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Summary

The total complexity of one constituent soybean (Glycine max) genome is
estimated to be 1.29 - 10° nucleotide pairs, as determined by analysis of the
reassociation kinetics of sheared (0.47 kilobase) DNA. Single copy sequences
are estimated to represent from 53 to 64% of the genome by analysis of
hydroxyapatite binding of repetitive DNA as a function of fragment length.
From 65 to 70% of these single copy sequences have a short period intersper-
sion with 1.11—1.36 kilobase lengths alternating with 0.3—0.4 kilobase repeti-
tive sequence elements. The repetitive sequences of soybean DNA are inter-
spersed both among themselves and among single copy regions of the genome.

Introduction

The interspersion of repetitive and single copy sequences of DNA into a
highly ordered pattern appears to be a general feature of genome organization
in higher eukaryotes. Although repetitive DNA has been reported in many
plants [1—5], very few studies have described the pattern of sequence organiza-
tion. These limited studies do, however, indicate that a portion of the repetitive
sequences of both monocots and dicots are organized with an alternating
arrangement of repetitive and single copy DNA. These interspersed repetitive
sequences vary in size from 200 to 800 nucleotides with interspersed single
copy lengths ranging from 800 to 1800 nucleotides [6—9]. Since plants often
contain relatively large amounts of repetitive DN A, many repetitive regions are
not contiguous with single copy sequences. The organization of these repetitive
sequences can either be a tandem arrangement of highly related repeating ele-
ments typical of satellite DNA [10—12] or a complex interspersion of
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unrelated families of repetitive sequences as is the case in the genomes of wheat
[7] and rye [8].

In view of the postulated roles of repetitive DNA both in chromosome struc-
ture [13] and gene regulation [14,15], we have attempted to characterize the
genome of soybean (Glycine max) with regard to complexity, sequence reitera-
tion, organization, size distribution, and absolute amounts of various kinetic
components.

Methods

DNA Isolation. DNA was extracted and purified according to the procedure
of Scott and Ingle [16] with the following modifications. Commercially
obtained soybean embryonic axes (Edible Soy Products, Inc.) were imbibed at
4°C for 1 h in grinding medium (0.10 M Tris-HCl (pH 8.0)/0.02 M EDTA (pH
8.0)/0.05 M NaCl). Imbibed embryos were homogenized at a tissue to final
solution volume ratio of 1:10 with a Brinkman Polytron. The resulting
homogenate was diluted 2-fold into detergent medium with a final concentra-
tion of 0.10 M Tris-HCI (pH 8.0)/0.02 M EDTA (pH 8.0)/0.50 M NaCl/10%
(v/v) n-butanol/6% p-aminosalicylate (sodium salt)/1% (w/v) triisopropyl-
naphthalene sulfonate (sodium salt). The mixture was then extracted once
(90 min) with chloroform/isoamyl alcohol (24 : 1, v/v) and twice (1 h each)
with a mixture of phenol/10% (v/v) cresol/0.1% (w/v) 8-hydroxyquinoline
saturated with 0.10 M Tris-HCI (pH 8.0). The aqueous phase was collected and
the nucleic acids precipitated overnight at 4°C by the addition of 2 vols. of
ethanol. The resulting precipitate was pelleted (10 000 rev./min) and dissolved
in 0.15 M NaCl/0.015 M trisodium citrate (1XSSC) adjusted to 20 mM EDTA
(pH 8.0). RNA was degraded by digestion with pancreatic RNAase A for 2 h at
50 ug - ml! followed by digestion with T, RNAase for 1 h at 10 units - ml-.
The mixture was then incubated (37°C) overnight with 400 ug - ml-! of pre-
digested (1 mg-ml!, 1h, 37°C) pronase. Residual protein was removed by
extraction with phenol mixture and oligoribonucleotides partially removed by
ethanol precipitation. Oligoribonucleotides were further removed by pelleting
the DNA in 1XSSC by centrifugation at 91 000 X g (r,,, 6.3 cm) for 18 h at
15°C. Final purification of the DNA was achieved by banding in CsCl equilib-
rium density gradients (initial p = 1.70 g - cm™3, 35 000 rev./min) for 60 h at
25°C in a Spinco Type Ti 60 rotor. Typical yields of 8—9 mg purified DNA
were obtained from 50 g dry embryos. DNA yields from whole seeds or
etiolated hypocotyls were approximately one tenth this amount.

