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IFFERENTIATION and development are controlled by genes (cf. HADORN 
1961 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. These processes require selective synthesis or catabolism of enzymes 

or enzyme regulators. Little is known as to how the genes determine the selec- 
tivity and timing required for development (cf. URSPRUNG 1965). Several models 
of differentiation have been suggested on the basis of microbial experiments. 
Evidence that differentiation in higher forms is mediated through these models is 
not yet available. However, there are certain similarities in the control systems 
of phylogenetically different forms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( MCCLINTOCK 1965). In Arabidopsis several 
mutants are known which lend themselves to the analysis of the mechanisms of 
development ( RBDEI 1962; HIRONO and RBDEI 1966a,b). A variegation mutant, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
im appears specially suited for the study of differentiation. In tissues of the homo- 
zygous mutant, which are variegated with normal and 'white plastids, the level 
of an acid ribonuclease is elevated and inorganic phosphate accumulates, suggest- 
ting that abnormal RNA metabolism is related to the abnormal chloroplast forma- 
tion. 

MATERIALS A N D  METHODS 

Mutant im was obtained by X-ray treatment (10,OOOr) of 24-hr presoaked seed of the Columbia 
wild type of Arabidopsis thaliana (Figure 1 ) .  This recessive mutant gene has a normal Mendelian 

transmission, and close linkage to markers ucI and im has been established. In homozygous con- 
dition im produces variegation: chloroplast differentiation cannot be completed in certain cells 
of the mutant, yet in others normal chloroplast development apparently takes place. The cells 

with imperfect plastids remain white, neither chlorophylls nor carotenoids are synthesized. All 

plastids within a single cell are either completely normal or abnormal (Figure 2). In the white 
cells all of the plastids are arrested in the same developmental stage. The cell phenotype is not 

fixed at the time of cell replication since the same seed sample may germinate with either all 

green or all white cotyledons depending upon the intensity or  quality of light exposed to after 
imbibition. The expression is irreversible, however, after the completion of differentiation. The 

two types of cells are genetically identical, since the descendants of both kinds of cells may 
become either white or green. This peculiar behavior of the gene results in a characteristic non- 
random pattern of green and white cells with sharply demarcated areas in the various tissues. 
Some leaves carry large continuous sectors, while other display frequent transitions from green 
to white cell colonies closely following the pattern of differentiation. Sometimes a large number 

of cells of common descent undergo an apparently synchronized transition from one phenotypic 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.-Left, wild type of Arabidopsis. Right, mutant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAim grown in soil in thr greenhouse 

under continuous illumination. Note the variegation in color on the mutant plant. 

FIGURE ?.-Microscopic photograph of green (left) and white cells (right) of mutant im. 
In the green cells the chloroplasts arc not distinguishable from those of the wild type: in the 

white crlls only sniall plastids arc found which are &void of lamellar stru-turc. 1nt:lct leaves 

were evacuated in watcr:glycercl:formalin (10:3.0.5) mixture nnd directly mmntrd on slides 

for rxaminntion. 
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VARIEGATION I N  ARABIWPSIS  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA433 

1;ii;. <.-Slvm I I ~ ; I V I ~ S  of 111v t t i i i t ~ i t i t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ l , i t i \  o f  t l i i .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtoi., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,in. I I ~ I I T ~ \ V I ~ I ~  . i t  t l i t .  1 1 ~ i v .  'l'lic 
meristematic rrgion in thr  Ir;ivrs of Ar,ihiilopsis i i  lor;itrtl t i t  th r  hasr. and thc~rrfcirr thc shape 

of thr  srctors intlir;itrs th r  piittrrti of cliffrrrntiatiori. Tlirsr  Iravrs contain only two or t h r r r  laycrs 
of parrnchyma rrlls. thus crll Iinragrs can zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh i ,  tr;ic;d withoiit any tlifliculty. T h r  lriif at lrft did not 

contain any grern cells at thc tiiisr. yet ther:. is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn grrrn spot of considrrahlr size at  th r  tip. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn 
the srcontl and third I ravrs  sevcr;iI groups nf cells siniultiinrously chnrigrd hack and forth to the 

produrtirm of grrrri or wliitr mitotic progrnirs. Thc qi.CyisIi ai i 'as rrprrsrnt grrrrt t;csurs on the 

vrntral sidr of th r  lraf hladr which arc covrrrrl by whitr CI Ils of onr  or two layers. T h r  piittrrn 

of I P P V I ~ S  F and 3 is th r  r rwl t  of i i  a.;ithrr faithful rr1,liciition of th r  crlls of t h  1 - 1  irrinill iour-c~' l l  
Iraf initial. 

state of the variegation to thc o thr r  (F'igurr 3 ) .  In extrrme ciisrs singlr g r r rn  crlls or crll lineages 

may I)r found in a whitr  cell rnvironmrnt. 

