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A B S T R A C T  

Nucleic acids in young leaves of Swiss chard have been studied by light and electron micro- 
scope techniques. Leaf DNA has also been characterized by density gradient centrifugation 
and shown to contain a minor band of higher guanine plus cytosine (GC) content, pre- 
sumably attributable to chloroplasts. The chloroplasts were faintly stained by the Feulgen 
reaction; radioautography demonstrated the incorporation of tritiated thymidine in the 
cytoplasm and in some nuclei. The Feulgen stainability and most of the radioactivity were 
removable with DNase. Under the electron microscope, both mitochondria and chloroplasts 
were found to contain filamentous and particulate components within the matrix areas. 
The morphology of the filamentous component was dependent on the fixation, being 
partially clumped after OsO4 or formalin, but finely filamentous after Kellenberger fixation. 
The filaments were stainable with uranyl acetate, and were extractable with DNase following 
formalin fixation under conditions in which nuclear DNA was also extracted. The particu- 
late component, after formalin fixation and uranyl staining, was prominent in chloroplasts 
from young leaves, but was only sparsely distributed in mitochondria. The stainability was 
removed with ribonuclease. We have concluded that chloroplasts and mitochondria of 
Swiss chard possess a filamentous component that contains DNA, probably responsible for 
both cytoplasmic thymidine incorporation and the minor band in CsC1 centrifugation. 
A particulate ribosome-like component that contains RNA is also present. 

Mitochondria and chloroplasts share a number of 
characters not shown by other cell organelles. 
They contain internal lamellar systems, and are 
bordered by double membranes. At least in some 
cases new mitochondria arise from preexisting 
mitochondria (Manton, 1959; Andr6, 1962; Luck, 
1963), and chloroplasts often have been observed 
to undergo binary fission (Schimper, 1883; Man- 
ton, 1959). Undoubtedly related to this mode of 
reproduction is the fact that both structures dis- 
play patterns of independent inheritance, as indi- 
cated by "petites" in yeast (Ephrussi, 1953; 
Yotsuyanagi, 1962) or the "iojap" mutant in 
maize (Rhoades, 1943). The concept that these 
organelles have arisen in evolution as intracellular 

parasites or symbionts has been advanced several 
times in the history of cytology, from the "bio- 
blast" theory of Altmann (1890), to the recent 
speculations of Ris (1961). 

There have been a number of reports of the 
occurrence of protein synthesis, as well as DNA 
and RNA, in mitochondria. For a number of years 
Ch~vremont and coworkers (see 1963 for review) 
have described certain mitotic inhibitors, e.g. 
DNase II, trihydroxymethyl indole, or cold treat- 
ment, as producing modified spherical mito- 
chondria that are Feulgen positive and incorporate 
tritiated thymidine. The kinetoplasts of the para- 
sitic flagellate Trypanosoma and related genera 
have been known to be Feulgen positive for many 
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years (Bresslau and  Scremin, 1924) and  to in- 
corporate  tr i t iated thymidine  (Steinert  et al., 1958). 
Recently,  Steinert  (1960) has shown the Feulgen- 
positive body to lie within a single large mito- 
chondr ion  near  the base of the flagellum. This 
body somewhat  resembles a bacterial  nucleus, 
conta ining a mass of fine fibrils presumed to be 
DNA. Similar fine fibrils have  been reported in 
mi tochondr ia  of a flagellate (Ris, 1962), chick 
embryo tissues (Nass and  Nass, 1962, 1963 a and  
b), and  maize root tips (Chrispeels et al., 1963). 
The  presence of ribosome-like particles within 
mi tochondr ia  has been described for ra t  liver 
(Rendi ,  1959, Watson  and Aldridge, 1964), yeast 
(Mundkur ,  1961), and  Tetrahymena (Swift et al., 
1964). Also, biochemical  studies have demon-  
strated the incorporat ion of labeled amino acids 
into proteins of isolated mi tochondr ia  of Tetra- 
hymena (Mager,  1960), and also of ra t  hear t  (Crad-  
dock and  Simpson, 1961) and  liver (Roodyn et el., 
1961). One  certainly cannot ,  wi th  present evi- 
dence, do more than  suggest tha t  mi toehondr ia  
show some of the characteristics expected from a 
partial ly autonomous genetic system. T h a t  they 
also contain  enzymes known to be under  regular  
nuclear  control  is obvious. 

