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Summary. An improved method for extraction of plant DNA is described.
Quantitative species comparisons based on DNA-DNA hybridization are reported for
several members of the family Leguiminosae and for barley, wheat and rye. A
maximum of about 10 % homology in DNA polynucleotide sequences is found between
monocotyledons and dicotyledons tested, whereas 20 to 90 % homology is observed
within a family. Species compared using a DNA fraction enriched for redundant
polynucleotide sequences generally appear to be more closely related than when whole
DNA is used. DNA-DNA hybridization may be useful in system'atic and evolutionary
study of plants, and also a's a possible screening procedure for interfertility of species.

Homologies among the nucleic acids of viruses,
of bacteria, and of animals have been established
and a quantit'ative means for the assessment of
genetic relationship among species has been de-
scribed (5, 7). The development of an improved
method for the isol'ation of high molecular weight
plant DNA has now permitted application of the
DNA-agar procedure to studies of genetic related-
ness am-ong higher plants. This report describes
the DNA isolation proceduire and presents some
results of comvparisons of polynucleotide sequence
similarities in plant nucleic acids.

The design of these experiments was to react
radioactive DNA fragments of one speicies with
homologous DNA in agar in the presence of in-
creasing amounts of non-radioactive DNA frag-
ments from the same or from different species.
Whenever the mixture contains radioactive and
non-radlioactive fragments which are similar in
nucleotide sequence, the non-radioactive fragments
will compete wi,th the radioactive ones for sites on
the DNA immobilized in agar (5). Hence, the
amount of radioactivity botund to the DNA-agar
would be decreased and the decrement serves as
a measure of the relatedness of the DNA from the
2 soturces.

Materials and Methods

Preparation of Plant DNA. The method de-
scribed below for the isolation of DNA from seed-
lings of Pisuni sativu.4, var. Alaska has been
successftully applied to other legtumes and to repre-
sentative ferns, gymnosperms and angiosperms.
In general, it is advantageotus to tuse young and

1 Present address: Department of Microbiology, Uni-
versity of Washington, Seattle, WN ashington 98105.

rapidly-developing tissues such as seedlings, al-
though fully-expanded leaves of several dicotyledons
and monocotyledons were also useful sources of
DNA.

Ten g2 fresh weight of pea seedlings from
which the cotyledons have been stripped were
minced with scissors. Five to 10 ml of a solution
containing 1 % sodium dodecyl sulfate, 0.1 M di-
sodium EDTA, and 3 X SSC (SSC = 0.15 M NaCl,
0.015 m 'N'a citrate) were added to the minced
seedliings in a mortar, and vigorous grinding at
room temperature was carried out for 1 minute.
The resulting thick paste was transferred to a glass
stoppered bottle containing an equal volume of
chloroform containing 1 % octanol. The mixture
was shaken rapidly by hand for 30 seconds and
then centrifuged briefly to separate the phases.
The upper aqueous layer which contains the DNA
was potured into a pre-heated bottle and incubated
for 5 minutes at 720 in a water bath. The time
required for the procedure to this point was not
allowed to exceed 4 minutes. This extract was
quickly cooled in an ice bath and adjusted to 1 M
sodiuim perchlorate, and shaken with an equal vol-
ume of chloroform-octanol and recentrifuiged. The
aqueous layer was re;moved to a beaker. Two
voluimes of 95 % ethanol were layered over the
extract, the layers slowly mixed, and the DNA
fibers were removed with a glass rod. Should the
DNA concenitration be low, the D\NA precipitate
will not form fibers efficiently. In this event the

2 Hundreds of grams of plant tissue (including tissues
which are difficult to grind because of a fibrous nature)
may readily be processed if the tissue is frozen-- at dry
ice temperature and brought to a fine powder by pulver-
izing in a chillcd blender or mortar. Except for scaling
up the volumes of solutions, the remtainder of the pro-
cedure is the same.
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alcohoil-precipitated niucleic acid can be collected by
cenltriftugation and dissolved in a small amount of
0.1 X SSC from which the DNA iusuially can be
reclaime( l)y winding oIn a glass rod again after
bringing the solution to 1 X SSC and adding 2
voluimes of ethanol. The fibrouls DNA was trans-
ferredi to a vessel containing 0.1 X SSC and the
DN.A clissolvecl by gentle shaking. Tightly spooled
DNA requiires more time for dlissolving than does
loosely spoole,d or clumped DNA. The procedclure
to this poiIt uisuially requlires abouit one-half houir.
DNA wvas futrther puirified by treatment with

ribonuclease (20-(50 jug/ml, one-half houir at 370)
which was previouisly heate(d to 1000 for 5 minuites
to inactivate possible DNAase cointaminaints, and
by shaking with chloroform-oct*anol, and again pre-
cipitating with ethanol. Deproteinization shak-
ingxwith water-s-atuirate(l phenol is uisefuil when the
DNA is contaminated with planit pigments, and
wNhen the preseince of RNAa,se is uindesirable.

