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g Abstract;

DNA reassociation kinetics were examined in three species of

salmon and one~of trout. Reassodiation kinetic studies‘were -

carried out by hydroxyapatite chromatography with short

(O 30 0 45 kb) DNA“fragments from steelhead trout chum coho
and sockeye salmon. At least 60% of the reassociated fragments
] had some portion of ‘their _length in repeated sequences. fwwt,lm,”:l,i,
Computerized analyses of reassoc1ation rates demonstrated that '
these repeated sequences range in reiteration frequency from 30

N

tO 9 x 10" times per ‘genome. A highly nepeated or foldback

-

component comprised about 10% of the DNA. Single copy component

rates were found to be consistent with the estimated genome size

’~45\$P~theseaSpecies:~ e e

The,interspersion,of repetitiVelsequences with,singleicopy -
sequences was examined in chum salmon. Long DhA fragments, 3.2

kb in length, were observed tdrhave an accelerated rate‘of
reaction and reduced hjperchrdmicity at,low-éot values, typical

of a‘ﬁshort period" or "Xenopus" interspersion pattern.

Digestion with a single strand specific'nuclease produced two:

Wcharacteristic fragment lengths of repeated sequences. The first

————————of these was 0.35 kb 1n—1ength with an -average depression in
T, of 139cC, and the second was greater than 2.0 kb in length
with a'nearrnative—meltingrtemperature;

i1



Single copy sequence homology studies with 1'25I_chum DNA
demonstrated that approximately 100% of the reactive chum single
,copy sequences are also. found 1n trout 91% in coho, and 73% in

sockeye salmon. Thermal elutlon of these heterologous

.

»freassociated frégments from hydroxyapatlte exhlblted a 2°C
“depressron“ln T‘*from that measured 1n a homoiogous reaction.

Thls would 1ndlcate that approx1mate1y 1% single copy divergence

¢

per m11110n years had occurred.
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Surprisingly, no in depth ‘study of DNA ‘sequence. organlzatlon or

several spe01es of salmon at twelve 1001 for genetlc

Introduction: : S : . . o . —

rzs

-

Deoxyribonucleic acid (DNA) is the genetic material responsible
for all structures and functions distinctive to a species.

Characteristics so encoded are inherited from generation to . . .

n"*,&generation.° Recently it has'becoﬁe‘possible to perform o k:'“ ;“
;oﬁphgiféve stodiesrof taxa thfoogo the analysis of sequence l ,hﬁ
homology in genomic DNA. Studies pioneering in this field v T
include the Schildkraut et al., 1961, paper on bacterlal ‘;f* ﬁf,ri/

© oA
homologies, McLaren and Walker s 1968 study of rodents, the oo

Davidson et ai., 1975a review of metazoa, and the Goldberg et :1 *_° 
al., 1975, study of marlne,lnvertebrates: - :7‘{fd R -

[P S
. y . e i oo

content has been _ ; . c1es of(salmonlds,w

DNA studies of the salmonids have been.uodertakeqf1n.a vargetxfffgfékhv
of ways) but none have examined sequencefevoLdtiopAin this s ,,r:
manne?g.Simon, 1963 has made a detailed. ahaly&is of chromosoﬁe o

morphology in Paciflc salmon, and Utter et al., 1973, examlned %

c e

heterozyg051ty. Gharrett et al., 1977,¢performed reassoc1at10n't

B

e A}

kinetic studles on several spec1es of fish but did. not examlne'

- o
Ly

the sequence organlzatlon pattern or content 1q these'spgoieoa\' R

- o B < L
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Vladychenskaya_et—al., 1977, éxamined the)sequ ence 1ntersﬂ§rsion
] 7 . s ,
"pattern in another salmonld genus“ Coregonus.l f. . 1“ .
. o 2L - . z ~ Yo I .
k4 - : ; . < N ¢ & 4, ‘e & o "' .
, R . : S e £
T DNA sequence hybr1d1zatlon studies prov1de valuableslnsfght 1mto

S |

Y

>

n ~

. w1th1n th1g¥

»

B };evolution).

c

¥

3

’

3

B

meanlngful 1ntérpretat1on ofvsubsequent reﬁults.:

5: DNA should reflect the hlstory of the»organlsm.

«©

To date,kt
,7" primarlly restr1cted to thelr morphology and behav1oural

have resulted in dlverse 1ntenpretations of the relatlonshlps

groupﬁ(SEe‘ﬁoar‘s;1976 review_ofﬁsalmonid

s In molecular studies of DNA sequence homology, there is a

. s

the evolut1on and phylogeny oflthe salmon1ds, 51nce the genom1c

ﬁemphasis on- the cla551f1cat10n of these organlsms has ‘been,

RN

—=patterns. The vérlous cr1ter1a developed to class1fy salmonlds

)

[

P log1cal progre551on of experlments whlch is necessary for .- .