The  reports concerning nucleic acids and  pro- 
tein synthesis in chloroplasts are somewhat  similar, 
a l though more extensive and probably  more con- 
vincing. D N A  in chloroplasts has been reported 
by a wide variety of workers, employing cell frac- 
t ionat ion (Biggins and  Park, 1961; Chun  et al., 
1963; Left et al., 1963; Sager and  Ishida, 1963; 
Gibor  and  Izawa, 1963; Baltus and Brachet,  1963; 
Kirk, 1963, 1964), or l ight microscope and  electron 
microscope techniques (Ris and  Plaut,  1962; Ris, 
1962). The  presence of R N A  in chloroplasts, oc- 
curring, at  least in part ,  as a ribosome-like part icu-  
late fraction, now seems well established. We  have 
discussed the l i terature concerning this componen t  
in a previous paper  (Jacobson et el., 1963). Evi- 
dence for protein synthesis in preparat ions of iso- 
lated chloroplasts has been described by Stephen-  
son et el., (1956). The  incorporat ion of CX4-adenine 
and  C1402 into R N A  of enucleate Acetabularia has 
been a t t r ibuted  to autonomous synthesis of chloro- 
plast R N A  (Naora et el., 1960). 

In  the present paper,  evidence is presented for 
the occurrence of DNA and R N A  in the mito- 
chondr ia  and  chloroplasts of Swiss chard.  We have 

employed simple techniques for nucleic acid 

localization, using radioautography,  and electron 

microscope cytochemistry with formalin fixation, 
nuclease extraction, and  staining wi th  uranyl  
acetate (Swift, 1963; Swift et al., 1964). W e  have  
also described two fractions of DNA, util izing 
cesium chloride centr ifugation (Chun  et el., 1963). 
One  fraction, with  a higher  content  of guanine  
plus cytosine, appears  to be associated with the 
chloroplasts. 

M A T E R I A L S  A N D  M E T H O D S  

Seeds of Swiss chard (Beta vulgar# var. cicla), variety 
Broad White Ribbed (Vaughan Seed Company, 
Chicago) were sown in washed quartz sand and 
supplied with nutrient solution l a (Hoagland and 
Arnon, 1950), with 2 ppm of ferric iron added as 
sequestrene iron chelate (Geigy Chemical Corp., 
Yonkers, New York). After 10 to 14 days, the plants 
were transferred to liquid cuhure using the same 
nutrient solution (in one series the iron was omitted, 
to produce iron-deficient plants). Some of the plants 
were then grown at 25-30 ° on a 20-hour photoperiod 
at a light intensity of 1,000 foot candles. These plants 
are designated as "light plants." Other groups of 
plants were transferred to a dark room maintained at 
25-30 ° after they had developed three pairs of leaves 
while growing in the light. These plants are desig- 
nated "dark plants." Thus leaves with either mature 
or immature plastids were available for study. From 
the "light plants" pale green young leaves were se- 
lected no more than 1 cm in length. Samples from 
"dark plants" were taken 10 to 14 days after they had 
been placed in darkness. Only the fourth or fifth pair 
of leaves were selected; they varied from 1.5 to 4 cm in 
length, and were white to pale green in color. Similar 
small white leaves were collected from light plants 
grown in iron-deficient medium. 

RADIOAUTOGRAPttY 

Leaves from green, etiolated, and iron-deficient 
plants 1 to 3 cm in length were harvested. The base 
of the petiole was cut and recut under water and 
immersed in a solution containing 50 microcuries per 
ml of H3-thymidine (specific activity 6.05 C/raM, 
Schwartz Bioresearch, Mount  Vernon, New York). 
After l, 4, 8, or 24 hours under continuous illumi- 
nation, small pieces were fixed for 1, 2, or 4 hours in 
10 per cent formalin contained in 0.2 M phosphate 
buffer at pH 7.5 at 4 °. The samples were dehydrated 
and imbedded in paraffin. 

Sections 6 ~ thick were mounted on albumen- 
coated slides, deparaffinized, and treated as follows: 
(1) Controls in 5 per cent trichloroacetic acid (TCA) 
at 5 ° for 15 minutes; (2) Nuclease controls in 0.003 M 
magnesium chloride solution for 1 hour followed by 
cold TCA as above; (3) DNase treatment (as de- 
scribed below for electron microscopy) for 1, 2, and 
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3 hours at 24 ° or 35 °, in some cases following pre- 
treatment with hot water (80 ° for l0 minutes); 
(4) RNase treatment for 1 hour;  (5) Hot  TCA ex- 
traction (90 ° for 30 minutes);  (6) Hot  water control 
(80 ° for 30 minutes). All nuclease extractions were 
followed by cold TCA, 5 o for 15 minutes. 

