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A bstract. A method for the large-scale preparation of spinach chloroplasts using the
Spinco Model L-4 zonal ultracentrifuge and for the extraction of DNA from the chloroplasts
is described. Thirty-five percent of the chloroplast DNA (p = 1.706 g/cc) differs from
nuclear DNA (p = 1.695 g/cc) in buoyant density, Tm, base composition, and renaturation
properties. Sixty-five percent of the chloroplast DNA (p = l.6% g/cc) has the same

buoyant density and Tm as nuclear DNA, but it differs in base composition and renaturation
properties.

The presence of DNA in subcellular orgailelles
lhas been convincingly demonstrated during the last
several years (10). The major method used to
clharacterize these satellite DNAs has been the deter-
miniation of buovant densitv in CsCl. Generally.
these buoyant density determinations have show-n that
in DNA isolated from chloroplasts there is a minor
DNA species which differs in buoyant density from
nuclear DNA. In almost everv case, however, thle
mlajor DNA species isolated from chloroplasts has
lia(l the samiie buioyant density as nuclear DN.\, anid
this mnajor chloroplast DNA has. therefore, beenl
auscribed to contaminationl by nuticlear DNA ( 13).
For example. Chun et al. (8), working with spinacl.
found buoyant densities of 1.695 g/ce for nuclear
D)NA. 1.695 g/cc for the mliajor chloroplast DNA.
and 1.705 g/cc and 1.719 g/cc for 2 mlinor chloro-
plast DNA species.

There have been 3 reports describilng the isolationl
of only a single species of DNA from chloroplasts.
Trewari anld Wildman (17) uise a razor blade honmog-
enization procedure which provides a single chloro-
plast DNA fronm tobacco: this chloroplast DNA does
differ in buiovant densitv from nuclear DNA. Whit-
feld and Spelncer (19) isolated a single chloroplast
DNA from both tobacco and spinach, but these DNAs
had the same buoyant densities as the respectiv e
nuclear DNAs. A single chloroplast DNA inter-
mediate in buoyant density between nuclear DNA
and a "heavy" satellite DNA was isolated by Wells
and Birnstiel (18) from several higher plant species.
All of these studies indicate the presence of DNA in
chloroplasts, buit there is mlulclh conflictinlg data as to
its nature and buoyant density. The data to be

1 This work was aided by grants from the United
States Public Health Service (Al 03352), the National
Science Foundation (G 23002), and by funds from Initi-
ative 171 of the State of Washington.

presented in this paper suggest that some of this
conflict may be due to the presence of 2 distinct
types of DNA in chloroplasts.

Sufficient quantities of chloroplast DNA differing
in buoyant density from nuclear DNA were accumu-
lated to determine the actual base composition for
tobacco (17) and Euglena (6). In addition, the
chloroplast DNAs of tobacco and spinach which had
the same buoyant densities as the respective nuclear
DNAs were analyzed for base composition (19). In
all of these cases the chloroplast DNA contains no
5-methvlcytosine, whereas the nuclear DNA does
contain a significant amount of 5-methvlcytosine in
the range of 2 to 6 mole percent.

The work to be described was directed towards
the development of a procedure for the large-scale
preparation of spinach chloroplasts as free of nuclear
contamination as possible. This provided a source
of much larger amounts of chloroplast DNA than
heretofore available.

Materials and Methods

Preparation of Spinach Nuclei. Spinach (Spina-
cia oleracea) was purchased on the day of use from
local supermarkets and stored at 4°. The method
used was essentially that of Green and Gordon (11).
The buffered sucrose used in this method and those
to be described later consisted of a certain percentage
of sucrose (w/w) and 0.005 M EDTA, 0.01 M NaCl,
0.004 M mercaptoethan-ol, and 0.02 M tris. pH 8.0.
About 100 g of leaves are homogenized in 60 %
buffered sucrose with a mortar and pestle. After
squeezing through cheesecloth, the liquid part of the
homogenate is centrifuged at 23.000 rpm in the
Spinco SW 25.2 rotor for 45 min. The nuclear
pellet is washed in 0.25 M sucrose-NET (NET =