[PH]DNA preparation. [’ H]DNA was prepared from auxin-treated soybean
hypocotyls. Three-day-old, etiolated soybean seedlings were sprayed with the
synthetic auxin 2, 4-dichlorophenoxyacetic acid (2.5-107% M) in order to
increase DNA synthesis [17]. The seedlings were cut at the base of the hypoco-
tyl 12 h after auxin treatment and incubated in 50 uCi - ml~! [2-?H]adenosine
(New England Nuclear, 23.2 uCi/mmol), 50 uCi - ml™! [Me-*H]thymidine (New
England Nuclear, 51.4 ;Ci/mmol) and 50 ug - ml™! chloramphenicol for 12 h.
DNA was extracted by grinding directly in detergent medium with mortar and
pestle. The remaining purification was achieved following the procedure
described above for unlabeled DNA. DNA purified from the basal 1 cm of
hypocotyl had a specific activity of 1.56 - 10° cpm - ug™!
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Shearing and sizing of DNA. Purified DNA was reduced to a relatively
uniform low molecular weight by sonication for 10 min. This procedure
resulted in a fairly homogeneous size distribution with a single strand weight
average of 400—500 nucleotides as analyzed using a Beckman Model E ultra-
centrifuge. Sedimentation coefficients were determined and the molecular
weights calculated according to Studier [18].

In vivo labeled [*H]DNA from soybean hypocotyls was fractionated into
relatively homogeneous size classes using 5 ml isokinetic, alkaline sucrose
gradients [19,20]. Fragment sizes less than 1 - 103 nucleotide pairs were ob-
tained from sonicated [PH]DNA fractionated on similar gradients. Linearized
ColE] plasmid [*H]DNA and sonicated [*H]DNA sized by analytical ultra-
centrifugation were included as molecular weight markers.

DNA/DNA reassociation. DNA samples ranging in concentration from
5ug-ml! to 2.5 mg- ml™! were denatured (100°C, 5 min) in sealed glass
ampules and reassociated in either 0.12 M sodium phosphate buffer, pH 6.8, at
60°C or 0.48 M sodium phosphate buffer, pH 6.8, at 70°C. Equivalent Cot
values (eCot) for reassociations in 0.48 M sodium phosphate buffer were cal-
culated using the rate correction values of Britten et al. [21]. The incubation
temperatures were 24°C below the respective T,, values of soybean DNA in
these two buffers and therefore fell well within the plateau of maximum
reassociation rate [22]. The reassociation reactions were terminated at the
appropriate times by quick cooling in an ethanol-dry ice bath. Fractionation of
single- and double-strand DNA was achieved by hydroxyapatite chromatog-
raphy. The hydroxyapatite (Biorad HTP) was pre-incubated at 100°C for
5—10 min in 0.12 M sodium phosphate buffer, 0.02% (w/v) sodium lauryl
sulfate (BDH, specially purified) to reduce non-specific DNA retention. Reas-
sociated DNA samples were thawed and loaded onto jacketed hydroxyapatite
columns maintained at 60°C. The single- and double-strand DNA fractions were
eluted at 60°C by washing with 10 bed volumes of 0.12 M and 0.48 M sodium
phosphate buffer, respectively. The amount of DNA in each fraction was deter-
mined optically by first denaturing the DNA in both fractions by adjusting to
25% (w/v) NaOH and then measuring the absorbance at 260 nm. Absorbance
values measured at 320 nm were subtracted from values at 260 nm to correct
for light scatter by suspended particulates.

Isolation of single-copy DNA. 3H-labeled hypocotyl DNA (156 000 cpm -
ug ! average size 0.627 kilobase) was denatured by heating to 100°C in a sealed
ampule for 5 min and incubated in 0.12 M sodium phosphate buffer at 60°C to
a Cot of 50. The partly reassociated DNA was then fractionated on hydroxy-
apatite into the single- and double-strand components. The single-strand frac-
tion was concentrated and dialyzed into 0.48 M sodium phosphate buffer, heat
denatured, and incubated at 70°C to an equivalent Cot of 50 which corre-
sponds to a Cot of 98 for the single copy sequences since they are the
predominant sequences present. After this second reassociation, the single
strand fraction was again isolated on hydroxyapatite. The final yield was 15%
of the input DNA.

Optical melting. DNA samples were melted in 0.12 M sodium phosphate
buffer using a Beckman Acta MVI spectrophotometer equipped with an
automatic sample changer and a jacketed cuvette holder. The temperature in
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the cuvette was increased at a rate of 1°C per 3 min. The DNA samples were
overlaid with paraffin oil and the cuvettes sealed to prevent evaporation.
Absorbance at 260 nm was corrected for thermal expansion using the published
values of Mandel and Marmur [23].