First.ofJall,

re355001at1on k1netlcs 1s determlned to aScertaln the number,

N

LR

¥ A ’ 1

e

s

o

;'A

.

v

- sequences w1th sangle copy seqyences is examrned

frequency and total amount of repetitive and 31ngle copy DNA

- ‘ Seeondly, the arrangement or intepspens1on Of repetit1ve .

Flnally, w1th

*this 1nformatLpn,'one is able to 1solate the 51ngle copy

»

™

;

o ¥

fractlon and berfoxm s1ngle copy sequence homology stuales‘~

o B - -

between specxes. S et ~7q2 e - .

In 1968 Br1€ten and Kohne demonstratea that 'a s1gn1flcant - R o c

-
@ N R \

proportlon of the eukanyotxc genome contalns sequences wh1ch are/ﬁ . 'f =
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preSent many’more times thah unique or single”copy DNA. When

»

“randomly sheared fragments ‘were denatured and allowed to

; =

reassoc1ate, the reassoclatlon was: shown to;follow approximate
"'second order reactlon k1net1cs, when mon1tored by hydroxyapatlte
chromaﬁography. Hence the’ rate of reassociatlon was Found to be
dependent on the concentratlon of complementary strands in

solutlon (Marmur.et al., 1963 Wetmur and Dav1dson 1968). Since

.rate of reactlon is dependent on sequence concentratlon
N . E

H

repetltlve sequences are observed to react at rates proportlona1
to their re1teratlon frequency Under standard condltlons of
reassoclatlom (see Appendlx 1) it becomes pos31b1e to make -
estlmates of the number and fraction 31ze ot -a series of

frequency components contalned w1th1n the genome (Brltten and

Kohne, 19638; qﬂetmur and Dav1d$on,,1968) Furthermore; the rate

of reassoclatlon of non- repeatlng fragments may be expected to

be 1nverse1y proportlonal to the genome size (Britten and Kohne,

1968) It is, therefore p0351b1e to- estimate genome size based on

_the kinetlcs of reassoqiatlng fragments, as well as the amount

3

of uniquewSequence*present. To this end, my work was designed

to determihe-the reassociation kinetics of representative
.salmonidshrThe amount and repetition frequency of reiterated

o
DNA 'as weIl ‘as amount of single ‘copy DNA, was determipned inm

Gneorhynehuseketa —{ehum--salmon) 9——klsuteh~4cohousaimom41—01fw~W7wf77Q~W

£

nerka (sockeye salmon), and Salmo galrdneri (steelhead trout).



Recent information has demonstrated that short repetitive £

sequences (those present more than once per genome) and longer

single copy sequences (those present only the per genome), are

interspersed tgroughout the entire genome of most eukaryotés
(Davidson etral., 1975b) . If DNA is'randomly sheared with'reépect
to sequence, the resulting fragments may be'coﬁsideréd to be in
one of three categories: L |

a) total single coby sequence content

b) total repeated sequence content

"c) repeat sequences adjacent to 'single copy:sequencés.

In longer fragment 1engths,:one would expect a greater
proportion in.categdry c), namely, répeatvsequencés adjacent to
single copy sequences. Early in reassociafion reactions thesg
longer fragments may therefore bé'yjewed as having some portion
of their length as dupléx{sfrdcture (the reassociated repetitive
sequences), and, some portion of theifjléngth as single strand

regions or "tails" (the less repeated unreassociated sequénces).

- l

Analyses of this sort, have shown two characteristic
interspersion patterﬁs of repétitivé and single copy sequences
in eUkaryotes. The first pattern known ras the short period or

“Xenogus“'pattern;*mabee*gharaéterized~byfhaviﬁg~a'large~ff' LTS e

_fraction of the repetitive DNA in segments 0.3 kb long o .

interspersed with single copy sequences approximately 1.0-2.5 kb
long. In this pattern a substantial fraction of the DNA is ﬁﬁZ:} -

found in long repetitive segments of greater than 3.5 kb in

r

-



length (Davidson et al., 1973; Goldbefg et al., 1975)
Generally this pattern is associatea with organisms hav1ng a

- large genome size, but has alsotbeen observed in the slime mold,

*Dictyostelium; which has a génome size of 0.1 pg (Firtel and

Kindle, 1975).

4 second péttern observed in such organisms as Drosophila

melanogaster and Apis mellifera may be referred to as the long

period or'"Drosophila" interspersion pattern. This pattern is

trequently observed in brganisms with smaller genome sizes
(Manning et al., 1975; Crain et al., 1976; Wells et'al., 1976).
An exceptioﬁ to this may occur in chicken DNA'which has a 1.0 pg
genome size (Arthur -and Straus, 1978). This pattgrn is
characterizediby the presence-of long repetitive sequéncesn

( 5.6 kb) interspersed with even longer Qnique DNA sequences

'( 13.0 kb in (}ngth). It is not yet known what tﬁe significance
of this interspersion of repetitive and sihgle copy DNA might
be, but the predominance of such patterns suggests a possible
regulative role (Britten‘énd Davidson, 1969; Davidson et al;,
1975). The second major qbqect of this research is thus to
.determine the sequence inteﬁspersion pattern‘in a represéntative
’ Salmén;”’Chum;SéImbﬁ'QQE;KQEEI"WQS'EH6§én7ésmthéwb?"ﬁéwéﬁé"' L