0.1 M NaCl, 0.01 m' EDTA, and 0.01 M tris, pH 8.0)
and pelleted at 4000g.
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Preparation of Spinjachl ChIIoroplasts. For the
preparation of chiloroplasts fromii about 500 g of leaf
tissue, the following proce(diure wN-as (leveloped. The
leaves are washedl thoroughly in cold water. and as
miuch of the water as possible is shalikel off. Only
thle stemils. niot the midril)s. are remioNed in or(ler to
conserve timie. The remainder of the l)rocedure is
iperforimed at 4'. The leaves in bunches *of 4 to 6 at
aI time are ilaced in thie inlet of a mnotor-driven meat
gr>1iinder assembled with anl ouitlet plate that has
0.5; cmil holes. They are force(d dowvn into thle grinder
with a wooden imilplemilelit designled for that purpose.
Tlle green lhomiogenate is cautigit in 2 layers of
chieeseclothi lhel(d over a large beaker. Dtiring the
cotirse of the grindilln, about 80 ml of 50O % buffered
sucrose is adde(l for eachi 500 g of leaves. This will
normally give a final voltume of homlogenate of about
450 ml. The liquid part of tile homogenate is then
filtered through 6 layers of cheeseclothi and is iow
readv for centrifugationl in the Spinco Model L-4.
The B-TV batchi zonal rotor is filled witil a 1200 ml
linear suicrose gradient fonm 20 % to 50 % buiffered
scr('Oseitose. and 25 ill 50 %C buffered snIcrIose clshioln
is placed(l uindei this radellit. The homogenlate anild
50 nil of o(1el\' is pninped into the rotor. thiis (lis--
pla,ing, aboult 10ml1 of the 50 O%( suicrose cluslion]

nrf) etl 1firoation is carrlied(l out at 37,00() rpll
for 4n45miiit 5 . \fter re(luciiig to 5000rpmi. the
rotor conite lts aie pumped ouit uising, 50 % sucrCose.
'['lie chloroplaosts band in about 200 mil between 40 %
aid 44 % suicr-ose. The nliuclei acculmulate oli the
ouiter rotoi-wall anld are nlot recovered by this pro-
ce(lllre. 'Thlle cilloroplasts aire (liluite(l 1y twice tilei
v-olutille -with NIET and are collecte(d 1w centrifuigatioll
ait lO.(00g for 20 mill. T'his is followed by 3 re-
suislelnsionis of tile chloroplast lellet in 0.25 M sulcrose-
NET w-ith 1 000g centrifiugation ;after e.acil resus-
peis'ioii*

Th'.rtraelionl of DNA7l. 'I'he miiethio(d describe(d by
MaILrmiur ( 14) was uised to extr-act Ti)N.\ from niliclei.
Originally, the Ma.-irmiuir procedure with the oiliissioli
of tihe ethanol lprecil)itation stel) and thei(l(elition1 of
eNhalistive dialv-sis w\-as also used to extract DN.Ak
froim small amounts of chloroplasts. \Vithi larger
anillouilts of chloroplasts. ani inimp-oved mllethio(d of
DNA extraction was ise(l. The chloroplasts are
suspended in an equal volulime of 4 % Triton X-100
in 0.25 M sucrose-NET, and the suspension is incui-
bated at 650 for 10 mini with geiitle stirrinlg. The
suspenision is centrifuged at O,000g for 10 mimi.
The supernatant is theni incubated at 370 for 4 hr
with pronase at a final concentration of 1 mg/ml.
An equal volumie of water-saturated redistilled phenol
is a-dded. aii(l gentle hand(I shakinig in a large screw-
capi ttube wvitli a tefloni-lilc(l cal) is carried otit for
10 miii. FIoll-owing low-speed cenltrifugatioll. the
a(tlueous Ilayer is removed wvith all inverted pipette.
Trw\-o volumes of col(d ethanol are added, and the
soltition is stirred. At thlis stage. the plrecipitated
nilater:dl wxill liot wind atround a rod, but it llay lie