Electron microscopy. Reassociated soybean DNA was examined by electron
microscopy using the formamide technique of Davis et al. [24]. Samples con-
taining 0.5 ug DNA - ml~! were spread in 45% (v/v) formamide, 50—100 ug
cytochrome ¢ - ml™! (Sigma), 0.10 M Tris-HCI (pH 8.5). This represents a crite-
rion of T, 12.7°C assuming a 0.72°C reduction in T,, per 1% (v/v) formamide
[25]. The hypophase contained 10 mM Tris-HCl (pH 8.5) and 17% (v/v)
formamide. The aqueous mounting procedure [24] was used to examine native
DNA. Aqueous samples containing 0.5 yg DNA - ml! in 0.5 M ammonium
acetate/1 mM EDTA (pH 7.5)/0.1 mg cytochrome c - ml~! were spread onto a
0.25 M ammonium acetate (pH 7.5) hypophase. Grids prepared by either tech-
nique were stained in 1 uyM uranyl-acetate, rotary-shadowed with 80%
platinum: 20% palladium and examined using a Zeiss EM9 electron microscope.
The molecular weights of duplex regions were determined by comparison with
plasmid ColEl DNA (4.2 - 10°).

S, nuclease digestion. Single-strand regions of reassociated DNA were
removed by digestion with S, nuclease purified according to the method of
Vogt [26] with the omission of the sulfo-Sephadex chromatography step. The
reaction mixture [27] contained 150—200 pg DNA - ml!/0.15 M NaCl/5 mM
piperazine-N-N'-bis 2-ethanesulfonic acid (PIPES) buffer (pH 6.7)/40 or 25 mM
sodium acetate/0.1 mM ZnSO, (pH 4.4)/25 mM f-mercaptoethanol, and twice
the amount of S, nuclease required to completely digest an equivalent amount
of single-strand DNA in 10 min. The mixture was incubated at 37°C for 2 h and
the reaction terminated either by the addition of an equal volume of 0.12 M
phosphate buffer or by adjusting to 20 mM EDTA (pH 8.0).

Results

A. Reassociation kinetics of sheared DNA

Fig. 1 shows the reassociation kinetics of soybean DNA sheared to an aver-
age single strand length of 0.47 kilobases. The small fraction of DNA which
fails to reassociate (7%) is assumed to result from the generation of very small
fragments during the random shearing process and from degradation during
long incubations. Analysis of the data (solid circles) by a non-linear regression
computer program gave a best fit with 3 components. The results of such an
analysis are summarized in Table I with the component fractions normalized
to 100% reassociation. The generation of 2 second-order curves within the
repetitive fraction does not necessarily imply the existence of 2 discrete repeti-
tive sequence families, but merely indicates the presence of more than one ideal
second order component.

Since the data were obtained by hydroxyapatite chromatography fractiona-
tion, any fragment containing both repeated and single copy DNA will reassoci-
ate with the kinetics of the most highly repeated sequence. Thus, the observed
DNA fractions quoted in Table 1 are likely to be overestimates for the repeated
components and an underestimate for the single copy component. With this
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Fig. 1. Reassociation kinetics by hydroxyapatite fractionation of soybean DNA sheared to 0.47 kilobase.
The solid line through data points (solid squares) was generated by a non-linear regression computer anal-
ysis for three components assuming ideal second order kinetics. The three lower curves are plots of the
computer generated components. The reassociation of purified single-copy [3H]DNA in the presence of a
2000-fold excess of unlabeled 0.47 kilobase total DNA is shown by the solid squares. The broken line
represents the best fit non-linear regression analysis of these data (one component, RMS = 0.022) which
indicates a single copy Cot 1/2 of 1263 mol - 171 . g,

type of data analysis it is only possible to say that at least 43% of the total
DNA consists of single copy sequences. That fraction of the DNA (0.05) which
is reassociated by a Cot of 1-1072 mol-11-s presumably contains very
highly reiterated sequences and intrastrand duplexes.

Comparison of the observed rate constant (k) for the single copy
sequences with the rate constant and complexity of Escherichia coli DNA
reassociated under identical conditions indicates that the kinetic complexity of
one chromosomal complement (1X) is 1.29 - 10° nucleotide pairs, correspond-
ing to 1.39 pg of DNA. Chemical determinations of the amount of DNA per
somatic nucleus range from 5.0 to 6.5 pg DNA (Chang, H., unpublished results
and ref. 28), confirming the cytological evidence of Sakai [29] that soybean is
a stable tetraploid (2n = 4X = 5.56 pg DNA). The close agreement between the
chemically observed and the kinetically predicted 2n DNA values suggests a
high degree of sequence homology between the constituent genomes, typical
of an autotetraploid or a hybrid between very closely related species.