The yield of DNA varie(d considerably dep-nding
uipon the species, and(I particularly uipoil the stage
of development of the tissue. Typically, 2 to 3
mg of highly puirified DNA were extracted from
10 g fresh, yoting pea le,aves, roots, or tendrils,
while only 0.1 mg of 1)NA was isolated from 50 g
of matulre forms of a coimmon fern (Woodwardia
Sp.).

Preparation of 32P-labeled DNA. Seeds were

allowed to germinate in a moist inert suipporting
medi-ni stich as pearlite or vermicuilite, after pre-

violusly having been soaked in 1 % clorox (NaOCI)
for 20 minuites. WN/hen the seedlings were approxi-

matelv 2 cm high, 10 or 20 were removed to a

beaker after thoroughly washing their roots free
of suipporting mediuim. The roots were covered
with distilled water (uisuially 3-5 ml) and carrier
free 329p4 (I mc) was addecd. The water was

replenished as requiired. After 3 to 7 days when
the plants had doubled or tripled their m,ass, they
were washedl free of radioactive soluition. The re-

maining seed coats and cotyled,ons were removed
and the whole plant was minced with scissors and
the 32P-labeled DNA was extracted as described
above. VTariotis prelparations, depending on the age
of the plants, the species, andI the duiration of label-
ing have yielded DNAs containing from 1000 to
50,000 cpmlug.

Pturified radioactive pea DNA was examined
to determine whether the 32p was in the DNA and
not in other contaminating cellI components. De-
oxyribonutclease digestion rendered most of the
radioactivity trichloroacetic acid soluble, where,as
ri-bonuclease treatment left the radioactivity pre-
cipitable on celluilose nitrate filters (,table I).
Chromatography on G-100 Sephadex of heat de-
nattured 32P pea DNA showed the ra,dioactivitv to
be associlated with 260 mpt-absorbing material and
in the high molecuilar weight fraction.

DNIA-A gar Procedutre. The DNA-agar method
of Bolton and McCarthy (1) was used to measure
homologies among various plant DNAs f,ollowing
the proceduires described by Hoyer, MicC,arthv, an(d
Bolton (5) in comparing DNAs of vertebrates.
Calculation of percent homology in the DNA of
2 souirces is as follows: rv = % binding of 32')
labeled DNA to DNA-agar XN % binding of
32p Irabeled DNA to DNA-agar in the pre!sence of
n jxg heterologous unlabeled DNA, Y = % binding
of 32P labeled D-NA to DNA-agar in the presence
of n ,ag homologouts unlabeled DNA; % homo-

WF-X
logy = X 100.

W-Y
Prepair(atiotn of Aggregate and Supernatant

Fractions of DNVA. 32P-DNA was sheared at
10,000 to 15,000 p.s.i. in the French pressure cell
(11) and the restilting fragments (abotut 800(,000
daltons) were heated for 5 mintites at 1000 in
2 X SSC, and quickly placed in a 60° water bath
for overnight incubation at a concentration of 30
to 250 jug/ml. The stuspension was then transferredl
to a 2 ml or 5 ml centrifuge tutbe and 2 X SSC
adde,d at room temperatture to fill the tube. The
ttibe was centrifuiged in the S,pinco Model L cen-
triftige at 30,000 or 35,000 rpm for 20 minutes.
The aggregate pellet could be seen at the bottom
of the ttube. The suipernatanit liquid was pouireid
off or if the aggregate pellet was small, it was
drawn off. The pellet was washed into a vessel
with 2 X SSC, and both the aggregate and super-
natant fractions were he,ated in a boiling water
bath for 5 minuites and quickly co,oled to inhibit
renaturation. The amount of total DXNA trapped
in the aggregate varied from 10 to 65 %, depending
on the initial concentration. Up to 90 % of the

Table I. Results of Nuclcase .Action on 32P-DNA
The reaction mixtuires were incubated 30 minutes at 37°. Carrier RNA xN-as added an I)precipitated. The numilbers

represenit percent of control radioactivity trapped oni cellulose nitrate filters.

