (1968) 
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and estimated m triplicate as described by Smdhe and Krotkov I4 The concentration of RNA was measured 
usmg E&$,2*@ = 0 031 (calculated from the base composition of Euglerta gracrb RNA reported by 
Elsenstadt and Brawerman”) 

Undegraded RNA was extracted with phenol as previously described 5 The yield vaned from 50 to 80 
per cent 

Before determmmg the radloactlvlty mcorporated mto this RNA, small molecular we&t contammants 
were first removed by preclpltatmg the RNA wrth cetyltrlmethylammomum bronudei6 at a concentration 
of 2-5 mg per mg RNA After this treatment over 95 per cent of the remammg radloactlvlty was solubrhzed 
by nbonuclease (10 rg/ml, 30” for 30 mm) or KOH (0 3 M, 90” for 15 mm) In different experiments, from 
85 to 100 per cent of the radloactlvlty was able to be precipitated by cold 5 % trlchloracetlc acid 

Samples of RNA were either plated on glass fibre filters and counted m toluene scmtdlant (3 g PPO and 
0 2 g POPOP per htre of toluene) or made to 1 0 ml with water and counted m 10 ml of Tnton-toluene 
scmtdlant (2 vol toluene scmtdlant and 1 vol Tnton X-100) All samples were counted m a Packard Liqmd 
Scmtdlatlon Spectrometer, Model 3375, at 75 to 80 per cent efficiency for 14C and 30% for 3H 

Analyses Sucrose density gradIentsI’ of 12-24x bentomte-treated sucrose m 0 1 M sodmm acetate 
buffer, pH 5,O 05 M NaCl and 0 0001 M MgC12 were overlaid with RNA which had been precipitated with 
cetyltnmethylammomum bromide and were centrifuged m an SW39 rotor on a Spmco Model L centrifuge 
for 16 hr at 30,000 g Each gradient was analysed with a contmuous flow cell m a Shlmadzu MPS-50L 
recording spectrophotometer and 30 fractions were collected for measurement of radloactlvlty 

RNA (15-30 pg) was separated on 2 6 % polyacrylamlde gels I* by electrophoresls at 5 ma/gel for 
12 hr After soaking m water, the gels were scanned at 260 nm The positions of 23s and 16s rlbosomal RNA 
were established by comparison with rlbosomal RNA from E cob, and the amount of RNA m the mdlvldual 
peaks was determmed by plammetry The 16s nbosomal RNA (Fig 2b) 1s characteristic of chloroplasts, 
constituting one-third of the chloroplast RNA,S and does not appear m cytoplasmlc RNA preparations 
(Fig 2c) Thus, where necessary a correction for contammatlon of chloroplast fractions with cytoplasnuc 
RNA was calculated from the proportion of 16s RNA m a fraction 

Chlorophyll was estimated by the method of Arnon I9 
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