For most of th r  hiochrmical studies. th r  double mutant i r n  giz was used. T h e  pi' factor convays 

little sensitivity to photoprriotlie trratnirnt. Evrn under rontinuous illumination, which was 

drsirahlr for producing an  rx t r rmr  mutant phrnotypr. vigorous vrgrtativr growth was rnsurrd 

hrcausr of the latr  llowrring of t h r  plants (rf .  R ~ D E I  1962). T h r  im+ pi" ro RI' grnotypr was 

srlrctrd as "wild typr" control for most of th r  rxprrimrnts. Since homozygous irn is vrry low in 

pigment contrnt. devrlopnirnt is a t  ii consitlrr;ihly slowrr ratr  than thr  irn+ typr. This drvrlop- 
mrntal differrncr \vas rliminatrd by rmploying the yrllow-grrrn genr ro in conjunction with 

im+ .  Markrr  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAru is clos:~ly linkrtl to p i  (about 2 units apar t ) .  antl hoth are indrprndrnt of im. 
T h e  markr r  g P  (hairlrss: of no importancr in this systrni) is also intleprntlent of all other 

niarkrrs. 

Plants for hiochrmiciil analysis werr raisrd in thr  grr:*nhousr. T h r  pots wrre supplied with 

distilled water from hrlow to prrvrnt contamination of th r  Ir;ivcs with mud or water salts and 

to assurr vigorous growth. Occasionally trst tube grown niatrrial was also usrd (cf. R ~ D F J  1965). 

Phosphorus was analyzrtl I,y the ammonium vanatlatc-amnioniuni niolyhdatr technique of 

GERICKE and KURMIFS (1952) from thr  siirnr typr of extracts \rhirli wrrc usrtl for the protrin 

assay. Calcium and rn;ignrsiuni w w r  cstiniatrtl from dry iishrd nititrrial according to the trch- 

niqurs of S E N D R ~ Y  and S I M ~ N S E N  PI al. rrs?rctivrly ;is givrn hy R \ I . I . E N T I N E ~ ~ ~  RURIVRD ( 1 9 3 7 ) .  
Protein contrnt was drtrrminrtl in th r  various huffiv rxtracts according to the nirthod of h w n y .  
RosEnxoumr,  FARR antl RAND.\I. I .  ( 19.51 ). Tlir rrutlr rnzynir rxtract was obtained by homogeniza- 

tion of fresh or lyophilized plants in th r  appropriatr buffers foll:nvrd hy crntrifugation a t  1O.OOO 
rpm at mom trmprraturr.  This rrutlr rxtract w a s  practically colorlrss. T h r  amount of inorganic 

p1iosphorus lihrrntrtl in th r  incuhation rriixturr \v;is usrd as a mrasurr of activity of th r  diffrrrnt 
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434 G. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP. REDEI 

phosphatases. The less sensitive phenopthalein phosphate technique of HIGGINS and TALAL~Y 

(19%) was also employed as given by BERGMEYER (1963). Phosphodiesterase was assayed 
principally according to RAZZEL and KHORANA (1959). Ribonuclease activity was estimated by a 

slight modification of the technique of DICKMAN, AROSKAR and KROPF (1956). All enzymes were 

compared on the basis of equal amounts of protein. The data reported here were obtained from 
crude extracts. Enzyme extracts purified approximately 15 times were also tested with essentially 
the same results. 