collected 1by centrifugation at 1 0)000g for 10 mini.
It is dissolved in 0.1 SSC ( SSC = 0.15 m NaCI.
0.015 m Nai:,citrate'). and the concentration is ini-
creased to I X SSC with 10 X SSC. The soluitioni
is tlhell treated with 50 1ug/nil of alincreatic RNase
ait 37° for I lhr. The RNase hladlpreviouisly been
heated to MY) for 10 mini to dlestrov any- DNas es.
A lilieinol deproteiiiization is carried oit followedlib
ethanol lirecilitation: fibers caii now- lbe wound
arounld a re(d and are redissolved in 0.1 SSC. The
concentration is increase(l to SSC as before. and
anlotlher pllieiiol deproteiinization is (lole. The 1)NA
is ethanol-precipitated again. wolinld aromind a rod,
anid redissolved in 0.1 SSC. This is followed b-l
dlialvsis for 48 hr .cr-sus 1 cnliaige of SSC (500
volunmes).

Pr-eparative CsCl Densll v Gradicnt Ccnlrtsifnqga-
tion. These centrifut-ations were perforiied as de-
scribe(d by Flailimm t al. ( Q ) excet that a Spiiico
No. 50 rotor xas tused: this allowed an ilicrease in
sliced to 39.000 rpm an(la (lecrease in tlimie to 48 hr.

A nalytical CACI Dcnsity Gradient Centrifuqation.
These centrifulg'atiosi Were l)perforime(l is (le'sril)b(d
bv Green aid ( oro(lio (11) buit 2 cells were i-un
si niltaineousl xx itli the u1se of the 2-cell mask and
tili(ile asseCihlh\ for the Model EJ. I [i.rocoecns
.x(alo.s I)N\ hAvling- la butoiant dleiisitv of 1. 29) -/cc
or- 1 ieroeoecns / 'sodeiklicus DNAl\ain,g a buloyanlt
density of 1.731 g(/lcc wer-e used as the miarker. .All

1FIG. 1. Buoyiant density (g/cc) of nuclear- DN.\. M
=I. xant/ins DN-A, p 1I.7/29 g/cc.
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buoyant densities are base(l on a valtue of 1.710 -/cc
for E. coli DNA1.696

Basc Composition. The imietlho(d for (letel-rminingo
I)NA biase com)opsition (lescribe(l by Ben(diclh (4)
was a(lal)te(l for- utse wvith smaller amioulnts of DXNA.
D)upl icate anallav.ses wvitlh 15(4 to 20)0 ,ug of 1)NA \ere
mla(le. Hv(lrolvses were carrie(l otit in 125 7.1 of
88 % formiic acid in conhltstion tbll)es ma(le from
small (liamieter Pvrex ttbhing. The tuibes were seale(
atnld lieate(l at 1750 for 30 mill. After cooling-, 10 it]
was removed for plhosphate dletelriniationi ( 2), andl 1.706

1.7 11

p -

Fmr. 3. Buioyalnt density (g/cc) of chlioroplast DNA.
Mt _1. .roxithbus DNA. p 1.729 g/cc.

100 p] wvas used brOl' paper cliromatography. \What-
mani No. I paper and tle 2 N HCi-isopropallol solvent
sys.tem wvere tised for- paper chromatography) of the

1.711 hv(lvdolyzed DNA-k. 5--MIethlivlcytosine conitelnt was (de-
terminie(d b)y tle isotol)e (lilitioll lilethilo, and the

a\outints of the -t normal bases were (letelriniiled by
the differential extinlctioIn techntiiqtie ( 4).

I\M I-foett )nat-utitro(ttioI,,ro-RI-c(nti,riationi. DNA at coIn-
l.704 1 \ rscentrations of 10 to 20 iqg/ml in SSC was denatured

foir 10 mii at 1000. Fa.st-cooled samples were placed
immediately in ice. Sloxv-cooled samples xv-er-e al-
lowved to incilbate at 600 for- 6 lhr. then slowlv cooled
to room temperature over a 4-hri- periodl.

TI, .Acasutroments. Tlhe.s;e were miad(le o a Gil-
ford .\Model 204)0 capable o)f ;mtoniaticallyvneasurinig
theTI1,, of 4 1)N.\ sanpiles. DN.-\ concelntrationls
\vere 10 to 202(/ml in SS('.