B. Repetitive sequences
Size distribution of inverted repeat sequences. When dilute solutions of

TABLE I
KINETIC COMPONENTS OF SOYBEAN DNA AT 0.47 KILOBASE FRAGMENT LENGTH

Component: Fraction Normalized * Rate constant Kinetic ** Copies per ***
fraction (1- mol™! - s=1)  complexitty constituent
(nucleotide pairs) genome (IX)

Zero-time binding 0.04 0.05 >1-102 — —

Fast repeat 0.26 0.28 3.29 9.36 - 10% 3.85-103
Slow repeat 0.23 0.24 1.31-1071 2.03 - 108 1.53 - 102
Single copy 0.40 0.43 8.55-1072 5.55 - 108 1.00 - 10°

* Normalized to 100% reassocation.
** Derived from rate constants calculated for each component in a pure state.
*** Haploid genome = n = 2X.
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unsheared DNA are denatured and incubated at low temperatures (0—4°C) in
0.08 M sodium phosphate buffer, intrastrand duplexes form in regions of
inverted repeat or palindromic sequences {30]. Such duplexes are thought to
be responsible for the fraction of ‘zero-time binding’ [31] observed when
reassociated DNA is fractionated by hydroxyapatite chromatography at very
low Cot values (i.e., less than 107°). As seen in Fig. 2A, these duplex structures
may contain single-strand regions ranging from a few up to several hundred
nucleotides in length as free ends and also as looped out regions between
inverted repeat sequences. Digestion with the single strand specific endonucle-
ase S; removes these non-base paired regions associated with the intrastrand
duplex. Fig. 3 shows the size distribution of the intrastrand duplex regions of
S; nuclease-resistant inverted repeat sequences as determined by electron
microscopy. They range in length from about 50 (the limit of detection) to

Fig. 2. Electron microscopy of reassociated DNA. (a) Foldback DNA. Intact (6 - 106—10 - 106 dalton)
DNA was denatured, diluted into cold 0.08 M sodium phosphate buffer, and intrastrand duplexes isolated
by hydroxyapatite chromatography as described by Wilson and Thomas [30]. The estimated Cot was
<1075 mol-1"! - 5. (b) Cot 50 repetitive duplexes. The length of four tailed duplexes (arrows) was
determined using ColEl plasmid molecules as a double strand standard. Both Foldback and Cot 50 repeti-
tive duplexes were examined using the formamide technique as described in Materials and Methods,
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Fig. 3. Size distribution of inverted repeat duplexes. Intact (6-106—10- 106 daltons) DNA was
denatured, diluted into cold 0.08 M sodium phosphate buffer and the intrastrand duplexes isolated by
hydroxyapatite (HAP) chromatography as described by Wilson and Thomas [30). The estimated Cot is
<1:1075 mol -17! - 5, Samples were heated to 100°C for 3 min and cooled on ice immediately prior to
51 nuclease digestion in order to disrupt interstrand duplexes that might have formed during sample
preparation. The S; nuclease-resistant DNA was mounted for electron microscopy by the aqueous tech-

nique [24]. A total of 431 molecules were sized using circular ColEl plasmid DNA as a double-strand
standard,

several thousand nucleotide pairs with a number average of 100—200 nucleo-
tide pairs and a weight average of 600—700 nucleotide pairs. The size distribu-
tion of inverted repeat sequences in soybean DNA is similar to that found in
other eukaryotic genomes such as HeLa and Xenopus.

‘Zero-time binding’ as a function of fragment length. As seen in Fig. 4, the
fraction of DNA bound as duplex to hydroxyapatite at ‘zero-time’ (Cot < 10-5
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Fig. 4. ‘Zero-time binding’ as a function of fragment length. [3H]DNA samples (1—2 ml) of various frag-
ment lengths were heat denatured (100°C, 10 min) in sealed glass ampules at concentrations of 1 - 1072 —
3-1072 ug- ml!, Denatured samples were briefly immersed in an ethanol-dry ice bath and immediately
fractionated on a jacketed hydroxyapatite column at 60°C. The total elapsed time after denaturation
until single strand elution was <80 s resulting in Cot values <1 - 10~5 mol - 11 - 5,
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mol - 171 - s) slowly increases with increasing fragment length. The ‘best fit’
line generated by a linear regression analysis of the data predicts a fraction of
0.03 bound at zero fragment length. The large amount of scatter in the data
and the relatively small fraction of DNA bound even with long fragment
lengths renders curve fitting according to theoretical models [32,33] of
inverted repeat sequences meaningless. The functions described by these
models are either exponential or consist of more than one positively sloped
line. The properties of these functions are such that the fraction bound (0.03)
at zero fragment length represents an upper limit for the absolute fraction of
the genome present in inverted repeat sequences.