Percent counts remaining after treatmenlt
Control* Deoxvribonuclease** Ribonuclease***

Preparation A 100 34 99
Preparation B 100 27 98

Conitrol: 32P-Pea DNA.
*k Deoxvribonuiclease: 32P-Pea DNA + DNAase (30 jug/ml) ill 10 ni MgNCI.,.

Ribonuiclease: .32P-Pe,-. DNA + RNAase (30 ,g/ml).
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FIG. 1. Competition by unlabeled DNA fragments in

the reaction between <2P-labeled pea DNA fragments and

agar containing high-molecular weight single-stranded
pea DNA. One-half or one microgram 32P-labeled pea

DNA fragments (640-3800 cpm/;ug) was incubated with

0.3 to 0.5 g agar containing 86 to 184 gg pea DNA in

the presence of varying quantities of unlabeled DNA

fragments from the species indicated. The total volume

was 0.6 to 1.0 ml. Percentage (relative to homologous

test in absence of unlabeled DNA) of labeled DNA

fragments bound is plotted against the ratio of unlabeled

DNA/32P-labeled DNA.

DNA could be trapped in an aggregate pellet when

long DNA strands were used in place of sheared

DNA fragments.
The radioactivity in both the aggregate and

supernatant fractions was released by DNAase
when treated, and passed through cellulose nitrate

filters. Non-radioactive DNA aggregate and super-

natant fractions were prepared in a si,millar way,

and the concentration at incubation was 500 p,g/ml.

Results

Figure 1 shows the -results of interactions of

several plant DNAs with that of the pea. Con-

sidering the homologous pea-pea interaction as a

standard for comparison, and using the criteria of

Hoyer, McCarthy, and Bolton (5) for DNA simi-
larity, it can be seen that the nucleotide sequences
in the DNA of the hairy vetch (Vicia villosa) are

similar to about one-half of those of pea, while

only abouit one-fifth of the pea sequences are found

in beans (Phaseolus vuxlgaris). A species of to-

bacco (Nicotiana glautica) DNA interacts to a much

smaller extent and almost no interaction can be

detected between rye (Secale cereale, var. Rosen)
and pea DNA.

Comparisons of the similarities in the DNAs

of rye, barley (Hordeumt bulbosumin, var. Betzes)
and wheat (Triticum1Z2 zvlgare, var. Seneca) have

also been made. It can be seen in figure 2 that

the DNA of the wheat reacts more extensively with

rye DNA than does barley DNA. Approximately
60 % of the nucleotide sequences in the rye DNA

appear sim,ilar to those in barley, while about 75 %
of the rye sequences are similar to those of wheat.

Table II summarizes the results of other similar
competition experiments.

Discussion

DNA Extraction. Extraction of DNA in high
yields is desirable in choosing the species against
which others may be compared. In our procedure
peas lend themselves well to D'NA extraction. Close

relatives of the pea, such as pole beans (Phaseolus
vulgaris), black-eyed cow peas (Vigna sinensus),
clover (Trifoliumt repens), and peanuts (Arachis
hypogea) prove to be relatively poor sources, while

hairy vetch, and a1l the cere,al grains tried, were

quite good sources. Young tissue was better than

older tissue for DNA extraction. The most impor-
tant factor in our procedure is the speed with

which the soluble extract, with its DNA, can be

Table II. Competition Comtarisons of the DNAs of the Members of the Leguminosa Family and the Cereal Grains

32P-DNA and Percent
DNA in agar Heterologous competitor homology

A) Pea Pole beans (Phaseolus vulgaris) 19
Hairy vetch (Vicia villosa) 48
Tobacco (Nicotiana glauca) 5-10
Rye (Secale cereale, var. Rosen) 0-5

B) Hairy Vetch Pea (Pisum sativum, var. Alaska) 54
C) Rye Barley (Hordeum bullbosulm) 59, 56

Seneca wheat (Triticum vulgare, var. Seneca) 75
Chinese Spring Wheat (Triticum vuilgare, var. Chinese Spring) 74