All slides were coated with Kodak AH-10 stripping 
film and stored for 2 weeks at 4 °. At the end of this 
period, they were developed in Kodak D-19 at 18 ° 
for 6 minutes. Some of the slides were stained through 
the emulsion with cold azure B for 15 minutes. 

ELECTRON MICROSCOPY 

Tissues were fixed in either : (1) 10 per cent formalin 
in 0.2 M phosphate buffer at p H  7.4 or 7.6 for l, 2, 
or 4 hours at 4°; (2) Kellenberger et al., (1958) 
fixative for 1 hour at 4 ° followed by treatment for 1 
hour in 0.5 per cent uranyl  acetate; or (3) 1 per cent 
osmium tetroxide in 0.1 M phosphate buffer for 1 
hour at 4 ° . Formalin-fixed tissues were transferred 
directly to 50 per cent, and then 70 per cent ethanol 
to remove some lipids and facilitate penetration of 
reagents. They were then transferred to water, in 
which frozen sections 100 # thick were prepared with 
a cryostat microtome. These sections were manipu-  
lated in one of four ways: (1) Directly dehydrated; 
(2) Treated with ribonuclease (Worthington, Free- 
hold, New Jersey, crystalline, I mg per ml adjusted 
to p H  6.5 with dilute N a O H ) ;  (3) Treated with 
deoxyribonuclease (Worthington, crystalline, 0.2 nag 
per ml in 0.003 M magnesium sulfate adjusted to pH 
6.5 with dilute N a O H ) ;  or (4) Treated with 0.003 M 
magnesium sulfate at p H  6.5 but  without enzyme, to 
serve as controls for the nuclease treatments. Both 
treated and control sections were immersed in a large 
excess of reagent at 25 ° for 1, 2, or 3 hours before 
being rinsed with water, and 5 per cent trichloroacetic 
acid at 4 ° for 30 minutes to remove hydrolyzed 
materials. Treatments  of 1 hour were usually ade- 
quate;  prolonged treatment produced some tissue 
damage. Sections were subsequently rinsed with 
cold water several times, dehydrated through an 
ethanol series, transferred to propylene oxide, and 
embedded in Epon 812 (Luft, 1961). Completeness 
of the nuclease extractions was checked with azure B 
or the Feulgen reaction (Swift et al., 1964). Embedded 
tissues were sectioned with glass knives, mounted on 
carbon-coated grids and stained wi th  a 3 per cent 
so'.ution of uranyl acetate at p H  3.8 for 1 hour. 
Sections of OsO4-fixed material were stained in lead 
hydroxide (Karnovsky, 1961) for 5 minutes. 

D N A  EXTRACTION AND DENSITY GRADIENT 

CENTRIFUGATION 

Young etiolated or green Swiss chard leaves were har- 
vested in 100-to-200-gm lots, chilled to 5 °, and ground 
with washed sand and 1 ml of sucrose-Tris buffer 

(0.5 M sucrose; 0.5 M Tris-HCl at p H  8.0; 0.005 M 
ethylenediamine tetraacetic acid [EDTA]) per gm of 
tissue, at 1-5 °. F rom the homogenate either of two 
fractions was prepared:  (a) a "gross particulate" 
fraction; or (b) a "chloroplast" fraction. 

The gross particulate fraction was obtained by filter- 
ing the suspension through two layers of cheesecloth 
and collecting the pellet after centrifugation at 37,030 
g for 15 minutes. The pellet was resuspended in 3 to 6 
ml of saline EDTA (0.15 M NaC1 and 0.1 u EDTA at 
pH 8.0). 

The chloroplast fraction was obtained by filtering 
the suspension through 2 to 3 layers of muslin and 
centrifuging the filtrate for 10 minutes at 100 g. The 
supernatant  was recentrifuged for 10 minutes at 3,000 
g, and the green pellet was resuspended in 10 ml of 
sucrose-Tris buffer (0.5 M sucrose, 0.05 M Tris-HCl, 
p H  8.0). Three-ml aliquots of this suspension were put  
onto continuous sucrose gradients (68 to 18 per cent 
sucrose in 0.05 M Tris-HCl, pH 8.0) which were then 
centrifuged for 60 minutes at 23,000 RPM in the SW-25 
rotor of a Spinco Model-L ultracentrifuge. The green 
band of chloroplasts in the middle of the tube was col- 
lected and diluted with 2 ml of 0.05 M Tris-HCI, p H  
8.0, per 10 ml of plastid suspension. Chloroplasts were 
collected by centrifugation for 15 minutes at 45,000 
RPM in the No. 50 rotor of a Spinco Model-L ultra- 
centrifuge, and the pellet was resuspended in 3 to 6 
ml saline EDTA for DNA extraction. This fraction 
contained no intact nuclei under  phase microscopy, 
but  small organelles, apparently mitochondria or 
fragments of chloroplasts or nuclei, were present. 