‘Two independent techniques have been employed in this paper to
determine the amount and interspersion pattern of such

repetitive and single copy sequences present in renatured



fragmenfs. The first involves hyperchromicity measuremehta_of
randomly sheared reassociated fragments. Since hyperchromic;ty
is very nearly-proportionai to the‘fraction of nucleotides
paired, thermal stability atudles can provide 1nformatlon

about the amount of reassociation which has occurred (Graham

et al., 1974). The second hechnique”employs'an enzyme which
selectively digesta away the single strand'regions‘of a
reassociated fragment. Single strand SpeCific nucleases

such as S1,.therefore provide'information about the actual
fraction of fragment which is in QUplex (Ando, 1966; Vogt,
1973). These phenomena, together, enable one to ascertain both

-

the amount and length of repetitive and single copy DNA.

Once careful analysis of sequence representation and
organization ia complete, ih becomes possible to study molecuiar
hybridization of various sequences, between species. In this
study, single copy sequences of chum salmon were hybridized with
trout, coho, aéd sockeye DNA. To accomplish this, chum salmon
was thermally denatured and allowed to react to a Cot value at
which only repetitive sequences had reassociated. Sihgle copy

sequences were then eluted from hydroxyapatite and radioactively

labelled with 1251 using a modified Commerford technique fsee

ks

below) ThlS probe was allowed to reassociate w1th a large

scale excess of DNA from the other species. Reassociatlon of
fragments with members from another species was monitored by

hydrokyapatite chromatography. In this way I was able to

¢ b e



compare the_extent of Single copy sequence conservation among
four salmonid spécies. Previous studies of this natufe h;vf been
performed on sea urchins (Angerer et al., 1976; Harpold and |
Craig, 1977; Harpold and Efaig,'1978), plants (Stein and
Thompson,'1977),Wﬁrimates (rev. in Kohne, 1970), rodents (Rice,
1974), and birds (Eden et al., 1978). | o

.The purpose of this study was therefore to examine DNA
reassociation kinetiqs and the sequence interspersion pattern in
a representative species, the chum salmon. These fihdings»
provided information about the number, fréquency and overall
amount of repetitive sequences present in the chum genome.
Réassociation kinetics could then be compared with those of
steelhead trout, coh§ and sockeye salmon. lKnowledge of the.
fraction and arrangement of chum single copy sequences allowed
the preparation of a radioactively labelled probe which could

then be used in determining single copy sequence homologies with

trout, coho, and sockeye DNA.




Materials and Methods:

DNA isolation;
The DNA used ‘in this study was extrabted_from the testes of

Oncorhynchus keta (chum salmon), 0. kisutch (coho salmon), O.

nerka (sockeye salmon), Salmo gairdneri (steelhead trout), and

Hexagrammos decagrammus (kelp greenling). Salmonid testes were

obtained from and identified by QueenAChgigotte Fisheries Ltd.
and kelp greenling testes were the gift 6f Dr. B. Hartwick of
the Bamfield Marine Station, Vancouver .Island. All tissue was

refrigeratéd for 24 hou;s'post-dissection and stored at —7Q°C.
Reagent grade chemicals were used in this study and all

solutions were routinely filtered with 451 Millipore Filters.

Frozen ripe testes were homogenized in a Waring blender in 5.0 X
10=2 M Tris(hydroxymethyl)aminomethane (Tris), 2.5 x 10=2 M

KCl, 1.0 x 1073'M MgCl,, pH 7.4, for approximately 1 minute.

The homogenafe was passed through a.doublé layer of gauze, and

centrifuged at 4 x 103 G for 10 minutes at 4°C. The pellet

was resuspended in one half volume of this buffer and again

centri?uged at 4 x 103 G for 10 minutes (P. Candido, pers.
comm.). The final pellet consisted of sperm heads and
spermatocyte nuclei as determined by phase microscopy. The DNA

. was extracted by a modified Marmur method which has been
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described (Britten et al., 1974). The péllet was suspended in
0.1 M NaCl, 0.05 M Tris,. 0.025 M ethylenediamine tetraacetic
acid (EDTA), pH 8.0. Pronase B (Cal Biochem) was added to 250

ug ml=1 and sodium dodecyl sulfate (SDS) to 1% (w/v). The

suspension became clear and viscous. After Pronase treatment at

379C for 27hours, sodium perchlorate was added to 1.0 M,‘and

the solution was extracted by shaking for 20 minutes with a
mixture of oneﬁpartwfresblyﬁdistilled,”bdffer;equilibnateQ, B
phenol and four parts chloroform which was 4% (v/v) isoamyl
alcohol. The extraction mixture was centrifuged at 4 X'103 G

for 10 minutes and the aqueous phase was twice resgbmitted to
extraction with an'eqdal vélume-of chloroformgisoamyl alcohol
(24:1, v/v). The resulting mixture was overlayed with 2 volumes
of 95% ethanol and the DNA precipitate was spooled from the ~— ~ — —
interface on glass rods. This procedUre was repeated at least
twice. The DNA<was dissolved in 0.01 M EDTA at pH 7.0, and
dialyzed into 0.12 M phosphate buffer (equimolar sodium mono-

and dibasic phosphate, pHr6.8). This procedure typically yields

greater than 2 mg of DNA per gram of gravid gonad tissue.