RestIlts

The vield of pturifie(l spinachi nuclear DNNA w-as
albouit 500 IA- per 100 g of leaf tissue. The buoyant
densitv of Tiicle.-ir DNA- wvas 1.695 g/cc (Fig. 1).

p and the TM was 840 in SSC. This DNA. was coI11-
FIG. 2a (top). Buovant density (g/cc) of fast cooled pletely sensitive to DNase. Ujon heat denaturation

nuclear DNA. FIG. 2b (bottom). Buoyant density .an1d fast cooling,. tile increase in buoyant density was
(g/cc) of slow- cooled nuclear DNA. 'M = 11. xran thus 0.016 g/cc (Fig. 2a). tndler slow cooling renatura-
DNA, p = 1.729 g/cc. tioIn cond(litioins. the nuclear DNA showed little re-
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Table I. Base Comiposition of Spinach Nuclear and Chloroplast DNAs (mole %)

Nuclear DNA
p 1.695 g/cc

Major chloroplast
DNA, p = 1.696 g/cc

Minor chloroplast
DNA, p - 1.706 g/cc

Guan.ine
Cytosine
5-Methylcytosine
Adenine
Thymine
Recovery'

A + T

G+C+5-MeC

G

C+ )-MeC

A

T

G+C+5-MeC
(from base composition)

G+C
(from buoyant density)

G+C (from Tm)

19.8
14.0
3.6

32.1 +
30.5
01.8

1.67

0.5 %
0.2%
0.3%
0.5 %
0.2%
0.9 /

20.2 +
17.0 +
1.6 +

31.3
30.1
03.3 +

0.3%
0.5%
0.3%
0.4%
0.3 %
1.7%

1.58

1.081.12

1.05

37.4 %

35.7 %
35.8 %

38.8 %

36.7 %
35.8 %

23.7 + 0.5 %
23.3 + 0.1 %

<0.6 %
27.2 +- 0.6 %
26.8 0.4 %
94.7 1.5 %

1.18

1.06

1.01

45.9

46.9 %
44.4 %

I Based on phosphate as a 100 % value.

natuiration (Fig. 2b). Since there is a shoulder on

the low-density side of the peak, however, it is

possible that some renatturation of nuclear DNA has

occurred. This couild be due to the phenomenon of

repetitiouis seqtuences as (lescribed by Britten and

Kohule (7), and wvhich is apparently common to a

variety of plant DNAs. The base composition of

n,uclear DNA is listed in table I. The relatively

high amount (3.O %) of 5-methvlcytosine is of par-

tictilar interest.
The yield of spinach chloroplast DNA was abotit

500 jg per :500 g of leaf tissue. This DNA conisists
of 2 different components as seen in Fig. 3. The
major component comprising about 65 % of the DNA
had a buoyant density of 1.696 g/cc. and the minor

component comprising about 35 % of the DNA had
a btuoyant density of 1.706 -/cc. The relative
amlounts of the 2 chloroplast DNA components were

practically constant in all of 8 DNA preparations.
In order to characterize the DNA obtained fronm
chloroplasts, it was, therefore, necessary to separate

the 2 DNA species actually present and to study
them individually. This separation was accomplished
ill ) cycles of preparative CsCl den,sity gradient
centrifugationi itn a fixed ;angle rotor. The effective-
ntess of this separation canl be seeni in Fig. 4a and 4b.
rhere is no indicationi that more than on,e DNA
species is present in the separated light and heavy
chloroplast DNAs.

The Tm of light chloroplast DNA was 84° while

that of heavy chloroplast DNA was 87.50 in SSC.

Upan, heat denaturation and fast cooling, the light
chloroplast DNA increased in buoyant densitv by

0.015 g/cc (Fig. .5a) vhile heavv chloroplast DNA
increased by 0.014 g/cc (Fig. 6a). Under slow
cooling renaturation conditions, the heavy chloroplast
DNA renatured almost completelv (Fig. 6b), but the
light chloroplast DNA renat-tred to 1.703 g/cc. a

value intermediate between its native and denatured
buoyant densities (Fig. Sb). The base composition
of the 2 chloroplast DNA species is listed in table I.