The gross particulate and chloroplast fractions were 
treated separately with 1 per cent sodium dodecyl sul- 
fate to lyse organelles, and the procedure of M a r m u r  
(1961), as modified by Chun et al., (1963) for the isola- 
tion of DNA was followed, except that the incubation 
with RNase was for 1 hour  at 37 °. 

The isolated DNA was analyzed by centrifugation 
in a CsC1 density gradient, using a Spinco Model-E 
analytical ultracentrifuge. The CsC1 solution had a 
mean density of 1.7 g m / c m  8, and 2 to 5 /~g of plant 
DNA, plus 0.3 Ng SP01 phage DNA used as a density 
reference (o = 1.740 gm/cm3),  were used in each 
ultracentrifuge run. Ultraviolet absorption photo- 
graphs of the centrifuge cell were taken after 17, 24, 
and 36 hours of centrifugation at 44,770 RPM at 25°C. 
Photographs of the cell at equil ibrium were scanned 
with a Joyce-Loebel recording microdensitometer 
(Mark III -B) .  Densities of DNA bands were calcu- 

lated according to Vinograd and Hearst (1962), f rom 

runs in which there was no more than 2 #g of DNA 

per band. 

Although a few bacteria were present in the homog- 

enate, max imum estimates of bacterial cell number  

were 2 X 105 cells per preparation, far below the 

min imum number  (10 s) estimated by Vinograd and 
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Hearst (1962) to be necessary to contribute sufficient 
DNA to be seen in a CsC1 gradient. 

R E S U L T S  

L I G H T  M I C R O S C O P Y  A N D  R A D I O A U T O G -  

R A P  H Y : T h e  d i s t r i b u t i o n  o f  D N A  in  y o u n g  

leaves was studied with the Feulgen reaction and  
by rad ioautography with tr i t iated thymidine.  

strongly positive autographs in cytoplasm an d  
some nuclei after a 2-week exposure. M a n y  nuclei 
in the mature  leaf contained the 4C and  8C 
amounts  of DNA, as indicated by their  larger 
volume and  more intense Feulgen stainabil i ty 
(Fig. 1). I t  is probable  tha t  the labeled nuclei 
were undergoing D N A  synthesis in the product ion  
of these larger cells. O the r  nuclei were completely 

F~GUttE 1 Portion of a young Swiss chard leaf stained with the azure-A Feulgen reaction. The largest 
nucleus is in DNA class 4C, and others are in class eC. Chloroplasts (arrows) are faintly Feulgen posi- 
tive. X e,e00. 

I~GURE £ Radioautograph with tritiated thymidine, showing one unlabeled and one strongly labeled 
nucleus (N) and cytoplasmic label. × ~,e00. 

I~GVRE 3 Similar section to that  shown in Fig. ~, except that  tissue sections were extracted with hot 
water and DNase before stripping. The tissue contains only a slight and barely significant label. X ~,~00. 

There  was a very faint bu t  detectable stain in 
chloroplasts, evident  with bo th  the basic fuchsin 
and  azure  A Feulgen reactions (Fig. 1). T h e  stain 
was removable  with DNase under  conditions tha t  
also abolished nuclear  staining. In  tissues fixed for 
1 hour,  s tainable components  were largely re- 
moved after 2 hours  in DNase, and  completely 
extracted after 3 hours. Tissues fixed for 2 or 3 
hours required 3 hours in DNase, or a p re t rea tment  
of 10 minutes  in water  at  80 ° followed by 2 hours 
in DNase, for complete extract ion of all Feulgen- 
positive material .  