DNA characterization;

"Ultraviolet absorption spectra of DNA preparations were measured

from 220 to 320 nm, using a Gilford Model 250 UV

Spectrophotometer. Only DNA'with*260/230 ratios of > 2.0 and



260/280 ratios\cf > 1.8 (see Figure 1) wa§§used for

experimentation.

¥

- DNA which met this criteria,was thermally denatured in a Gilford

Spectrophotometer with an Analog Multiplexor; Thermalprogrammer,

~and Thermal Cuvette,,The résulting optlcal measurements were .

corrected for thermal expan51on of water prior to calculatlon of

hyperchromicity (Mande}kand Marmur, 1968). Hyperchromlclty was

“calculated as defined by Britten et al., 1974, where:

H = A560(100°C)=A5gq(55°C) ~ (equation 1)
A,60(100°C) |

where H stands for hyperchromlclty and A260’ the absorbance at

260 nm.

The T, or temperature (°C) at one half the maximum
hyperchromiclty was also determ1ned (Figure 2) in 0.12 M
phosphate buffer (0.18 M sodlum concentration). The
guanine+cytosine (GC) content may be quantified from the T,

measurement by the relationship:

GC = 2.44(T, - 81, 5 - 16. 6L4§5£V (equation 2)

‘whe{e GC is the guanine+cyt031ne content expressed as a mole -

;percentage, T, is the temperature at half maximum
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hyperchromicity and M, the solvent cafion concentration.

(Mandel and Marmur, 1968).
"DNA shearing and:fragment length determination;

5&A was'sheared to one of two fragment lengths, 0.3 kb or 3.2

kb, in a Virtis Hi-Speed hOmogenizer as described (Britten, et
al., 1974). The shorter fragment lengths were attained byn
“shearing the DNA in 67%f(v/v) gycerol, 33%(v/v) 0.06 M sodium..
acetate (NaAc) pH 7.2, for 30 minutes'a£,5 x 10% rpm in a_
dry-ice ethanol bagii Longer fragment lengths were ﬁroduced by
shearing gn a O.O3XM NaAc (pH 7.2) solution for 20 minutes at
104 rpm in an ice water bath. The DNA was passed over a
Chelex‘i (Bio-Rad, sodium form) column and the eluant was
ihéfeaséd'ih’salt concentration to 0.3 M. DNA was precipitated
by the addition of two volumes of 951\ethanol and storage at
-20°C for a minimum of 3 hours. The precipitatg was
centrifuged at 104 g, air dried, and taken up in the
appropriate buffer. |

The single strand length of thg sheared DNA was deterained bya

denaturing alkaline sucrose sedimentation (Noll, 1967). The

sheared DNA was denatured for 3 minutes in 0.1 N NaOH at 60°C i

- with DNA standards of knofn fragment length, and sedimented
through exponential alkaline (0.1 N NaOH) sucrose gradients.
These gradients were prepared using 14.2 ml Beckman polyallomer'

g
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tubes and a 9.6 ml mix volume of 7.5% (w/v) alkaiine‘sucrose.—
This was miied with a 3é.6% (w/v) alkaline sucrose solution to
produce gradienté-of 7.5% (w/v) to 25% (w/v) alkaline}sucrose.
The gradients were centrifuged at 5 x 105 G for approximately
24 hours at 209C in a Becﬁ%an L2-65B ultracentrifuge. The
position of the DNA fragments inithe gradients was detergined
using an ISCO UA-S absorbance monitor with a UV Type 6 optical’
unit attachment. VThe gradients were chased through this flow
cell with a 60% sucrose sclution and collected in 0.4 ml
fractions. 1In the case of 125iodine labelled DNA (sge Selow),'

: : -y
actions were analyzed for gamma radiation with a Nuclear

ago gamma counter, Estimates of the molecular weight were
ulated by comparison'of the sedimentation values and
mol cular weight‘of the internal standards according to the

. Studier (1965) relationship:

, (Su ): (Mu ) | : (equation‘3)
Sstd Msta/ | |

where S..4 and Su‘représent th? S20,w coefficients of

standard and unknown DNA, and M, the molecular weight of these

fragments.