D) Barley Rye 70, 78
Seneca Wheat 73
Pea 10

E) Seneca Wheat Pea 10
Barley 80
R-e 95, 90
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FIG. 2. Competition by unlabeled DNA fragments in
the reaction between 32P-labeled rye DNA fragments and
agar containing high-molecular weight single-stranded rye

DNA. One quarter and 0.41 ,ug of 32P-labeled rye DNA
fragments (2600 and 8400 cpm/,ug) was incubated with
0.5 g agar containing 18 ,ug rye DNA in the presence of
varying quantities of unlabeled DNA fragments from
the species indicated. The total volume is 1.0 ml. Co-
ordinates as for figure 1.

brouight to the heating step whi,ch apparenitly inac-
tivates the deoxyribonucle,ases present. The time

for grinding, first chloroform deproteinization, andl
transfer o,f the soluble extraict to a 72° bath should
be kept at a minimum (,ca. 3-4 mins, if possible).
This time factor depends on the species; pea re-

quires less haste. Pressture cells and blenders ap-

parently shear the DNA and makes extraction
difficult. Grinding by hand with a mortar and
pestle proved best.

Species Com?Zpairisons. The interactions o,f the
DNAs of the cereal grains are especially intriguing
because fertile hybrids of wheat and rye are a

commonplace while hybrids of barley and rye are

not known. Figture 2 shows wheat DNA to be
more similar to rye DNA than is barley DNA.
The possibility is thus offered that quantitative
comparisons of DNA homologies may serve as

indicators of genetic compatibility between plant
species. It might be feasible, for example, to pro-

vi'de the plant breeder with a choice based on DNA
relatedness among possibilities for successful crosses

which woutild have a high probability of giving rise
to dlesirable offspring.

The pea, vetch, and bean are members of the
family Legunzinosac and their DNAs interact to a

greater degree than does the DNA from a (clc&-ty-
ledon of a different faimily (N. glaluca) or that
from a monocotyledon, the rye. It wouldc appear,
therefore, that suich interactions might usefully be
applied to chart systematic affinities anid posisible
evo,lutionary rellationships among higher p'lants.
\NVithin the family Legumniinos(ac the relative genietic
diversity as measured by these DNA interactlons
is at least as great as exists amonig or(lers of
mam,mal,s as distantly related as mice and( men (5).
The basis for suich diversity is not known. Tt may
be that since pefas and beans are cu1l1tivated forms
and therefore strongly influienced by hulman inter-
vention, they have been subjected to a kind, of
directed evolution. In view of this consideration
it wouild be of interest to ctompare DNA homolegies
among a series of feral species of plants. Given
an adequate archaeological anld paleontological
record of the probable evolutionary progress of
suich formis, it ought to be possible to assess how
profotinidly man may have influienced the average
rate of evolution within a group of plants.

Aggregate DNA Fractionz. Britten a,nd \Varing
(2) have observed that denatured DNA fro,m higher
organis,mls forms 3-dimensional networks when inlctu-
bated in soluition under renaturation conditions.
These networks, or aggregates, are hyperpolymers
apparently held together by interstrand( comple-
mentary nuclelotide sequences. They can be col-
lected as gelatinous precipitates by high speed
centrifuigation. The amount of DNA trappe(l in
suich an aggregate depends uipon concentration,
conditions of incubation, gravitational force dulring
centrifulgation, and molectular weight of the strands.
A,s shown below, suich aggregate DNA reacts with
high efficiency in the DNA-agar procedure. Re-
action in both the DNA-agar proceduire and in the
aggregation phenomenon between single DNA
strands is one of renlaturation, or partial renattura-
tion, of the strands. It had been previously thouight
that the complexity of DNA from higher organisms
was the reason whv complementary polvnlcleotide
sequtences failed to find onie another andI renatuire
at a detectable rate tnder renatulration conditions
(6). Britten and WA'iaring (2) have foun(d the
renatuiration rate of some h,igher organism DNAs
comparable to that of bacterial DNA. They coii-
cluded that this anomialously high reniaturationi rate
was dIue to a redundancy of similar sequiences
present in the DNAs with some regions having
huindreds of thousands of close cop:es. It wvas
thouight that these redundant sequeinces of about
2 X l(0) daltons were the ones reacting in aln over-
night DNA-agar or aggregation incubiation. The
remaining less redundant or uiniqule sequelnces would
renatture too slowlytiun(ler these incubation co(ldi-
tionls and woulld not participate in the reaction.
There would be a gradation in re(lundancy of se-
quence among segments as oppose(l to a sharp (lis-
tinction between aggregatable anid non-aggregatalle
segments. This would leadl to popul'ations of se-
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qtuences with the ones best able to form a duplex
with DNA-agar appearing in the aggregate pellet
and the ones less able to do so in the supernatant
fraction. Therefore the aggregation procedure
should prove a technique for separating regions of
DNA based on redundancy of sequences.