Leaves labeled with tr i t iated thymidine  gave 

unlabeled.  Cytoplasmic labeling was quite uni-  
form, in all cells of the tissue, whether  the nucleus 
was labeled or not. I t  was not  possible to tell 
whether  the label was l imited to chloroplasts and  
mitochondria ,  bu t  these organelles were always 
present in the labeled areas. Vacuolar  contents  
were unlabeled  (Figs. 2 and  3). Tissues extracted 
with hot  trichloroacetic acid sufficiently to abolish 
all Feulgen stainabil i ty before coating with emul-  
sion were negative, except for occasional clusters 
of grains outside the epidermal  cells a t  the surface 
of the leaf, p robably  a t t r ibutable  to radioact ivi ty 
in the proteins of adher ing  bacteria.  Tissues ex- 
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FIGURE 4 Portion of an iron-deficient leaf, fixed in osmium tetroxide and stained with lead hydroxide. 
Small filamentous inclusions in chloroplast (above) and mitochondrion (below) are shown by arrows. 
X ~6,000. 



tractable with DNase showed a significant reduc- 
tion in grain density, but some nuclear and cyto- 
plasmic label remained, possibly because of 
incomplete nuclease extraction, or the presence of 
some label in a non-nucleic acid, hot TCA-ex-  
tractable component. In slides treated with cold 
TCA,  ribonuclease, or hot water alone, the label 
was present. 

As in studies on etiolated maize leaves (Jacob- 
son et al., 1963), chloroplasts in both dark- and 
light-grown young leaves were strongly stained 
with azure B. This basophilia was removable with 
RNase. Basophilia could not be ascribed to mito- 
chondria, because of their small size, and the 
stainability of the surrounding cytoplasm. 

E L E C T R O N  M I C R O S C O P Y :  In  the courseofa  
study on the effects of iron deficiency on Swiss 
chard, a large number of inclusions were noticed 
inside the mitochondria and chloroplasts of young 
light-grown leaves. After fixation in buffered 
osmium tetroxide, these inclusions characteris- 
tically contained a thickened central region, often 
somewhat rectangular in outline, from 10 to I00 
m# across, with a few fine radiating filaments. 
These inclusions were similar in both chloroplasts 
and mitochondria, and occupied small clear areas 
in the matrix, between the lamellae or cristae 
(Figs. 4 and 5). 

This component was then studied in a wide 
variety of leaves, grown in complete medium under 
various conditions of illumination. It  was evident 
in the majority of chloroplasts and in some mito- 
chondria from all the leaves investigated, although 
its detailed structure was dependent upon the 
fixative used. I t  appears probable that the chloro- 
plasts and mitochondria not containing obvious 
inclusions were merely sectioned so as to miss these 
regions, but no careful studies of serial sections 
have yet been made. 

After Kellenberger fixation, the structures were 
fine[y filamentous, down to about 5 m/z in width, 

extending across the clear areas (Figs. 6 and 7). 
In some cases, the filaments were more or less 
straight for distances of half a micron, possibl? 
stretched during preparation, since chloroplasts 
were somewhat swollen after this fixation. 

After formalin fixation, the filamentous material 
was irregularly clumped. It  bound uranyl ions 
strongly, making it evident in stained but not in 
unstained Epon sections (Figures 8, 11, 14 to 16). 
In addition to the filamentous material, numerous 
small ribosome-like particles about 15 m,u in di- 
ameter were present in the chloroplast matrix 
similar to those observed earlier in maize (Jacob- 
son et al., 1963). These particles usually were ab- 
sent from the immediate vicinity of the filaments. 
In mitochondria they occurred more sparsely, 
and in many cases appeared to be poorly defined 
or absent (Figs. 15 to 17). In addition, both 
chloroplasts and mitochondria exhibited a diffuse 
stainability with uranyl ions, particularly in the 
matrix regions. In the immediate vicinity of the 
filaments, however, this diffuse stainability was 
reduced, forming areas of very low electron density 
in which the filaments occurred. The  lamellar 
regions were also faintly visible as lines of low 
density. The chloroplasts from light-grown plants 
also contained starch granules, which were recog- 
nizable by their ovoid shape and complete elec- 
tron lucidity (Fig. 11). Clusters of spherical lucid 
particles up to 100 m~ across probably represented 
lipid materials, extracted during tissue dehydration 
(Figs. 19 and 20), and were doubtless identical 
with the osmiophilic droplets seen in leaves fixed 
with osmium tetroxide (Figs. 4 and 5). Also, most 
chloroplasts contained clusters of small electron- 
opaque particles, probably phytoferritin (Hyde 
et al., 1963; Jacobson et al., 1963). These particles 
possessed an intrinsic electron density, and were 
clearly evident in unstained sections (Fig. 19). 
Chloroplasts were thus almost always easily dis- 
tinguished from mitochondria by their larger size, 

FIGURE 5 Enlargement of chloroplast region from Fig. 4, showing filamentous inclusions 
(arrows) and an osmiophilie droplet (0).)< 56,000. 