~ concentration was determined by the method of Britten et al.,

DNA reassociation;

The sheared DNA was dialyzed into either .12 M or 0.41 M
phosphate buffer,rthermally denatured at 100°C for 3 minutes,
and reassociated at 6b°C or 67°C respectively. The |
reassociation rate acceléfatigh factor for the higher salt

1974, and all data are expressed in terms of equivalent Cot

(product of moles per liter times seconds; ng)f_ﬁ;gpmmarywpfim,

criteria for the reassociation of DNA may be found in Appendix

. Y
1. For convenience, 120-150 ug of DNA were used for each sample. -
At selected éot values, the rgasSociation was terminated by

quenchihg the reaction vials in a dry ice:acetone bath. The

“fr&gtion Qf the DNA fragments which had reassoéiated at each Cot

was determined”by”h§drox¥apatiteALBio-Rad,ﬂDNA grade Bio-gel - -
HT%)‘chromatdgraphy in'0.12 M phosphate buffer, 0.06% sodium
dodecyl sulphate (SDS), at 60°C. Reassociated DNA fragments

were diluted in 3 ml of O.T2IM phosphate buffer'and’loaded*on

the columns. This volume was routinely used because it dilbfed

the DNA fragments to a‘coﬁcentration eaSily”read in tﬁe
spectrophotométer and was also convenient for the elution ef

fractions. Hydroxyapatite will bind DNA fragments which contain“

“ébhéwpdftiﬁﬁ;éf*tﬁégi“Iéﬁéfﬁw§§”dﬁﬁIEfm6FHHEGBIE7§fféﬁaAﬁﬁﬁfmgwf'”

NG

columns with 0.5 M phosphate buffer or by elevation of the

column temperature,to,§9°c. The amount of DNA inwtheééfAi/

Bﬂub%e*strand“fragmenfs“ﬂeréheiu%ed*fromwthe"hyﬁroxyapatttewff“***W—mw*
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fractions was measured in the Gilford Spectrophotometer at 260
nm. fCorrection for light scattering caused by hydroxyapatité in
- solution was made by subtracting the net absorbance at 320 nm

from the 260 nm value.

‘Analysis of reassociation kinetics;

When the degree of reassociation is plotted versus log =~ *© =

equivalent Cot, ranges of sequence frequency can be‘observed in

eukaryotic orgénisms. The reassociation of randomly sheared DNA

fragments’may therefore be analilyzed as the sum of a number of .
apparent second order reactions (Britten and Kohne, 1968):
L/C, =~fT(J+K1CQt)71V+ f2€1+K290t)']~—7»777 e ?owgrfww
' L.+ f‘n(.1+KnCot)‘1 , (equation 4)-
- Where C represents the concentration of double strand DNA and .
C, the initial concentration of single strand DNA, K the SR 'E T
comﬁonent rate constant, and f, ﬁhé component fraction sizeg . nfw\ ,f
"TﬁébﬁhmbéFj”éiié"ééwa”fﬁééfiaﬁWE?ﬁihé”E5€§I"ﬁﬁifhéﬁdwEéEBE&*fﬁ e
— 7 order reassociation rate of these frequéncy components was ‘yunL R
- T e ALY
determined using a computerized least squares fitting pgoqeﬁxre;ri'f o
. - ) = ) v o'; m{“ i LN <
- which has been described inrdetailr(PearaQn et al;,l1977),QTn<vjf ¢ -

computer programme for this procedure allows the operator thea;f?7k s e
o5 L.t =

° « Z T : . ‘
. - - & L -
: | . .
: . N % - . - . » . . 2
] - by <

s



'choiée 5f number,and.size ofrfreqﬁehcy componénts and permits
these parameters to be varied or fixed in value. Data from the

‘ hydroxyapatité chromatographicbseparation of reassociated
fragments could therefore be analyzed by allowing the fitting
programme to float freely (hereafter referred to as a "free
fit"), or-by-holding selected parameters constant. For example,
the single copy rate‘constant in a three component fit could be
fixed in value and its effect on the component fraction size,
determined. The resulting solutions were compared on the basis
'of their root mean square (RMS) deviation, Component tits which
did not differ more than 10% in their RMS were taken to be
equally valid (Pearson et al., 1977, see also Appendix 2). For

bomputerized‘fits of reassociation data, see Figures 3 through

6.
Interspersion patterfh measurements;

Reassociated fragments were thermally denatured to determine/
their total hyperchromicity. Since nyperchromicity is directly
related to the number of bases which are in duplex (Graham et

al., 1974), these measurements allow one to compare the degree of

reassociation in fragments of different lengths. Chum DNA -

fragments 0.3 kb in length were reacted to Cot 1, 10, and 100,

’

and passed over hydroxyapatite to isolate duplex containing
fractions. Double strand DNA was eluted from the columns with

\/’

0.5 M phosphate buffer and dialyzed into 0.12 M phosphate buffer



overnight. These fractions were thermally,denatured in the
Gilford spectrophotometer. This procedure could not be used for
3.2 kKb fragments. Instead, long fragments were allowed to react

to Cot 1, 10, and 100, and divided into‘tw§7fractions. The

&

to determine the -

1
5

first; waé fun over a hydroxyapatite colum
amount in duplex, thle theAremaining fraction was thermally
denétured'direétly }n the speétrophotometer. The correction 6f7
Goldberg'ét al., 1975, allowed me to make a rough éstimate of
the ove;all>hyperchromicity of these fractions, by taking into
Vconsideration the fraction of fragments containing double stfand
material. Values fbr ﬁhe calculated hyperchromicities of

fragments reacted to Cot .1, 10, and 100 are listed in Table 2.