Length distribution of repetitive sequence duplexes. The reassociation
kinetics presented in Table I indicate that 4% of the single copy component
and greater than 94% of the repeated DNA is reassociated by Cot 50. Cot 50
reassociated duplexes were analyzed by electron microscopy to determine the
length distribution of repetitive sequence elements. Only those duplexes
showing four single strand tails (double forked) were measured, ensuring that
each measured duplex represents a complete repetitive sequence element. Exam-
ples of typical structures measured are shown in Fig. 2B. As can be seen in
Fig. 5, repetitive sequences have a broad size range from those too small to
distinguish unambiguously (less than 50 nucleotide pairs) to duplex lengths of
several kilobases. The number average for the repetitive sequence length is
0.32 + 0.1 kilobase and the weight average is 0.59 + 0,11 kilobase.

Absolute amount of repetitive DNA. The hyperchromicity of reassociated
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Fig. 5. Size distribution of Cot 50-repetitive duplexes. Long fragments (11 kilobases) of total DNA were
reassociated to Cot 50 and examined by electron microscopy. A total of 142 double forked duplexes were
measured using circular ColEl plasmid DNA as a double-strand standard.
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DNA together with hydroxyapatite binding at Cot 50 can be used to determine
the absolute amount of repetitive DNA present in the soybean genome. The
hyperchromicity of the Cot 50 double-strand fraction is a function of the
absolute amount of duplex in the fraction and, therefore, depends on the
repetitive duplex length, the number of repetitive elements per fragment, and
the fragment length. The extent of duplex formation is evaluated by comparing
the hyperchromicity of the reassociated DNA with that of native DNA and
correcting for the contribution due to the unfolding of collapsed single strand
regions [27,31,33,34]. Mismatched base pairs are assumed to have no signifi-
cant contribution to hyperchromicity above that of single strand collapse.

The results presented in Table II indicate that 36% of the genome is repeti-
tive sequence DNA. It is important to note that such comparisons between
native and reassociated DNA give a minimal estimate of repetitive sequence
length since mismatched regions of the reassociated repetitive elements are not
included. The repetitive duplex length (0.327 kilobase) obtained using 0.496
kilobase fragments is less than the weight average (0.59 kilobase) obtained from
electron microscopy measurements, This result is expected when measuring
hyperchromicity of fragments shorter than the weight average length of the
repetitive element. The large duplex length indicated for 11 kilobase fragments
is most likely due to the presence of multiple repetitive sequences per frag-
ment.

C. Sequence organization

S, nuclease-resistant repetitive duplexes. The reassociation of high molecular
weight enkaryotic DNA commonly results in the formation of large networks
[35,36]. The size and configuration of these networks after removal of single
strand regions can yield much information regarding the sequence arrangement

TABLE II
HYPERCHROMICITY OF REPETITIVE DUPLEXES

Total soybean DNA was reassociated to a Cot of 50 in 0.12 M sodium phosphate buffer at 60°C and the
double-strand fraction isolated by hydroxyapatite chromatography. This duplex fraction was adjusted
from 0.48 M sodium phosphate buffer to 0.12 M sodium phosphate buffer by dialysis and the hyper-
chromicity determined by optically monitoring thermal denaturation. The hyperchromicity of single-copy
calf thymus DNA (twice reassociated to Cot 200) was determined in order to obtain a value for a single
strand collapse.

Fragment  Hpetgs0 2 Hpative a Hgingle Fraction® Duplex¢ Cot 504 Fraction ©
length strand duplex length hydroxy- genome in
(bases) collapse 8 (bases) apatite repetitive

bound (@) duplex

496 1.28 1.40 1.05 0.66 327 0.55 0.36
11 000 1.20 1.40 1.05 0.43 4730 — —

2 H=AgglAgo-
Heot50 — Hsingle strand collapse

b g
duplex
Hnative — Hsingle strand collapse

¢ Duplex length = Fqyplex X fragment length
d Normalized to 100% reassociation.
€ @ X Fquplex-
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Fig. 6. Thermal denaturation of native DNA and S; nuclease-resistant repetitive (Cot 50) duplexes in
10.8 g/l Tris buffer/0.93 g/1 Na; EDTA/5.5 g/1 boric acid buffer.

of repetitive sequences. High molecular weight (11 kilobase) soybean DNA was
denatured and allowed to reassociate to a Cot of 50. As noted earlier, at least
94% of the duplexes formed at this Cot value are from repetitive sequence
DNA. The total Cot 50 reassociation mixture was digested with S, nuclease
under conditions where the enzyme is highly specific for single strand DNA
leaving double strand DNA, including mismatched regions, intact [37,38]. The
hyperchromicity of the hydroxyapatite-isolated, S; nuclease-resistant duplexes
(Fig. 6) was 93% that of native DNA, indicating nearly complete digestion of
single strand regions. These repetitive duplexes were analyzed both by electron
microscopy and band sedimentation.