Labeled DNA. The extent to which 32P-labeled
plant DNA will bind to DNA-agar depends tupon
the length of time the seedlings grow in the presence
of the isotope. This was shown in the following
way. Young pea seedlings were grown in 32po4
and water. At different time intervals several
plants were removed from the 32P-meditim, the
DlNA extracted, and aggregate and supernatant
fractions of the 32P-DNA were prepared as de-
scribed above. The specific radioactivities (count
per mim per Jug DNA) were determined for the
whole DNA as well as the supernatant and aggre-

gate fractions separately. The results of this ex-

periment, shown in table III, indicate that the ratio
of specific activity of the supernatant to that of
the aggregate falls as the duration of labeling
increases. In another experiment the DNAs from
pea plants grown in the presence of label for 1.8
days and 5 days were isolated and separated into
aggregate and supernatant fractions. The ability
of these fractions as well as that of whole DNA
to bind to pea DNA-agar is shown in table IV;

the aggregate fraction binds to DNA-agar much
better than does the supernatant fraction. The
whole DNA is intermediate in binding ability and
binds 7.5 % in the case of the 1.8-day labeled ma-

terial, and 22 % with the 5-day labeled DNA. Figure
3 shows the results of competition experiments in-
volving these fractions. It can be seen that the
supernatant fraction has very few nucleotide se-

quences similar to those in the aggregate fraction.
The observed drop in the supernatant competitor
DNA curve may be due to imperfect separation of
the 2 fractions, and thus would represent an aggre-

gate DNA contaminant in the supernatant fraction.
The whole competitor DNA curve quickly ap-

proaches the aggregate competitor DNA curve as

would be expected since it contains the same DNA
fraction, albeit in lower conccentration than does
the aggregate fraction. In other experiments it
was shown, in agreement with Britten and Waring
(2), that over 90 % of high molecular weight DNA
can be trapped in the aggregate fraction; this
probably is due to longer denatured regions trapped
with contiguous short duplex structures. The same

phenomenon was exhibited by labeled wheat, barley,
and rye DNAs. The specific activity ratios of
suipernatant to aggregate fractions ranged from
1.87 with 7-day labeled rye to 3.3 wiith 4.7-day
labeled barley. Aggregate and supernatant DNA

Table III. Effect of Length of 32po Labeling Period on Specific Activities of Pea DNA Fractions
DNA isolated from pea seedliilgs after various times of growth in the presence of of 32po4. DNA preparations

were lheated to 1000 for 5 minutes at the concentrations given, and incubated overnight at 600 in 2 X SSC. Aggregate
fractions u'-ere collected by centrifugation for 20 minutes at 30,000 rpm in the Spinco SW-39 rotor. Separated aggre-
gate and supernatant fractions were diluted, heated to 1000 for 5 minutes, and quickly cooled.

Specific Specific activity sup.
Conc. Specific activity activity

Length of at aggregation % DNA activity supernatant aggregate Specific
labeling period incubation in aggregate whole DNA fraction fraction activity agg.

OD cpm/,ug pea
hr ,ug/ml DNA units units
4.1 125 40 424 541 29.8 18.8

18.5 226 49 865 1498 211 7.1
43 213 53 431 621 188 3.3

125 112 47 422 459 255 1.76
Unlabeled pea 568 71 ... ... ...
DNA fragments

Ta?ble IV. Unfractionated, Aggregate, and Supernatant DNA Binding to DNA-agar
The experimental conditions were: 1 ,ug 32P-pea DNA: Whole DNA, 1.8-day labeling period, 5000 cpm/4g;

Whole DNA, 5-day labeling period, 2700 cpm/,ug; Aggregate fraction, 1.8-day period, 300 cpm/,ug; Aggregate fraction,
5-day period, 1600 cpm/,ug; Supernatant fraction, 1.8-day period, 6000 cpm/,ug; Supernatant fraction, 5-dav period, 4400
cpm/Ag. 0.5 g DNA-agar containing 74 kg pea DNA in each case. + 0.5 ml 32P-DNA solution in each case.
Aggregation incubation at 100 jag/ml for 5-day labeled DNA, and at 136 ,ug/ml for the 1.8-day labeled DNA.