To determine the length of DNA duplex in a longer fragment

length. The reassoeciation product was treated with the single
. Qs
strand specific ﬁuclease, 31, from Aspergillus oryzae. This

enzyme, under the broper reaction conditiohs, selectivély
digests single strand DNA (Ando, 1966; Vogt, 1973). The S1
nuclease preparation used in this work was the kind gi%t of Dr.
R. J. Britten and has been extenSiveiy characterized (Britten

et al., 1976).

‘The enzyme activity was found to be the same as that reported by.

Britten et al., 1976 (M.J. Smith, pers. comm.). An enzyme to
substrate ratio of 4000 .l of enzyme preparation per mg of DNA

substrate per min of digestion at 37°C (4000 wlL min mg'q)

£
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was used. Chum DNA, 3.2 kb in length, was denatured and reacted

to Cot values of 1, 10, and 100, in 0.3 M NaCl, .01 M

‘Piperaziné~N-N'-bis[2-ethane] Sulfonic Acid (Pipes) buffer

(Sigma—Co;) pH 6.8;4 The reaction rate and temperature were

adjusted for this salt value (Britten et al., 1974). At the

selected Cot values the reassociation reactions were stoppéd by

freezihg in a'dry ice:acetone bath. This was made to pH 4.3

and 1 x 10~3 M ZnS0y with an equal volumévpf acetic acid and
ZnSO,. Mercaptoethanol was added to 5.0 x 10f3 M and the
appropriate amount of enzyme preparation was added per mg of
DNA. This mixture was incubated at 37°C for 45‘minuteé at.
which point the enzyme digestion was tgrminated by the addition
of 1.0 M phosphate buffer to 0.1 M., Simultaneously the reaction

mixture was chilled in an ice water bath. The enzyme digestion

'prodUcts were dialyzed into 0.12 M phosphate buffer énd”paSSed'

oﬁer a"hydroxyapatite column at 60°C and the fraction of DNA

in duplex was noted. The DNA was eluted from the hydroxyapatite
in the duplex form with 0.5 M'phosphate buffer. The thermal
denaturation temperatures and hyperchromicity of this nuclease
resistant DNAbwere measured. In all cases, enzymic digestion of
single strand material was complete as judged byrthe near native, 

hyperchromicity of enzyme resistant DNA products.

Aliquots of the nuclease resistant DNA were passed over a
Sepharose CL-2B (Sigma) column to determine the length ofADNA

duplex, as illustrated in Figure 8. Sepharose CL-2B



fractionates'DNA in the siZe;range'é.O to 0.2 kb. A linear

rélationship exists for the partition coefficient (Kgy) ;}’ﬁhe
DNA fragments between gel and eluant phases, and the log of the
DNA fragment size in kb (M.J;,Smith, pers. comm.);:'Each
Sephardse;cdlumn used in this study was @alibrafed with DNA
vstandards wﬁoée fragment length was determﬁned by alkaline
sgcrose'sedimentatiah. The e1utionrposition of calf thymus, sea
urchih, séérfish, and salmon DNA of similar fragment length haQe
been found to be‘reproducible within £.05 K, units. The |
exciusion volume was noted for native DNA fragments 3.0 kb or
greater in-léngth and the column volumg was marked with ATP or

tritiated water. -
Tracer preparation;

Single copy or unique sequence DNA was isolated by reacting chum
DNA, 0.46 kb in length, to Cot 3000, and péssing the reaction
mixture over'a"hydréxyapatite column at 60°C. DNA fragments

which had nop reassociated were collected from this column by

elution with 0.12 M phosphate buffer. This material was dialyzed

into 0.3 M Na acetate, pH 6.8 at 4°C. The DNA was precipitated

at -209C7by the addition of two volumes of ethanol. This was

followed by centrifugation at 1.6 x 10% G for 30 minutes, and __

water to give a final concentration of 1.0 mg/ml, and denatured
by heating at 100°C for one minute. The DNA was iodinated

using a modified Commerford technique (C?mmerford et al., 1971)
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by Dr. S. Hayashi. Ten microgramS»of denatured DNA were
iodinated for 30 minutes at‘70°C in 0.14 M Na acetate, pH 4.8,
0.018 M ThClj, 0.022 M NaI, and 0.5 mCi 25T (Amersham

Corp., carrier-free, 531 mCi m1'1).A The iodination reaction

was terminated by the addition of sodium phosphate buffer, pH
7.0, to a concentratlon of 0.03 M and freshly prepared