The degree of branching present in reassociated repetitive duplexes is a func-
tion of the repetitive sequence organization. Both long repetitive units and
tandem arrays of identical repetitive elements will form long unbranched
duplexes upon reassociation. Although some duplexes of this type are observed
with soybean DNA, many large duplex networks are also present. Examples of
these highly branched networks are shown in Fig. 7. The presence of these large
networks after S, nuclease digestion implies that the repetitive sequences found
in them are organized in tandem arrays of relatively short interspersed units
from unrelated sequence families. The regions between branch points represent
either single repetitive units or tandem arrays of very closely related units.
Branching of the reassociated duplex is the result of a variable ordering of the
repetitive units present on separate single strand fragments. Short unbranched
duplexes and small networks are also present in the S, digest implying that
some repetitive sequences are contiguous with single copy or highly mis-
matched repetitive regions of the genome.

The results of neutral and alkaline band sedimentation of S, resistant repeti-
tive duplexes are consistent with the electron microscopy observations. Anal-
ytical zone sedimentation suggests that the repetitive duplexes have a broad
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Fig. 7. Electron micrograph of S; nuclease-resistant repetitive duplexes. Soybean DNA was heat
denatured and incubated to Cot 50 in 0.15 M NaCl/5 mM PIPES (pH 7.6) at 60°C. After cooling to 4°C,
the solvent components were adjusted for S; nuclease digestion as described in Materials and Methods.
The reaction was terminated by the addition of an equal volume of 0.12 M sodium phosphate buffer and
the duplexes isolated by hydroxyapatite chromatography at 60°C. The DNA was mounted using the
formamide technique. Note the presence of both simple duplexes and complex networks.

unimodal size distribution with an average sedimentation coefficient (53¢ ) of
12.01 in 1 M NaCl. This sgo.w value corresponds to a molecular weight of
1.47 - 10° (2.3 kilobase pairs) using the equation of Studier [18] for native
DNA. This estimate of molecular weight is only an approximation since net-
works may be expected to show a relationship of sedimentation to molecular
weight somewhat different from that of native DNA. Sedimentation of repeti-
tive duplexes under alkaline conditions (0.9 M NaCl, 0.1 M NaOH) gives a uni-
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modal distribution of single-strand fragment size with a sedimentation coeffi-
cient of 5.97 S. The equation of Studier [18] predicts a single-strand molecular
weight of 1.36 - 10° (0.42 kilobase), whereas that of Prunell and Bernardi [39]
predicts a molecular weight of 1.10 - 10° (0.33 kilobase).

The presence of both simple duplexes and complex networks in the S, digest
of Cot 50-reassociated DNA implies that the repetitive sequences of soybean
DNA are organized with varying degrees of interspersion among single copy
and/or highly mismatched repetitive regions. The observation that the average
single-strand length (0.33—0.42 kilobase) is much shorter than the average
duplex length is evidence that relatively short lengths of unrelated repetitive
sequences are intermixed into long stretches of tandem repeats. Similar obser-
vations (sedimentation analysis) of S, resistant repetitive duplexes and single-
strand lengths in wheat [7] and rye [8] genomes suggest that this type of
repetitive sequence organization may be common among higher plants.

Reassociation kinetics of long tracer DNA fragments. Information regarding
the organization of sequence classes can be obtained from the reassociation
kinetics of tracer DNA of various lengths with uniformly sheared driver DNA.
Assuming that each tracer fragment contains sequences from a single frequency
class, the reassociation rate determined by hydroxyapatite chromatography is
directly proportional to fragment length [31]. DNA fragments containing both
single copy and repetitive sequences will have rate constants greater than those
predicted solely by the effect of fragment length. As seen in Fig. 8 and sum-
marized in Table III, the observed rates are greater than the non-interspersion
model predicts for both single copy and repetitive components. These results
suggest that many of the slow repetitive sequences are contiguous with fast
repeats and that a portion of the single copy sequences are contiguous with a
low frequency repetitive class.

The interspersion pattern of repetitive sequence elements among single copy
DNA. The average spacing of repetitive sequence elements among single copy
DNA was determined by reassociating trace amounts of 3H-labeled DNA of

~rrr 1
1.0 4
1700-Nucleotide tracer ;
P B
& .8 470-Nucleotide carrier
Z
=7
&
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Fig. 8. Reassociation of long tracer DNA fragments. 2.5 kilobase (®) and 1.7 kilobase (©) [3H]DNA frag-
ments were reassociated (0.12 M sodium phosphate buffer, 60°C) in the presence of a 2500-fold excess of
sheared total DNA (0.46 kilobase). The solid lines through the data points were generated by a non-linear
regression analysis assuming two second order components.
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TABLE III
REASSOCATION KINETICS OF LONG TRACER WITH SHEARED DRIVER DNA