FIGURE 6 Chloroplast from a pale green, light-grown leaf, fixed in Kellenberger's fixa- 
tive. Fine filaments are present in some portions of the matrix (arrow).)< 65,000. 

FIGURE 7 Same as Fig. 6, showing portion of a chloroplast at left (C) and of a mito- 
chondrion at right (M). Note the fine filaments in the matrix areas (arrows). X 81,000. 
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lamellar structure, and the frequent presence of 
starch and ferritin. Also, in most cases mito- 
chondria were clearly recognizable by their smaller 
size and the characteristic negative outline of 
cristae formed by the denser matrix (Figs. 15 and 
17). In  the rest of the cell, nuclei with strongly 
staining chromatin and nucleoli were evident, and 
the cytoplasm was filled with numerous ribosomes 
(Fig. 8). 

In tissues treated with DNase, the staining of 
chromatin areas was markedly depressed, indi- 
cating that nuclear D N A  had been extracted and 
thus was no longer available to bind uranyl ions. 
The  staining of nucleolus and ribosomes, however, 
was unchanged (Fig. 10). The  filamentous com- 
ponent was also clearly absent from the clear areas 
of mitochondria and chloroplasts, although the 
ribosome-like particles of the chloroplast matrix 
were still evident (Figs. 12 and 21). 

In  tissues treated with RNase, the nucleolus 
appeared merely as a lighter hole in the darkly 
staining chromatin, and the ribosomes and also 
the particles of mitochondria and chloroplasts were 
absent (Fig. 9). Under  these conditions, the fila- 
mentous material of chloroplasts and mitochondria 
was clearly evident, and the extent of the network 
of filaments was traceable in the interlamellar 
regions of the chloroplasts. The outlines of chloro- 
plasts and mitochondria were still evident from 
the diffuse background staining, and the clusters 
of phytoferritin were also clearly visible (Figs. 13, 
18 to 20). 

DNA DENSITY GRADIENT CENTRIFUGA- 
T I O N : The  density distribution of D N A  from a 

"gross particulate" and a "chloroplast" fraction 
is shown in Fig. 22. Band m at the extreme left is 
the reference marker of SPOl-phage  DNA, with 
a density of 1.740 gin/era 3. The  gross particulate 
fraction (Fig. 22 A) shows a major band and a 
minor band of highest density. In the chloroplast 
fraction (Fig. 22 B) the minor band is markedly 
increased, and accounts for 30 to 40 per cent of 
the total DNA. The densities and calculated base 
ratios for the major, probably nuclear band (n), 
and the minor, presumably chloroplast band (C), 
are given in Table  I. 

A "chloroplast" fraction was heated for 10 
minutes at 100 ° in 0.01 Tris-HC1 at pH 7.5 before 
centrifugation, in an at tempt to determine whether 
both bands represented double-stranded DNA. 
Only a single, apparently asymmetric band was 
obtained (Fig. 22 C). This fails to provide con- 
clusive evidence for or against the double-stranded- 
ness of band C, although evidence for double- 
stranded satellite bands in chloroplast preparations 
has been obtained by Chun et al., (1963) and Left 
et al., (1963). 

D I S C U S S I O N  

From our observations, we have concluded that 
there is a DNase-extractable cytoplasmic compo- 
nent in Swiss chard leaves which incorporates 
tritiated thymidine and is probably related to the 
minor D N A  band shown in CsCl density gradients 
of the same tissues. Our  electron microscope studies 
indicate that many, if not all, chloroplasts of the 
Swiss chard plants examined possess DNA-like 
filamentous material in the interlamellar areas, 

FIGrSRE 8 Control. Portion of a pale green, light-grown leaf (the same leaf as in Figs. 
6 and 7), fixed in formalin and kept in water as nuclease control for the extracted tissues 
shown in Figs. 9 and 10; uranyl stained. Note the mitoehondria (M) at left (shown en- 
larged in Fig. 16), chloroplast (C) at right, and prominent nucleolus (N) within the nucleus. 
Filaments are visible at arrows. )< ~4,000. 

I~GURE 9 RNase extracted. Similar to Fig. 8, except that the leaf was dark grown, 
and the RNA has been removed with RNase, so that staining in nuclcolus (N) and cyto- 
plasm is reduced. Nuclear ehromatin and filaments (arrows) of chloroplasts (C) and mito- 
chondrion (M) still stain. X £5,000. 