Again, the relative amounts of 5-methylcytosine are

of interest. The heavy chloroplast DNA has no

detectable a-mount of this base, within the limits of

the lower level of sensitivitv of the isotope dilution.
which is 0.6 % 5-methylcytosine. The light chloro-
plast DNA has 1.6 % 5-methylcytosine. For all of

the base analyses. the results of the duiplicate analyses

are in good agreement, and the recoverv of bases

uising the amotunt of phosphate ais a 10 % value is

excellent.
In several experiments, chloroplasts were obtained

from a 1-step gradient in the Spinco Model L-4

rather than from a linear gradient. This 1-step
gradient consisted of about 500 ml of 20 % buffered

suicrose layered over about 1200 ml of 50 % buffered

sucrose. After centrifugation, the chloroplasts band

at the interface of the 2 layers. Mitochondria would

also band at this interffce and would, therefore. be

recovered along with the chloroplasts (I). The

DNA extracted from the "chloroplasts" obtained from

this step gradien-t showed an additional minor band

when run in the Spinco Model E. This was at a

buoyant density of 1.719 g/cc and was approximately
equal in amount to the 1.706 g/cc minor band

(Fig. 7).
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Discussion

The use of the B-IV rotor in the L-4 zonal
ultracentrifuge for chloroplast isolation provides about
a 5-fold increase per run in the amount of chloro-
plasts obtained than can be obtained from the SWX
25.2 rotor. It is possible to process 2 kg of leaves
per day if several L-4 runs are made. Due to the
large physical separation between chloroplasts and
nuclei in the B-IV rotor, the chloroplasts are probably

,1.696

1.706

M

more nearly free of any nuclear contamination than
chloroplasts isolated by any other centrifugal method.
This expectation was borne out by both light micro-
scopy and fluorescence microscopy using acridine
orange staining; in nuclear preparations intact nuclei

1.711

FIG. 4a (top). Buoyant density (g/cc) of purified
light chloroplast DNA. FIG. 4b (bottom). Buoyant
density (g/ec) of purified heavy chloroplast DNA. M
= M. xanthuis DNA, p = 1.729 g/cc.

p - r

FIG. 5a (top). Buoyant density (g/cc) of fast cooled
light chloroplast DNA. FIG. Sb (bottom)). Buoyant
density (g/cc) of slow cooled light chloroplast DNA.
M = M. xanthlns DNA, p = 1.729 g/cc.

L
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cotl(l be idenltified bv both miethiods. In the chiloro-
p)last preparations. n1o contamination by initact ntuclei
coutld be detected. As a ftihtler precaution against
contamination 1v niuclear DNA. the chloroplasts wvere
lvsedl with Tritoni X-100 which (loes not l-se ntuclei
or bacteria (5, 15. 10). Tt is. therefore. douhtfuil

that the chlioroplast DNA contains niuclear DNA
arising from the conltamiiniatioln of the chloroplasts
by) intact nutclei. Previous work in this laboratorv
has shown that bacterial DNA contamination i.s
negligible using the techlliquies described ( I I ) .

It is still possible, however, that there is nuclear
DNA contaminlation which arises fromn nuclear frag-
mienits or nucle.ar DNA wvhich adhere to the chloro-
plast niemibrane following the hom-logenization stel)
d(lrilig wN-hiclh there is probably somie breakage of
nultclei. Thlese nuiclear- fra-gments or DN \\ ovould(
have to adhelre quiite firmly to the chloroplasts ill

order to survive dtllring L-4 centriftugation and the 4
subsequent wN-ashings inl isotonic buffered stucrose
which the chloroplasts tundergo dturing- thle isolationi
l)rocediure. Pollard (16) fotund tllat spinach clilor-o-
plasts hlad little tendency to adsorb nuclear mlaterial
following deliberate attempts to contaminate purifie(d
chloroplasts with inltact and broken nutclei. Fxperi-
ments in this laboratory with 14C-labeled F. coli
DNA added dturing the homogenization of spinach
leaves showed that there is also little tendeilcv for
free DNA to adsorb to intact chloroplasts. Only
0.41 % of the final chloroplast DNA was labeled.