Fragment Component Observed k Predicted k * kobs
length (1-mol™l-s71) (- -mol1l:571)

k .
(kilobase) predicted
1.7 single copy 5.61 - 10_3 3.08 - 10-3 1.79
1.7 repetitive 1.88 - 100 4.71-1071 3.99
2.5 single copy 7.43-1073 4.53-1073 1.64
2.5 repetitive 2.08 - 100 6.90 - 1071 3.01

* Assuming no interspersion of frequency classes: Rpredicted = fragment length (kilobase) , k0 .47 kilobase

0.47 kilobase

various fragment sizes in the presence of an excess of sheared (0.47 kilobase),
unlabeled DNA as driver. The reassociation was terminated at low Cot values
(Cot 50 or Cot 5) such that only repetitive DNA was present in duplex struc-
tures. At very small tracer fragment sizes, little single-copy DNA will be linked
to repetitive duplexes. The amount of single-copy DNA present in the ‘tails’ of
repetitive duplexes will increase with increasing fragment size. Genomes with
more than one interspersion pattern will generate a multi-slope line when
hydroxyapatite binding is plotted as a function of fragment length. Analysis of
these data gives an estimate of the average length of single copy sequences
between repetitive elements and the absolute fraction of the genome repre-
sented in repetitive sequences. This method was first described by Davidson et
al. [31] in an analysis of the interspersion of repetitive sequences in Xenopus
DNA.

The fraction of soybean DNA containing repetitive sequences (R) as a func-
tion of fragment length (L) is shown in Fig. 9. The fraction bound to hydroxy-
apatite (B) was corrected [31] for ‘zero-time binding’ (Z) and normalized to
100% binding by the equation R = (B — Z)/(0.93 — Z). The data points for
each Cot value were separated into two groups and analyzed by linear regres-
sion to generate the two slopes represented as solid lines.

In view of the relatively large amount of scatter in the data, the slope of the
short period interspersion line (Cot 50) in Fig. 9 was also predicted from the
total fraction of repetitive DNA at a fragment length of 0.47 kilobase and the
hyperchromicity of Cot 50 reassociated DNA. At a given fragment length less
than the interspersed unique length the total fraction of repetitive DNA (F,) is
equivalent to B in the Cot 50 R vs. L plot. The F, derived from the computer
least squares solution (Table I) of the reassociation of sheared DNA is 0.53
(0.26 + 0.23 + 0.04 = 0.53). Point a in Fig. 9 represents the value R at 0.47"
kilobase fragment length calculated from this value of F, (0.55=(0.53 —
0.04)/(0.93 — 0.04)). Point b in Fig. 9 was derived from the hyperchromicity
of Cot 50 reassociated DNA (Table II). The intersection with the ordinate in
an R vs. L plot gives an estimate of the absolute fraction of repetitive DNA at
zero fragment length. An equivalent value can be obtained from the true frac-
tion of the genome in a duplex at Cot 50. Hyperchromicity studies (Table II)
indicate this fraction to be 0.36. Since the hyperchromicity of Cot 50 duplexes
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Fig. 9. Fraction of soybean DNA containing repetitive sequences as a function of fragment length. [3H]-
DNA fragments of various lengths were reassociated in the presence of a 5000-fold excess of unlabeled,
sheared (0.40—0.50 kilobase) driver DNA to Cot 50 (0) or Cot 5 (2). The fraction bound (B) to hydroxy-
apatite was corrected at each fragment length for ‘zero-time binding’ (Z) as determined from Fig. 4 and
normalized to 100% reassociation by the equation R = (B —2Z)/(0.93 — Z). Solid lines were generated
by a linear regression analysis of the data. The slope represented by a dashed line was predicted from the
fraction of the genome included in a duplex as determined by hyperchromicity studies (point b, 0.34) and
the R value at Cot 50 (point a, 0.55) derived from the kinetic analysis of total DNA sheared to an average
fragment length of 0.47 kilobase.

includes the contribution due to inverted repeat sequences, this value must be
corrected for the fraction of the genome in an inverted repeat at zero fragment
length (0.03 from Fig. 3). The value R at the ordinate point b in Fig. 9 is,
therefore, predicted to be 0.34 ((0.36 — 0.03)/(0.97)). Although the predicted
slope (dashed line) is derived from just two data points, it is considered
to be a valid estimate due to the relatively large number of observations
incorporated into each point. Based on the differences between the predicted
and observed binding curves, the absolute single copy fraction is estimated to
be between 0.53 and 0.64. The complexity of the single copy component is
therefore 6.9 - 10%—8.2 - 10® nucleotide pairs, which is at least 160 times
greater than the complexity of E. coli DNA.