FIGURE 10 DNase extracted. Portion of the same leaf shown in Fig. 8, after removal of 
DNA with DNase. The strong characteristic staining of chromatin areas has been mark- 
edly reduced, although the RNA staining of nucleolus (N) and cytoplasm is still evident. 
The filamentous component is absent from matrix areas of chloroplasts and mitochondria 
(arrows). Starch grains (s) are visible as lucid areas within the chloroplasts. )< £4,000. 
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FIOVRES 11 TO 1S Mitochondria  at  left, and chloroplasts a t  right, without extraction (Fig. 11), DNase 
extraction (Fig. 1~), and RNase extraction (Fig. lS). The tissues are similar to those shown in Figs. 8, 10, 
and 9, respectively. Filamentous areas arc shown by arrows, and starch grains by s. Fig. 11, X 60,000; Fig. 
1~, X 48,000; Fig. 13, X 52,000. 



surrounded by ribosome-like particles in the ma- 
trix. Similar filaments were present in the matrix 
areas of mitochondria, but ribosome-like particles 
were usually sparse and indistinct. More clearly 
defined RNase-removable particles have been 
observed, however, in Tetrahymena mitochondria 
(Swift et al., 1964). After osmium tetroxide fixation, 
the filamentous component appeared clumped 
into block-like structures. After Kellenberger fixa- 
tion, which involves complexing with uranyl ions 
before dehydration, it was more disperse and 
finely fibrous. This material thus behaved some- 
what like bacterial nuclei in its fixation properties 
(Kellenberger et al., 1958). 

T A B L E  I 

Density and Base Ratios of DNA from the Major, 
Probably Nuclear Band (N) and Minor, Presumably 
Chloroplast Band (C) of Swiss Chard Leaves 
Means and variation are given from three prep- 

arations. 

Moles guanine 
Band Density in gm/cm~ and cytosine* 

per cent 

N 1.689 4- 0.002 31 
C 1. 700 4- 0.002 42 

* Computed from p = 0.I00 (GC) -k- 1.658 (Rolfe 
and Meselson, 1959); this assumes that all DNA is 
two-stranded and contains no unusual bases. 

The  DNase-removable component we have de- 
scribed bears a strong resemblance to the fila- 
ments described by Chrispeels et al. (1963) from 
mitochondria of maize root apices, by Ris and 
Plaut (1962) from chloroplasts of maize and 
Chlamydomonas, by Ris (1962) from mitochondria 
of Micromonas, and by Nass and Nass (1962, 1963 a 
and b) from mitochondria of chick embryo tissues. 
All of these workers have suggested that the fibers 
contained DNA on the basis of uranyl stainability. 
Nass and Nass also used DNase extraction, and 
showed that the enzyme treatment caused removal 
of the filaments from mitochondria. Treatment  
was carried out on tissues fixed in osmium tetrox- 
ide, however, in which the action of DNase may 
be irregular and somewhat inhibited by bound 
osmium (Swift, 1955). 

A number of authors have found cytochemical 
evidence for the existence of D N A  in chloroplasts, 
using the Feuglen reaction, methyl green, or 
acridine orange (Chiba, 1951; Metzner, 1952; 

Ris and Piaut, 1962), while others have been un- 
able to find positive evidence (Littau, 1958). 
Incorporation of HS-thymidine into chloroplasts of 
Spirogyra has been reported (Stocking and Gifford, 
1959), but DNase extractions were not used to 
demonstrate that the label was in DNA. A DNase- 
extractable label from H3-thymidine was found 
associated with chloroplasts of Nicotiana by 
Wollgiehn and Mothes (1963). In our material, 
chloroplasts were Feulgen positive in very young 
but not older leaves. The  staining, with either 
the azure A or basic fuchsin Feulgen reactions, 
was always faint, but DNase extractable. The  weak 
reaction is to be expected, since electron micro- 
graphs demonstrate that the filamentous compo- 
nent is dispersed into numerous bodies throughout 
the matrix area, rather than being clumped into 
one central mass. Radioautography with tritiated 
thymidine is a more sensitive method for D N A  
localization, provided sufficient uptake of precur- 
sor is obtained. In our material, the cytoplasmic 
label was distinct, indicating a considerable in- 
corporation into a DNase-extractable component.  

Although there now appears to be little doubt 
that D N A  occurs in the chloroplasts of a wide 
variety of plants, and apparently also in mito- 
chondria of some plant and animal tissues, the 
biological importance of this finding is far from 
clear. It  is possible that mitochondria and chloro- 
plasts may contain a certain episomal virus-like 
D N A  component, capable of reproduction within 
the matrix areas. It  is also possible that the fila- 
ments represent storage or may be fortuitous 
products of mitochondrial enzymes, without fur- 
ther biological function. 