The mnajor comnponenit of chloroplast DN.-\ (loes
have the samiXe buoyant density anld T,, as nu11clear
DNA, buit it seemns uinlikely that it is (Ihie entirely to
nticlear DnNA contamination for the reason.s just
given. TIn a(l(itioll this miiajor- chiloroplust DN.\ (does

1IG.. 6a. (top) Buoyant density (g/cc) of fast cooled
heavy chloroplast DNA. FIG. 6b. (bottom) Buoyant den-
sity (g/cc) of slow cooled heavy chloroplast D-NA.
M - lvsodcikticuis DNA, p = 1.731 g/cc.

p -*.
FIG. 7. Buoyant density (g/cc) of "chloroplast-mito-

chondrial" DNA. M = M. xanthus DNA, p = 1.729
g/cc.
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differ clearlv from ntuclear DNA in its actual base
compositioin and renaturation properties. With mito-
chonidrial DNA. it has been possible to selectively
elinminate most contaminating nuclear DNA by treat-
mnent of intact mitochondria with DNase. This
treatmnenlt has not been successful with chloroplasts.
however. hecause the chloroplast membrane is ap-
parenitlv- not resistant to DNase penetration (19).
This fact has been confirmed in the present studies
uising lowv concentrations of DNase in the range of
0.5 to 5.0. ,ug/ml and short 3O-min incuibation times.
With less thiaIn 2.0 u,g/ml of DNase, there was no
decrease in the amotliA of miajor and minor DNA
obtained from the chloroplasts: w-ith 2.0 g/iml or
higher DNase concenitratiots. nio DNA couild he
ohtained fromii the chloroplasts. This indicates the
susceptibility of chloroplasts to low- DNase coniceni-
trations. anld it also stuggests that the 2 DNA species
isollated fromii the chloroplasts are botli contained
withini the chloroplast.

The min,or component of spinach chloroplast DNA
differs from nuclear DNA in buovanit density, T,.
base composition and renatturationi properties. Tts
bhlovant density of 1.706 g/cc is almost the same as
one of the chloroplast DNA components isolated by
Chutn et al. ('8). As a result, ther-e is little doubt
that thi.s minor chloroplast DNA component is a
truie chloroplast DNA.

If there are indeed 2 distinct chloroplast DNAs.
then there are still 2 uilresolvable alternatives at this
time. Eitlher zboth the major and the miinor chloro-
plast DNAs are contained withiin the same chlloro-
plast. or there are 2 types of chloroplasts present each
conttaining its own unique DNA. The first alterna-
tive is supported by observations that in wheat
chloroplasts. DNA fibrils are found in several dis-
crete locations within the organelle (21). Recently
the electron microscope work of \Voodcock and
Fernanldez-Moran (20) has dcemonstrated that the
chloroplast DNA fronm individuial spinaclh chloroplasts
apparently- exists in 2 different conformations which
conceivably couild be 2 types of DNA differing ill
buoyant density within the same chloroplast. The
second alternative finds support in the observations
that cells apparently can have "mixe(l" popullations of
chloroplasts or more than 1 type of chloroplast in a
cell (10.12 13).

Chutn et al. (8) found a second chloroplast DNA
with a buoyant (lensitv of 1.719 g/cc; uising the
normal procedures developed during the course of
this wvork, howvever. suich a second satellite DNA vas
niever fouind in this laboratory. A 1.719 g/cc second
satellite DNA was found under conditions where
mitochondrial conitamination of the chloroplasts was
to be expected, but further work is required before
the source of this satellite can be attributed to mito-
chondria or chance bacterial con!tamination.

In conclusion, a procedure has been developed
for the large-scale preparation of spinach chloroplasts.
This has, in turn, provided larger quantities of

chloroplast DNA than possible by other procedures.
Thirty-five percent of the chloroplast DNA has a
differenit buioyant densitv. Tnm, base composition. and
reniaturationi properties than nuclear DNA. Sixty-
five percent of the chloroplast DNA has the same
buoyant density and Tm as nuclear DNA, buit differs
in base comlposition anld renatuirationi properties. A
seconid satellite DNTA w\vith a btuoyanit density of
1.719 -/cc wvas fouind.

Literature Cited

1. ANDERSON, W. G., W. W. HARRIS, S. A. BARBER,
C. T. RANKIN, AND E. D. CANDLER. 1966. Sepa-
ration of subcellular components and viruses by
combined rate- and isopycnic-zonal centrifugation.
The development of zonal centrifuges. NCI
MIonograph >N7o. 21, United States Government
Printing Office, Washington, D. C. p 253-69.