Na2SO3 to 2.0 x 1073 M. The mixture was passed over a 0. 3

ml hydroxyapatite column, and free 1251 was eluted from the
mixture with 0.03 M phosphate-buffer./DNA which had retained the
1251 was elutedrfrom the column with 0.5 M phoSphate buffer.
Approximately 82% of the recovered 12571 waS'incofporated'into
the DNA; which had a specific activity of 1.26 «x 107 cbm |

-1

Mg when assayed in a Nuclear Chicago gamma counter, at 50%

counting efficiency.
Hybridization measurements;

Unlabelléd native chum, trout, coho, and sockeye DNA, were
individually added to the '25I Chum DNA in a greater than
10%-fo1d single copy sequence excess. Fbr example,'in'the case

of chum salmon, in which the unique sequence componént equals

30% of the 0.3 kb fragments, 30 ug of drlver DNA were used for f

every ng of tracer. The iodinated or tracer DNA, had a mean

s - Tengthof 0,28 kb, as -determined by alkaline sucrose gradients. — e
Driver DNA consisteda of chum, prout, coho, sockeye, and kelp

greenling DNA with average fragment lengths of 0.50, 0.46, 0.46,

O.MS,'and 0.50 kb, respectively. The hybridization mixtures were
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denatured and allowed to reassociate in 1 M NaCl, 0.01 M
pho;phate buffer, and 1 x 10=% M EDTA, at 70°C (Angerer et
al., 1976). This buffef causes a 25~fold reaction rate
increase, allowing the reaction mixture to attain thé-required
long'Cot vélues. In a separate experiment, chum tracer-DNA was
reactedrin the absence of any driver DNA to determine the amount
ofisélf_readtion undér these experimental conditiohs.kahe B
fraction of 1251 DNA in duplex was measured by hydroxyapitite
chromatography and radioactive counting in a Nuclear Chicago
gamma counter. These data were analyzed with the least squares
fitting programme of Pearson et él., 1977, and are shown in

Figure 9.

Thermal denaturation profiles were prepared to determine the
degree of-strand duplex formation, at completion of these
reactions. This was accbmplished by raising the temperature 6f‘,
the hydroxyépatiﬁe columns in 5°¢ inérements and eluting the

DNA with 0.12 M phosphate buffer (Figures 10, 11, and 12). The
labelled DNA was prepared and experiments‘completed in é 30 déy
period. There was no significant deterioratipn of the iodinated
product in this period. This was verified by the 1251

homologous Cot points reacted to Cot values greéter than

100,000, which were repeated at the conclusion of the

experimental ~peri bTrf"'a’n’d"ﬁbh@f'ETle’iﬂ?"SU'c rose sedimentationof - —— —

both tracer and driver DNA.



components does not change considerably (Table 1)
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Results:

Reassociation kinetics of salmonid DNA;

Computerized least squares analysis provides a number of equally

valid solutions for the size and repetition frequency of

;sequénce components’within:the salmonid. genome. In Figure 3,

the reassociation kinetics of chum salmon DNA at a fragnent
lTength of 0.3 kb is plotted. The fraction of the éenome which is
found in each frequency component'ang the reassociation ratés  |
are listed in Table 1. In a‘three éomponen? analysis, in whiéh

no constraints are placed on the fitting procedure, 65% of the

0.3 kb fragments react at a repetitive rate. In this solution, é,

middle repetitive fragtiqh accounts for approximately 20% of the
DNA and is feiterated on the order of 3 x 103 times. A slow
repetitive component accounts for 40% and is reiterated on the
order of 30 times? The remaining 10% reacts .at a very fast rate
which cannot be measured accurately with our existing data. The
single coby or unique componént comprises about 30% ofrthé DNA
and has a rate constant of 3.4 x 10'4,M'1s‘1, When the |

8ingle copy component rate is fixed at a value consistent with a

3;2,pg genomemsizej~the—ratemand~fraetienmsizemof'thesewmm"ww’ *”'”””'




MThesewcalc&iated*rateSWare*consistent”wftb‘cbhb*s*geﬁdme“ﬁiié”6?
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Reassociation curves plotted according to the same least squares

titting procedure are represented for trout DNA (Figure 4), coho

-DNA‘(Eigure 5), and sockeye DNA (Figure 6). At a fragment

length of 6.45 kb, steelhead trout DNA has approximately 55% .of
its fragments as repetitive DNA. Agein, these repetitive
components cen be analyzed as two groups; the middle repeat
component which accounts for 30% of the DNA and ie reiterated on
the order of 3 x 103 times, and the slow repetitive component
which makes up 20%; and is observed'to'have a repetttion
frequency of about 100. The feldback or highly repeated
component is foﬁnd to comprise about 5% of the total DNA. The
single copy compenent rate is{énalyzed to be 1.1 x 10‘}

M=1s=1 which is consistent with the smaller genome siie ot

2.5 pg (Louie and Dixon, 1972).

Analogous results’are obtained for coho and sockeye reassociated
fragments. Coho,DNA sheared to a fragment length of 0.45 kb,
demonstrates 60% of its DNA to be repetitive, with a\middle
component repeated on the ordeﬁ'of 9>x 104 times, and a slower
component repeated about 800 times (see Figure 5 and Table 1).
The foldback'fraction aeCOUntS fof about 10% of the totalfDNA.