% Of input 32P-pea DNA binding to pea DNA-agar
5 Day label 1.8 Day label

Unfractionated DNA 22 7.0
Aggregate fraction 46 48
Supernatant fraction 8.4 2.5
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FIG. 3. Competition by unlabeled pea DNA fractions
in the reaction between 32P-labeled aggregate fraction
pea DNA fragments and agar containing pea DNA. One-
half gram of agar containing 74 ,g pea DNA was incu-
bated with 0.3 ug 32P-labeled aggregate fraction pea DNA
(800 cpm/,ug) fragments in the presence of varying quan-
tities of unlabeled DNA fragments from whole, aggre-

gate and supernatan-,t fractions. The total volume was
1.0 ml. The percentage of labeled DNA fragments bound
is plotted against the ratio of unlabeled DNA/32P-labeled
DNA.

fractions from 5-day labeled wheat bouin,d 34.5 and
7.4 % re,spectively to wheat DiNNA-agar.

It therefore appears that the aggregate fraction
in the,se DNA s represents the major part of the
DlNA wvh,ich will bind to DNA-agar, and shows
very little homology to the supernatant fraction. In
addlition, the suipernatant fraction contains DNA
synthesized at least 1S times as rapidly, andI prob-

ably muich more, as the lulk of the DNA. This
rapidly labeled small fraction of DNA depresses
the percent of the total inpuit of .3P-DNA which

binds to DNA-agar. Since the binding of 32P-DNA
to DNA-agar can vary greatly as, the duiration o,f
label-ing varies, a difference in percent binding of
labeled DNAs between 2 species doe,s not neces-

sarily accurately reflect degree of relatedness in
these DNAs. Competition curves such as those in
figures 1 and 2 are based not on different prepara-

tions of labeled DNAs bu.t rather on the compari-
son of unlabeled DNAs and should better represent
DNA relatedness.

The rapidly labeled small fraction of DNA
may be extrantuclear. The presence of DNA in

boith plastids and mitochondria is now well sutbstan-
tiated (9, 10). Hotta, et al. (4) have reported a

rapidly turning over fraction in wheat DNA which
they suispect is plastid DNA. The following ex-

periment was carriedl ott to (letermine whether
or no,t the rapidly labeled component was chloro-
plast D-NA. Yotung pea plants were labeled with
32po for 6 days. The roots were separated from
the shoots (only the seed was discarded) and DNA
was extracted from each separately. The specific
activity in the root DNA was 18,100 while that of
the shoots was 2260 couints per mintute per ,Mg.
One jig of sheared labeled root D)NA was added to
205 ,ug unlabeled root DNA fragments anid aggre-

gation was carried ouit at 296 Mtg/ml. A similar
preparatioii was made with labeled and( unltabeled
shoot DNA fragments under the same conditionIs.

Aggregate and sulpernatant fractions were sepa-

rated anid specific activities determined. The ratio
of specific activities of sutpernatant to aggregate
is 3.16 with roots, and 1.78 with shoots (taile V).
This indicates that the rapidly la,beled component
is more prevalent in roots than in sho,o,ts, anid hence
is uinlikely to be chloroplast DNA. Fulrthermore,
uinder identical conditions (0.4 jig labeled DNA with
44.4 ,,g DNA-agar) labeled root DNA fragments
bound 26.4 % and labeled shoot DNA fragments
bound 42.3 % to DNA-agar. Figture 4 shows that
the DNAs from roots and shoots are indiStinguish-
able as juidge(d by competition curves. Unlabeled
root and shoot DNA fragments compete with the
labeled fragments equlally well.