The presence of two slopes in the Cot 50 R vs. L plot indicates that there are
at least two patterns of interspersion of repetitive elements among single copy
sequences. Approximately 65—70% of the single-copy sequences are organized
in a short period interspersion pattern. The average distance between repetitive
elements in the short pattern ranges from 1.11 to 1.36 kilobases as determined
by the break points of the actual and predicted slopes. The remaining 30—35%
of the single-copy sequences are organized with a longer interspersion distance
averaging 9 kilobases as determined from the R vs. L plot at R = 1.0.

Fig. 9 also shows the fraction of DNA containing repetitive sequences as a
function of fragment length at Cot 5. The slopes and break points are similar to
those obtained at Cot 50 and indicate that repetitive sequences formed at Cot 5
are interspersed with a similar pattern to those formed at Cot 50.
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Discussion

A fairly universal pattern of repetitive sequence organization has emerged
from the study of animal genomes [40]. Most animal genomes characterized
have from 50 to 80% of the DNA organized in a short period pattern with
200—600 nucleotide repetitive elements interspersed among 700—2000 nucleo-
tide lengths of single copy sequences. The remaining repetitive elements are
either interspersed with much longer lengths of single-copy sequences or are
present in long stretches of tandem repeats. A major exception to this pattern
is found in certain insects, including Drosophila, where interspersed repetitive
elements are quite long (average 5.6 kilobases) with single-copy lengths averag-
ing greater than 13 Kkilobases [41,42].

The organization of the soybean genome shows only a general similarity to
the typical animal pattern first described in detail for Xenopus [31]. Repetitive
DNA in soybean varies greatly in both complexity and reiteration frequency
with little clear distinction between repetitive sequence clases. Although much
of the repetitive DNA in soybean is not found interspersed among single-copy
sequences, there appears to be a considerable amount of interspersion among
repetitive classes. Evidence for the intermixing of repetitive sequence classes
comes both from direct observation of complex networks in S; nuclease-
resistant repetitive sequence networks and by analysis of long tracer DNA
reassociation kinetics (Fig. 8). This type of repetitive sequence clustering is also
found in other plant genomes such as wheat [7] and rye [8], and is quite
different from the long tandem arrays of low complexity highly related
repeated sequences present in typical animal satellites.

The short period interspersed repetitive element typical of most animal
genomes has an average size of from 200 to 600 base pairs [40,43,44]. Our
results using several independent methods indicate that soybean fits into this
general pattern with the interspersed repetitive elements having a number
average of 300—400 base pairs. Similar studies with cotton [6], wheat [7], and
tobacco [9] show a similar sized (200—800 base pairs) repetitive element inter-
spersed among single copy sequences. Although the size range of repetitive
sequences appears broader in plants than in animals [6], there is a remarkable
similarity in the average size of the repetitive element found interspersed
among single-copy sequences in eukaryotes. The fairly universal presence of a
short repetitive element in eukaryotes could be (1) the result of a common
mechanism of sequence rearrangement which generates the interspersion of
unrelated sequences, and/or (2) related to an optimum size required for repeti-
tive sequence functions.

Since most structural genes are apparently encoded by single-copy DNA
[45—47], the average length of a component of the single copy DNA must be
no smaller than the average size of mRNA. In soybean, approximately 65—70%
of the single copy sequences have an average length of 1.11—1.36 kilobases.
The remaining 30—35% have an average length of 9.0 kilobases. The average
length of the poly(A)-containing mRNA of soybean is about 1300 nucleotides
excluding the poly(A) ‘tail’ which averages 100—140 nucleotides [48]. The
close size correspondence of poly(A)-containing mRNA and the average length
of the interspersed single copy DNA sequences is consistent with the notion
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that mRNA may be transcribed from the latter. This concept is supported by
the results of Davidson et al. [20] showing that 80—100% of embryonic mRNA
from sea urchin is transcribed from single copy DNA adjacent to interspersed
repetitive sequences. The number of short period single copy elements per con-
stituent genome ranges from 3.4 -10° to 5.2 - 10° in soybean. However, it
appears unlikely that each of these single-copy elements represents a structural
gene since the complexity of soybean poly(A) RNA is only 6 to 8% of the
genome DNA complexity [49] corresponding to roughly 3.0 - 10* average sized
mRNA molecules.

A short period interspersion pattern of single copy sequences has been
shown to occur in a wide variety of plant and animal genomes separated by
great evolutionary distances. The broad universality of this type of sequence
arrangement suggests that (1) this pattern may represent an ancient adaptation
made by eukaryotes or their progenitors, and (2) genome sequence organiza-
tion may have a high selective value and, hence, a direct functional significance.
The correlation between the interspersed single copy sequence length and the
average size of mRNA, and the finding that most structural genes are contigu-
ous with interspersed repetitive DNA sequences in sea urchin [20] are at least
compatible with the concept that some of this selective value may be related to
the regulation of gene transcription as proposed by Britten and Davidson
[14,40,50].
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