Subcellular fractions were prepared from fresh tissues disintegrated with a high speed Virtis 
homogenizer containing 0.5 M sucrose in pH 5.2 phosphate buffer (0.05 M ) .  The chopping was 

stopped when almost all cells were broken, and the great majority of the chloroplasts still 
appeared intact as ascertained by microscopic examination. The homogenate was filtered through 

cheesecloth and then separated into fractions with a Spinco Model L analytical centrifuge. The 

fractions were freeze-dried, defatted by acetone, dried, ground in 0.5 M KC1, and then centri- 

fuged at 10,000 rpm. The supernatants were dialyzed for 24 hours against cold distilled water 

and were preserved by lyophilization until used. Commercial yeast RNA, purified (FRISCH- 
NICGEMEYER and REDDI 1959) from acid soluble nucle3tides, was used as the substrate for ribo- 

nuclease assay. Other reagents were obtained either from Sigma (St. Louis, MO.) or from 
Calbiochem (Los Angeles, California). 

RESULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
General characterization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the mutant: The response of im/im to temperature, 

to the quality and intensity of visible light, to X-rays, to the metabolites of the 
cysteine pathway and to 6-azauracil has already been mentioned zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( REDEI 1963a, 
1965a). The genetic mechanism involved has also been discussed ( R ~ D E I  1963b). 
The activity of the im locus will be further characterized below. 

A surprising observation was that high doses of X rays (10,OOOr) normalized to 
a small but definite extent the mutant phenotype. The number and size of the 
green sectors increased after irradiation ( R ~ D E I  1963b, 1967a). Similarly, the 
antimetabolite 6-azauracil more or less restored normal plastid differentiation 
when the mutant was grown for at least 3 or 4 weeks on a medium containing the 
analog ( R ~ D E I  1965a, 1967b). Feeding cysteine also made the plants greener, but 
its effect was less than that of 6-azauracil. The mutant did not respond much to 
the nutrients of a complete medium. These observations indicated that the mutant 
phenotype is not the consequence of the lack of synthesis of an essential nutrient; 
instead, the overactivity of an enzyme appears to be responsible for the disturb- 
ance. 

Chemical analyses: From the knowledge that 6-azauracil interfered with the 
decarboxylation of orotidylic acid ( HANDSCHUMACHER 1960), one might expect 
that the cells produce free inorganic phosphorus in the process of disposing of the 
accumulated orotidylic acid. Indeed, a simple chemical analysis revealed that the 
readily soluble phosphorus accumulates in the mutant. This difference is espe- 
cially obvious in the white tissues (Table 1, Experiments 1,2). The two samplings 
shown in Table 1 (Experiments 1, 2) were made on slightly different material 
and with different solvents. This data still proved consistent. In other experi- 
ments, the almost completely white im/im mutants accumulated even larger 
amounts of phosphorus. The analyses of several different samples gave variable 
results depending on the extent of variegation of the plants. The mutants dis- 
played, however, more phosphorus than the wild type in every case. 
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VARIEGATION IN ARABIDOPSIS 

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Comparison of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgenotypes im+/im+ and im/im 

435 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~ 

Experiment No. Property compared zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAim+ 
hlean *SE 

im im as 
Meani-sE percent of im+ 

8 

9 

10 

Inorganic phosphorus 

in pH 7.5 Tris extract 
in pH 6.6 citrate extract 

Calcium 

Magnesium 

Protein 

Phosphomonoesterase$ 

Phosphodiesterases 
Phosphorus, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf ig liberated 

by crude enzyme extracts from11 

2'-adenosine monophosphate 

5'-adenosine mon3phosphate 
3'-adenosine monophosphate 

.I9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt .01 

.28 k .@4* 

.329 +- ,011 

,226 t .CO3 

,192 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi- ,006 
,615 t .010 

11.3 t .5 

3.8 2 . I  
7.4 * .o 

28.8 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.5 

.27 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .O1 141 

.54 t .02t 194' 

.312 1. .006 9'5 

227 1. .004 100 
10.8 1. .7 96 

,201 k .002 105 

,632 f .033 103 

3.2 k .I 84 

7.5 t .I 101 

23.6 1. .7 82 

The Expelinlent 2 value in the im+ column is an exception, being determined not from im+/im+ tissues, but from 

+ Determined from white sectors of im/im leaves. 
: Substrate phenolphtalein phosphate pyridine salt, buffer Tris pH 7.2, incubation 3 hours at 3 i o C ,  activity expressed 

$ Substrate p-nitrophenyl thymidine phosphate, buffer Tris pH 7.2, incubation one hour at 37OC, activity expressed 

11 The crude e n q m e  extract was heated to 60'C for 10 minutes and incubated in pH i . 5  T r i s  buffer at 37OC for 2 hours. 
The data of the chemical analyses are given as percent of dry weight. Enzyme acti\xty is compared on the bass of 

green sectors of im/im leaves. 

as an increase in optical density at 4QO m p  in a Beckman DU spectrophotometer. 

as an increase of optical density a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA54.0 m p  in a Beckman DU spectrophotometer. 

equal amount of protein. 