Table V. Effect of Tissue Soupi-ce ont Specific Actizities of Pea DNA Fractions
Olne ,jg 32P-slhoot DNA fragmenits (2260 cpm/4g) added to 205 ug unilabeled shoot DNA fragmen-ts. Onie jug

32P-root DNA fragmenits (18,100 cpmr/,g) added to 205 Ixg unllabeled root DN\A fragmenits. Bothl lheated to 1000
for 5 mianutes at 296 ag/ml and incubated overnight at 600 in 2 X SSC. Aggregate fraction collectedI bh ceintrifuigation
for 25 minuttes at 35,000 rpm in the Spinco SW-39 rotor. Separated .:-gregate anld supernatant fractions diltted
heated to 1000 for 5 miniutes, anid quick-ly cooled.

% DNA Radioactivity Specific Specific activitx sup.
in fraction in fraction activity Specific actiVity agg.

OD cpm/l g
Sup. 41.9 69 133

A) Roots 3.16
Agg. 58.1 31 42.1
Sup. 40.4 55 17.9

B) Shoots 1.78
Agg. 59.6 45 10.1
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FIG. 4. Competition between unlabeled root and shoot
pea DNA fragments in the reaction between 32P-labeled
root and shoot pea DNA fragments and agar containing
pea DNA. Four-tenths ,g 32P-labeled pea DNA frag-
ments from roots (12,500 cpm/,ug) or shoots (2500 cpm/
jug) was incubated with 0.3 g agar containing 44 Atg
pea DNA in the presence of varying quantities of un-

labeled pea DNA fragments from roots and shoots. The
total volume was 0.6 ml. The percentage of labeled
DNA fragments bound is plotted against the ratio of un-

labeled DNA/32P-labeled DNA.

The identity of the small DNA component wh.ch
incorporates 32p quickly is not now known. Btut its

apparent deleterious effect on this technique of
preventing a disproportionately large nuimber of
counts from participating in hybridization can be
minimized by long labeling periods, perhaps 7 days,
to approach a "steady state' situation3.

Aggregate DN,4 Species Comiiparisons. Some
of the same competition experiments as in table II
were carried otut using aggregate 32P-DNA instead
of whole 32P-DNA. Since the data from figure 3
indicate very little difference in competitive ability

3 The possibility that it may be bacterial DNA can-
not be excluded. A small amount of DNA from con-

taminating bacteria containing a substantial fraction of
the 32P in DNA would serve to raise the noise level
in these experiments, but should not invalidate the
relatedniess values obtained with competition experi-
ments.

between unliabeled whole and unlabeled aggregate
DNAs at high levels of competitor, whole unlabeled
DNAs were used exclusively as competitor in the
following experiments. The data in table VI rep-
resent homiology vatues derived from competition
curves using aggregate 32P-DNA. These values
are directly comparable to ithose in table II. In
general the species appear more closely related
using aggregate 32P-DNAs than whole 32P-DNAs.
In other words, the more redundant sequences
(aggregate fraction) are held in common between
2 species to a greater extent than are the less
redundant ones (whole DNA). The preparation of
an aggregate fraction selects the more redundant
sequences which have been better conserved among
spe,cies than overall DNA sequences.

Because of the small amoounts of some of the
labeled DNAs prepared, it was not practical to
carry out the aggregation incubations at the same
concentrations. As a consequence the amount of
DNA trapped in each aggregate varied from 18 %
With rye to 52% with pea (table VI). This means
that the rye aggregate preparation should contain
DNA of more highly redundant and more closely
simil,ar polyntucleotide sequences than that of pea.
The most precise anid tihe most numerous replFcas
would aggregate first. If these reduindant se-
quences have been conserved relative to the rest
of the DNA, species should appear closer in the
D!NA-agar technique tising 32P-aggregate DNA
fractions than 32P-whole DlNAs, and discrepancies
between the aggregate DNA and whole DNA values
should be greatest when the fraction of whole D-NA
in the aggregate is lowest. In the cereal grains
comparison of tables II and VI shows the discrep-
ancies in percent homology between aggre!gate and
whole DNA determinations are greatest with 32p_
rye (18 % in aggregate fraction), less with 32P-
barley (34 % in aggregate fractioni), and none with
32P-wheat (40 % in aggregate fraction).