A much more compelling theory, however, is 
that mitochondria and chloroplasts, while still 
dependent on the nucleus, maintain a partial 
genetic autonomy. Such a situation could have 
arisen if these organelles represent ancient sym- 
biotes, as suggested by Ris (1961), still bearing a 
remnant  of their genetic mechanism, yet now built 
so thoroughly into the economy of the cell that 
they are indispensable to it. This we can call the 
bioblast theory, after Altmann (1890) who was 
among the earliest cytologists to suggest that mito- 

chondria, plastids, and possibly other organelles 

were autonomous elements. I t  is also possible, on 

the other hand, that the development of mito- 

chondria and chloroplasts in evolution involved a 

splitting of the genome of the cell into two separate, 

but dependent portions (as, for example, in the 
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macro- and micronuclei of ciliates), the cyto- 
plasmic fraction being necessary to control in situ 
the morphogenesis and replication of mitochondria 
and chloroplasts. The similarity between the 
filamentous D N A  component of bacteria and blue- 
green algae and those filamentous components 
shown here, together with the absence of mito- 
chondria and chloroplasts from these primitive 
cells, would lend support to the concept of sym- 
biote origin, rather than formation from the split- 
ting of the genome. 

The  theory that mitochondrial and chloroplast 
D N A  is genetically active would also explain the 
occurrence of ribosome-like particles, and the 
apparent independent ability to synthesize pro- 
teins, as the translation equipment  for the geno- 
type. It  would help to explain cases of presumed 
mitochondrial inheritance in yeast petites 
(Ephrussi, 1953) and in male sterility in maize 
(Rhoades, 1950). The  evidence for chloroplast 
inheritance from maize (Rhoades, 1943) and 
Chlamydomonas (Sager and Ramanis, 1963) would 
also support such a theory, as well as R N A  syn- 
thesis in Acetabularia independent of the nucleus 
(Naora et al., 1960), and the particulate nature of 
UV-induced bleaching in Euglena (Lyman et al., 
1961; Gibor and Granick, 1962). 

I f  certain cell organelles, however, possess 

genetic mechanisms of their own, then this raises a 

large number of new questions. Is the filamentous 

component present in all chloroplasts and mito- 
chondria, and is it required for their replication? 
In the trypanosomes, the filamentous DNA-con-  
taining kinetoplast is present in only one mito- 
chondrion at the centriolar end of the cell; other 
mitochondria apparently lack D N A  (Steinert, 
1960). In many organisms both mitochondria and 
chloroplasts appear to "differentiate," forming 
clearly different structures in different cell types 
of the same organism. Does the D N A  component 
play a role in this process? Also, in cells which fail 
to divide, such as those of the mature leaf, or the 
vertebrate central nervous system, does mito- 
chondrial replacement continually occur, and if so, 
does it involve D N A  synthesis? For answers to these 
broad questions, evidence is needed from a wide 

variety of biochemical, genetic, and cytochemical 

techniques. 
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FmunE 14 Chloroplast from unextracted nuclease control (same tissue as in Fig. 8), 
showing lamcllar areas (L) and ribosome-like particles (R) in matrix. Filamentous regions 
are shown at arrows. X 73,000. 

FIGUnE 15 Mitochondria from same tissue as Fig. 14, showing filamentous regions 
(arrows).)< 80,000. 

FIGURE 16 Same as Fig. 15. This is an enlargement of Fig. 8, with the nucleus (N) at 
left. )< 7~,000. 

FIGURE 17 Mitochondrion from an unextracted dark-grown leaf, showing scattered 
particulate areas in the matrix. Same leaf as Fig. 9. >( 60,000. 

FIGURE 18 Same leaf as Fig. 17, but after RNase extraction, showing portion of a 
nucleus (N) and two mitochondria containing filamentous regions (arrows). X 56,000. 
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FmVaE 19 Chloroplast from a RNase-extracted dark-grown leaf (the same leaf as shown 
in Figs. 9, 17, and 18), showing uranyl-stainable filaments (arrows), ferritin granules (f) 
and the light holes left by extracted osmiophilic droplets (o). >( 71,000. 

FIGrYaE ~0 Same as Fig. 19. X 49,000. 

FIGURE ~1 Same leaf as Fig. 19, but DNase-extraeted. Staining in the nucleus (N) and 
filamentous areas (arrows) has been reduced, but  ribosomes and particles of the chloro- 
plast matrix still stain. X 49,000. 
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