2. AMES, B. 'N. AND D. T. DUBIN. 1960. The role
of polyamines in the neutralization of bacteriophage
deoxyribonucleic aci(l. J. Biol. Chem. 235: 769-
75.

3. BECKMAN INSTRUCTION 'MANUAL T4-INI-1. 1966.
Model L-4 Preparative Ultracentrifuge. Spinco
Division Technical Publications Department, Beck-
man Instruments, Inicorporated. Palo Alto, Cali-
fornia.

4. BENDICH, A. 1957. Methods for the characteriza-
tion of nucleic acids by base complpositioni. Methods
In Enzymology 3: 715-23.

5. BOARD-MAN. N. K., R. I. B. FRANCKI, AND S. G.
WILDMAN. 1966. Protein synlthesis by cell-free
extracts of tobacco leaves. ,. Mol. Biol. 17: 470-
89.

6. BRAWER-MAN, G. AND J. M. FISENSTADT. 1964.
Deoxyribonucleic acid from the chloroplasts of
Euiglenia gracilis. Biochim. Biophys. Acta 91: 477-
85.

7. BRITTEN, R. J. AND D. E. KOHNE. 1968. Re-
peated sequences in D-NA. Science 161: 529-40.

8. CIUINx, E. H. L., M. H. \VAUGHAN, AND A. RICH.
1963. The isolation and characterization of DNA
associated with chloroplast preparations. J. Mol.
Biol. 7: 130-41.

9. FLAMM, W. G., H. E. BOND, AND H. E. BuRR. 1966.
Density-gradient centrifugation of DNA in a
fixed-angle rotor. Biochim. Biophys. Acta 129:
310-19.

10. GRA-NICK, S. AND A. GIBOR. 1967. The DNA of
chloroplasts, miitochondria, and centrioles. Progr.
Nucl. Acid Res. Mol. Biol. 6: 143-86.

11. GREEN, B. R. AND 1. P. GORDON. 1967. The satel-
lite DNA's of some higher plants. Biochim. Bio-
phys. Acta 145: 378-90.

12. HAGEMANN, R. 1963. Advances in the field of
plastid inheritance in higher plants. Genetics
Today, Vol. 3. Pergamon Press, New York. p
613-25.

13. KIRK, J. T. 0. AND R. A. E. TILNEY-BASSETT.
1967. The Plastids. W. H. Freeman and Com-
pany, New York.

14. MARMUR, J. 1961. A procedure for the isolation
of deoxyribonucleic acid from micro-organisms,
J. Mol, Biol. 3: 208-18,

383



PLANT PHYSIOLOGY

15. PARENTI, F. AND M. M. MARGULIES. 1967. In
vitro protein synthesis by plastids of Phaseolus
vulgaris. Plant Physiol. 42: 1179-86.

16. POLLARD, C. J. 1964. The deoxyribonucleic acid
content of purified spinach chloroplasts. Arch.
Biochem. Biophys. 105: 114-19.

17. TEWARI, K. K. AND S. G. WILDMAN. 1966. Chloro-
plast DNA from tobacco leaves. Science 153:
1269-71.

18. WELLS, R. AND M. L. BIRNSTIEL. 1967. A rapidly
renaturing deoxyribonucleic acid component associ-
ated with chloroplast preparations. Biochem. J.
105: p 53-54.

19. WHITFELD, P. R. AND D. SPENCER. 1968. Buoyant
density of tobacco and spinach chloroplast DNA.
Biochim. Biophys. Acta 157: 333-43.

20. WOODCOCK, C. L. F. AND H. FERNANDEZ-MORAN.
1968. Electron microscopy of DNA conforma-
tions in spinach chloroplasts. J. Mol. Biol. 31:
627-31.

21. YOTSUYANAGI, Y. AND C. GUERRIER. 1965. Mise
en evidence par des techniques cytochimiques et al
microscopie electronique d'acide desoxyribonucleique
dans les mitochondres et les proplastes d'allium
cepa. Compt. Rend. 260: 2344-49.

384