Reciprocal Comiiparisons. The data in table II
show that among the cereal grains the reciprocal
experiments do not agree. That is, with labeled rye
DNA and rye DNA-agar, uinlabeled wheat com-
petes 75 % as well as unlabeled rye, but with labeled
whheat DNA and wheat I)NA-agar, unlabeled ry e
competes 90 to 95 % as well as unlabeled wheat.
This effect is also seen with rye and barley: 59
and 56 % verstus 70 and 78 %, wvith the last pair,
barley and wheat, 73 versus 80 % may be signifi-
cant or duie to experimental scatter. The same ex-
periments in table VI using 32P-aggregate fractions
of the variouis DNAs show almost perfect reciprocal
agreement. A model is proposed to interpret these
data. Figutre 5a is a schematic representation
of the genomes of wheat and rye. The length of
each line represents the amouint of dissimilar DNA
polynuicleotide sequiences. Identical or nearly iden-
tical genome segments wouild nolt add to the length
of the line. The DNA-agar technique is not sensi-
tive enough to differentiate between closely similar
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FIG. 5. Model of genomes of rye, wheat, and barley.
The length of each line represents the amount of dis-
similar DNA polynucleotide sequences. Identical re-
peated sequences woul,d not add to the length of the
line. Regions A and C represent sequences unique to
the species. Region B represents those sequences held
in common by the pair of species. See text for details.

polynutcleotide sequences. Region B represents
those nucleotide seqtuence,s held in comimon by the
2 species. On this model it can be seen that tin-
labele(d wheat DNA woutld compete for sites on
rye DNA-agar only 75 % as well as woulld unlabeled
rye DNA. Unlnabeled rye would compete 90 to 95 %
as wel,l as tunlabeled wheat for sites in wheat DNA-
agar. The supernatant fraction of rye DNA would
occtur as a part of region A, that of wheat DNA
as a part of region C. Figure 5b is an analogouis
representation of the rye and barley sittuation.
Again the stupernatant fractions of rye and barley
DNA would be found within regions A and C
respectively. Preparation of aggregate DNA frac-
tionls woUld enrich for the redundant polynutcleotide
sequences (fotunid within region B) and (liscrim-
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inmate against the more unique ones (found within
regions A and C). Consequiently the reciprocal
comparison,s using 32P-aggregate DNA fractions
should agree better than those using 32P-whole
DNAs. The data in table VI show exitremely close
agreement in reciprocal comparisons of the cereal
grains. Recently Rees et al. (8) have compared
the amount of DNA per nucleus in 3 angio-
sperm genera using interference microscopy aild
Feulgen photometry. T1hey have found striking
differences in the DNA content per nucletus within
the same genuis: as muich as 7-fold (lifference within
the licia genus, withotut an increase in chromosome
ntumber. Differences in DNA content were also
fouind wvithin the genera Lathyrfs (3.5-fold) and
Lolium (30 %); the chromosome nutmber being the
same within each genuis for the species reported.
This findiing would be consistent with the (liffer-
ences obtained in the reciprocal comparisons in the
cereal grains.

The above model and disculssionl of the relation-
ships of aggregate and stupernatant DNA fracti,ons
may have practical importance in applicatio-n of
DNA-DNA hybridization to problems of plant tax-
onomy. By selecting particullar conditions for for-
mation of an aggregate fraction of DNA, species'
differences could be either magnified or diminished.
Conditions permitting only a very small portion
of labeled DNA to be trapped in an aggregate
preparation (e.g. higher temp of incubation) might
bring distantly rellated species within the workable
range for coimparison, when uise of whole labeled
D,NAs would precltude this. Also tuse of labeled
supernatant DNA fractions might amplify suibtle
specie,s' differences unnotice,d by tuse of whole
labeled DNNA. \Vrith the advent of DNA-DNA
hybridization techniques making uise of DNA em-
bedded on filters (3, 12) inste;ad of in agar, the
technical diffictulties of the D,NA-agar technique,
suich as the need for very high molecular weight
DNA for agar, sm,all numbers of incuibations p2r
day, and other specialized procedures, may be
avoided and large nuimbers of comparisons shouild
be possible.

Table VI. Effect of Competition Curves in the DNAs of the Members of the Leguminosa Family and the Ccral
Grains Using 32P-aggregate DNAs

32P-aggregate DNA % Of total 32P-DNA Heterologous %and DNA in agar trapped in aggregate competitor Homology
A) Pea 52 Barley 0-7

18

C) Barley

D) Seneca wheat

34

46

Hairy vetch
Black-eyed cow pea
(Viqna sinensuts)
Barley
Seneca -% heat
Rye
Seneca wheat
Barley
Re

40

98-100
82
86

84, 83
80
78
86

B) Rye
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