The calcium and magnesium contents of the normal dark green type and a 
highly variegated im/im mutant were also determined. Since the mutant sample 
contained approximately one third as much chlorophyll as the wild type, one 
might expect a comparably lower amount of magnesium in the plants of im/im 
genotype. However, the magnesium and calcium contents are practically identical 
in the mutant and the normal green wild type (Table 1, Experiments 3, 4 ) .  In 
another study, 40% of the total magnesium and calcium content of bean and 
tobacco leaves was found in the chloroplasts (STOCKING and ONGUN 1962). Ap- 
parently the variegation, which interfered with plastid differentiation (Figure 2) 
and consequently with leaf pigment synthesis, did not affect the uptake and 
utilization of these two metals, as it did the metabolism of phosphorus. 

According to GRANICK (1963) 35 to 55% of the dry weight of the chloroplasts 
is protein, Most of this is in an insoluble form, More than half the total nitrogen 
content of the leaf cells is expected to be in the chloroplasts (STOCKING and ONGUN 
1962). Numerous determinations of the soluble protein content exposed small 
differences between the plants of im and im+ genotypes (Table 1, Experiment 5 ) .  

It appears therefore that in the mutant im/im7 plastid differentiation, a highly 
complex process, is affected in a very specific way. 

Enzyme studies: Phosphorus may accumulate in the cells if phosphatases, 
abundant in all tissues, were unrepressed or induced. Neither phosphomono- 
esterase nor phosphodiesterase activity is different in the two genotypes (Table 1, 

Experiments 6, 7). Though phosphodiesterases do not produce free inorganic 
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phosphates, their products may be acted upon by unspecific enzymes which 
cleave phosphorus bonds. 

In another study, the activity of a few phosphatases was assayed from both 
genotypes. In order to partially inactivate the heat sensitive phosphomonoester- 
ases, the crude enzyme extract was heated and centrifuged again before incuba- 
tion. The 3'-nucleotidase is a fairly heat stable enzyme 'without much difference 
between the two genotypes in its activity. Actually, the enzyme of the mutant 
seems to be less active (Table 1, Experiment IO). This may be attributed to the 
inhibitory effect of the increased amount of phosphorus in the mutant tissues. 
That phosphatases are subject to product inhibition is well known (MORTON 
1955). 

The chloroplasts contain a significant amount of ribonucleic acid (PARK 
1965). WOLLGIEHN and PARTHIER (1964) demonstrated that kinetin prevents 
RNA breakdown and actually promotes RNA synthesis. When kinetin was 
incorporated into the nutrient medium of aseptically grown plants, the content 
of leaf pigments in the mutant was increased. These findings were not surprising. 
Kinetin was effective in the restoration of chloroplast differentiation only at very 
toxic concentrations. Apparently its effect was not due to differential inhibition 
of the growth of the two kinds of tissues, since the total pigment content per plant 
was approximately doubled at a concentration of M. A kinetin medium of 
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 

SAHAI SRIVASTAVA and WARE (1965) observed that kinetin treatment of barley 
leaves reduced the level of DNase and RNase. When kinetin was added to the 
incubation mixture, the activity of neither of these enzymes was affected. 

A ribonuclease assay demonstrated a difference between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAim mutant and the 
im+ type (Figure 4). The curves of the ribonuclease activity of the mutant and 
wild type were not identical or parallel through the pH range of 3 to 8. On the 
basis of an equal amount of protein at pH 8, the activity of RNase was the same 
in both genotypes. At pH 7, there was a slightly higher activity in the extract of 
the mutant. In  the acidic range the difference was clear, as the mutant displayed 
definitely higher activity. Within the range of pH 4 to 6 the mutant always 
displayed the higher RNase activity. Individual samples from different plants 
varied considerably. Some samples of the mutant exhibited only 25% excess 
activity over the wild type; in others five to sevenfold increases were observed. 
This is understandable since a variegated mutant was compared with the stable 
wild type. If the variegation has any correlation with ribonuclease, such a variega- 

M killed the plants. 

TABLE 2 

Effect of kinetin on pigment prcduction of mutant im (rosettes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 days old test tube culture) 

Pigment pg per g fresh weight Pigment pg pi- plant 

Chlorophyll Caiotenoids 

Control 20 1.85 50.4 (100%) 19.7 (100%) 0.0504 0.0036 
I x 1 e 3  19 0.43 216.3 (429%) 42.8 (317%) 0.0931 0.0182 

Average fresh -- 

_____-- - Chlorophyll Caroteinoids 
- 

Kinetin No of plants weight (me) -_ 
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VARIEGATION I N  ARABIWPSIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA437 

tion in enzyme activity is also expected. It was observed that the whiter the tissues, 
the more ribonuclease they contained. 

Two questions then arose-whether the increased ribonuclease activity was 
more or less the specific consequence of the mutant gene function, or  whether 
albinism zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper se was responsible for the increase in amount or activity of the 
enzyme. To produce enough tissues for biochemical analysis from albina Arabi- 
dopsis plants is difficult. DR. E. G. ANDERSON supplied albina maize seedlings, 
which were almost pigment free, along with some green seedlings. Both types of 
seedlings were germinated in the sand-benches of the greenhouse. The comparison 
of the two types of maize did not reveal any difference in ribonuclease activity 
between the white seedlings and their normal sibs (Table 3 ) .  The variation 
between the data of the two tests was probably due to sampling error. Only a 
small amount of material (50 mg dry weight j was used for the tests. If there was 
any variation within the individual plants or in the sampling, such a fluctuation 
might result. 

The lack of parallelism between the two curves (Figure 4) indicates further- 
more that there is more than one RNA-digesting enzyme in the crude extract. 
There is evidence that the mutant produces an excessive amount of only the 
enzyme with a lower pH optimum. 

Free ribonuclease is known to occur in the cytoplasm of higher plants, but 
several organelles also harbor ribonucleases, By differential centrifugation, two 
cellular fractions were prepared. The chloroplasts and nuclei were sedimented 
at 2,500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx g and processed as indicated in METHODS. The other portion was sub- 
jected to 112,000 x g for 90 minutes, and the supernatant was considered as the 
nonparticulate fraction. 

The chloroplasts plus the nuclei and the nonparticulate fractions were assayed 
for ribonuclease within the range of pH 4.5 to 8.5. The nonparticulate cellular 
fraction displayed an optimum around pH 6, while the organelle fractions (nuclei, 
chloroplasts, mitochondria, ribosomes) contained an enzyme with a definitely 
higher optimum, similar to that of the chloroplast enzyme (Figure 5). These 
experiments demonstrate that the mutant is overproducing the enzyme, which is 
apparently not bound tightly to the organelles. 

Since most of our assays were carried out with crude extracts, it was important 
to know whether the RNA digestion in vitro was carried out by ribonucleases or 

TABLE 3 

Ribonuclease assay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon albina maize seedlings (0.1 M citrate 
buffer p H  4.6, yeast RNA substrate) 

Kihonuclcase activity 

tienotype Experimmt 1 Experiment 2 

1351 albina 

1351 green sibs 

1441 albina 

1441 grem sibs 

,094 ,121 

,146 ,103 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
,107 ,093 
.095 .I11 
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2 . 5 9  

2 . a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 . 2 9  

2.iw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.PSO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.m 

1.6% 

1.500 

1.350 

1.2w 

1.050 

.PW 

,750 

,600 

,450 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
,300 

. I30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

G .  P. RBDEI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 . D  

- 

- 

- 

- 

- 

- 

~ 

- 

- 

- 

- 

- 
- 

- 

- 

- 

- 

2 4  

210 

2w 

I80 

lbo 

I4 

I20 

IW 

80 

60 

4 

10 

I 
PH 3 I 6 7 0 

FIGURE 4.-Ribonucleaae activity of the wild type and of the mutant in McIlvain’s buffer. 
Crude extracts (390 pg protein prr 0.5 ml buffer) were incubeted at 37’C with yeast RNA sub- 

strate (1.5 mg per 0.5 in1 buffer). The reaction was stopped Ivith 3 ml tertiary butanol-acetic 

atid mixture (%l, v/v) then chilled for 10 minutes 2nd centrilugzd at 10,000 rpm for 10 minutes. 

The supernatant was diluted fourfold and the optical density of the soluble material was deter- 

mined in a Beckman DU spectrophotometer at 260 w. To assure good measurements through- 

out the whole pH range, the time of incubation was properly adjusted within the linearity 
range. The heavy solid line indicates enzyme activity of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAim/im mutant in percentage of 
im+/im+ . 

.$ 300. 

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B z w -  

100 - 

- 

-Ribonuclease activity of two 
cellular fractions in McIlvain’s buffer. The 
different pH optima are evident. The data do 

not give quantitative estimates on total ribo- 
nuclease activity in the two fractions but the 
curves indicate ribonuclease activity per equal 

amount of protein. 

\ ‘\ 
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by phosphodiesterases. Arabidopsis phosphodiesterase is not active at the lower 
pH values. Since phosphodiesterase is inhibited by PO,, the RNase assay was 
performed in citratephosphate buffer. The phosphodiesterase was assayed with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p-nitr0phenyl-thymidine-5~-P ‘which is not digested by RNase. It is known that 
Mgff  ions are necessary for the activity of venom phosphodiesterase (RAZZEL 
and KHORANA 1959), therefore the diesterase was assayed also in the presence 
of 1.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX MMgS04. 

On the basis of an equal amount of protein, there was about twice as much 
phosphodiesterase activity in the soluble cellular fraction as in the fraction with 
chloroplasts plus nuclei (at pH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.5).  Ribonuclease, on the contrary, was relatively 
more abundant in the organelle fraction when assayed at pH 7.5. Thus in the 
nonparticulate fraction the RNA was digested at the higher p H  values primarily 
by the phosphodiesterase. In the particulate fraction, apparently RNase has the 
major role in RNA disposal (Figure 6). 

Attempts to differentiate qualitatively the acid ribonuclease of the mutant from 
that of the wild type have not been successful. 

DISCUSSION 

Not much is known about mutants with altered ribonuclease synthesis or activ- 
ity. The commonly used isolation techniques in microbial systems have failed to 

PDare PDore RNore zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mg++ 

FIGURE 6.-Comparison of phosphodiesterase (pH 7.5 Tris buffer) and ribonuclease (pH 7.5 

McIlvain’s buffer) activity of the two subcellular fractions. Ribonuclease assay performed as 
indicated at Figure 4. Phosphodiesterase was assayed with 0.25 ml enzyme, 0.25 ml substrate 

(1.2 mg p-nitrophenyl thymidine-5’-P per 1 ml buffer) and 0.25 ml H,O or 5 x lW M MgSo,. 
The mixture was incubated 1 hr, diluted with 2.25 ml H,O, and optical density was determined 

at 400 mp in a Beckman DU spectrophotometer. 
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identify the mutants even if these types have occurred. In  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEscherichia coli, how- 
ever, a mutant lacking ribonuclease has been studied zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( GESTELAND 1966). Since 
this manuscript has been submitted for  publication, two papers reporting in- 
creased ribonuclease activity in mutant opaque-2 of maize appeared in print 
(DALBY and DAVIES, Science 155: 1573; WILSON and ALEXANDER, ibid. 575). 

Plant ribonucleases appear especially attractive for genetic studies. Most higher 
plants contain several ribonucleases (WILSON 1963; GOLASZEWSKI and SZARKOW- 
SKI 1964). In addition, plant ribonucleases generally digest the diester bonds of 

all four nucleotides and most of them hydrolyze the cyclic phosphates of all four 
bases. Differences between species of higher plants concerning the catabolic 
functions of RNase have also been detected (REDDI 1958; SHUSTER and KHORANA 
1958; etc.). Variations are obvious among ribonucleases of widely different organ- 
isms (cf. JOSEFSSON and LAGERSTEDT 1962). In addition to the types of catabolic 
functions, the synthetic ability of RNase has also been demonstrated. The sites 
active in the degradative and synthetic processes are different in pancreatic RNase 
(BERNFIELD 1965). The wealth of biochemical information available on these 
enzymes may aid genetic studies if mutants can be produced which are affected 
in any of these functions. Furthermore, RNases may have an important role in 
the catabolism of messenger RNA or in controlling other steps of the protein 
synthesizing machinery (TAL and ELSON 1963; ARTMAN and ENGLEBERG 1964; 
ANRAKU and MIZUNO 1965). 

Ribonuclease activity varies during ontogenesis both in plants ( LEDOUX, 

GALAND and HUART 1962; HANSON, WILSON, CHRISPEELS, KRUEGER and SWAN- 
SON 1965) and in animals (BRESNICK, SAGE, and LANCLOS 1965). Thus differ- 
entiation, organization and growth may be partly controlled by ribonucleases. 
The genetic control of development may be exercised through variants of the 
protein, through differential activation, through the suppression of one or several 

enzymes with similar or different function, or through the subcellular localization 
of the enzymes. Genetic amino acid variants of mammalian ribonucleases have 
been identified (ANFINSEN 1959). Special natural inhibitors of RNase have been 
revealed both in plants (BERNHEIMER and STEELE 1955) and in animals (ROTH 
1957; SHORTMAN 1961). RNases with different pH optima in different tissues 
(WILSON 1963) or different organelles of plants have also been reported (GOLA- 
SZEWSKI and SZARKOWSKI 1964). 

Thus ribonucleases may play some role in the genetic control of differentiation. 
In Arabidopsis, variegation in plastid formation is associated with the activity of 
one of the ribonucleases. 

The mutant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAim has a facultative ability to produce normal chloroplasts (Fig- 
ure 2) ;  therefore, the mutation must not have affected a “structural gene”. 
Furthermore, attempts to find a qualitative difference between the enzyme of 

the mutant and wild type were unsuccessful. Some kind of a controlling factor 
has seemingly been mutated. Since the im gene is recessive, this controlling factor 
-by definition-xannot be the regulator gene of an operon. 

RNase synthesis, rather than RNase activation, seems more likely to be involved 
because the activity of the wild-type and mutant enzymes could not be affected 
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differentially in vitro. In the green tissues of the mutant, however, apparent 

normal activity was detected. The effect of chemical treatments (e.g. azapynmi- 
dines) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, which modified the expression of the mutant, could be observed after a lag 
period. Modification of the variegation is easiest by physical agents during germi- 
nation and in the early stages of development when the synthesis of RNase is 

rapid. 
The activity of the mutant gene is strictly cell-limited. Single green cells on 

a white background or  single white cells in a green tissue are frequently observed. 
This indicates that a macromolecule is involved which does not diffuse through 
cell membranes. Whether some primary gene product or a corepressor or an 
inducer is directly responsible for the variegation is not known. It would be 
interesting indeed to know ‘whether the chloroplast ribonuclease is controlled by 
the plastom. 

I am very much indebted to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADR. R. L. LARSON for the use of some of his facilities and for 

valuable discussions. I appreciate the assistance of MR. B. R. JONES and MRS. MARIE D o n  in the 

preparation of the manuscript. 

SUMMARY 

The recessive mutant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAim in homozygous condition displays variegation. In 
certain cells plastid differentiation is arrested; in others the chloroplasts are appar- 
ently normal. Within a single cell all the plastids develop uniformly, and the 
distribution of the two types of cells in the tissues is not random. The prevailing 
epigenetic factors determine the transition from one state of differentiation to the 
other. The sexual progeny of the two types of sectors is indistinguishable, and 
both repeat the variegation. Heterozygotes never reveal any sectoring; an inter- 
pretation of high somatic mutability can not be invoked. Since the mutant cells 
have a facultative ability to produce normal chloroplasts, the genetic alteration 
did not affect directly any of the “structural genes.” Mutation in a “regulator 
gene” is ruled out because im is recessive. Direct evidence for the existence of an 
“operator site” is not available.-The white tissues of the mutant accumulate 
inorganic phosphorus. The calcium and magnesium contents of the two types of 
plants are the same. Phosphatases are apparently not different in the mutant and 
wild type. When the mutant is grown on media containing 6-azauridine or 
6-azacytidine the variegation is suppressed, and the normal green phenotype is 
more or less restored. The effect of kinetin, a regulator of RNA metabolism is 
similar. In the variegated mutant there is an excessive ribonuclease activity. The 
accumulated phosphorus is apparently a by-product of the increased RNA cata- 
bolism. Arabidopsis possesses three ribonucleases. Only an acid ribonuclease is 

overproduced in the mutant. This enzyme is not associated with the chloroplasts. 
Apparently the im locus has an important role in the control of the synthesis 
of this ribonuclease. 
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