The single copy component gomprised 40% of the DNA and its

‘reassociation rate is measured to be 4.7 x 10-% M=1s=1,

3.0 pg (Hinegardner and Rosen, 1972). Sockeye DNA, 0.46 kb .in
length, is found to be very similar with 60% of its DNA

repetitive, and two repeated components; the middle component

22
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- (1968) correction for fragment 1 e"ﬁ’gfh "differences, one may -~ .
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which accounts for 15% of the DNA and is répéated approximately
2 X f@4 times and the slow’cpmppnent, which is repeated 400
times and accounts for 38%. Again, the foldback fraction makeé
up about 10% df the total émdunt df DNA. The singlé qopy raﬁe
constant is measured to be:5.1 x 1073 M=1s=1 and the

component accounts for 36% of the DNA (see Figure 6 and Table
v ’ '

=

ChumrDNA was fufther anaiyzéd b} rEaéﬁociatibn kineties to
determine if repetitive and»single éopy sequences aré
interspersed. To'accomplish th{s, loﬁger.DNA fraéments were’
allowed to reanneal under the'same‘experihental‘c§nditions.
Reassoéiated chum DNA fragments sheared to a 3.2 kb length were
assayed ana plotted with the'three componéntnleastvsquares?“
titting procedure. If short repeat sequéncés are,in}enspersed”,,
with longer single’copy sequences, one would expect a"
disproportionaté increase in reassociation rate asfcomparedrto

.

that measured for exclusively short. fragment rééssociatfqﬁ;
Free fit analysis of the reassociation of .such ffagment lengths
demonstrates a single copy component rate of 4,35 x 10‘% .

M=1s=1 (Figure 3, Table 1). Using the Wetmur énd Davidson

calculate the-expected single copy rate—to be: -

3.2 x 3.4 x 10°% = 1.1 x 10°3 u-1s-1

0. 3 “ ' ' ' S
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When-the single copy rate'is'held coﬁstant at this rate, the RMS
increases from 0.02Y% to 0.028. In fable 1, it is shown that only
5% of the total DNA reacts(at such a rate. In fact, by Cot
0.004, more than 20% of the long DNA fragments are bound by
hydroxyapatite. Thesé accelerated values are‘cbns{stent with

'the.interspehsion of repetitive and single copy seduences.
Hyperchromicity and thermal denaturation measurements;

As outlined in the Introduction, relative hyperehromicity'Can be

»
—

used ae an assay4of the fraction of fragment lehgth in duplex.
Chum DNA 0.3 or 3. 2 kb in length, was reacted to Cot 1, 10, and -
100.’ 0. 3 kb fragments at these Cot values were eluted over
hydroxyapatite columns to 1solete duplex”cqntalnlng fractlons.
These were thermally-denatured and their hyperchromicity,
measured. 3.2 kb fragments could not be separated into'dublex
contaihiqg fractions by elution with 0.5 M phosphate buffer on
h&droxyapatife. it_was therefore neCessary to the{mally
denature the entire reassociatioh fraction and correct for -any
unreannealled fragments:whieh may be preSent (Goldberg et al.,’
1975). Figure 7‘illestfetes the hyperchromicity of 0.3 kb

,,frégdgpte,andiestimated,bypendhnomicityﬂof 3*2kawfragments

™~

reacted to Cot 10 ‘and 100._ " Both the 0.3 and 3.2 kb reassociated

products had hyperchrpmlclty measurements less than that-of
native DNA. In addition, it should be noted that 3.2 kb

fragments demonstrated hyperchromicities significantlyrless than
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0.3 kb fragments at the same Cot valuei For example, Table 2
lists hyperchromicities of 23.0% and 11.9% for 0.3 and 3.2 kb

fragments, respectively, reacted to a Cot value of" 10.

The denaturation temperature, or Tm, df native chum DNA in
0.12 M phosphate buffer is. 87f§°C. ThlS corresponds to-a 4%
guanine+cytosine (GC) content (see Equatlon 2). At avfragment
length of 0.3 kb the T, was 85°C, or 2.59C less than the |
Tm of longer fragment lengths. Duplex bearlng 0. 3 kb\fragments
aﬁ Cots of 10 and 100 have T, 's of 75. 50 and 77°C '
respectively. The melting temperatures for loﬁg DNA fragments.
‘reacted to'Cot‘values of 1, 10, aed 100, are also'depressed to
values of 760, 770, and 78.5°C, respectively. Table 2 gives a

complete 1list of these melting temperatures.

31 nu¢lease-digestion of repetitive fractions;

The Sepharose 2B elution profiles of enzyme resistant DNA duplex
at Cots 1, 10, and 100 are illustrated in Figure 8. 1In each
case there are clearly two size classes of qniyme resistant

duplexv(Table '3). At Cot 1, 12% of the 3.2 kb duplex bearing.

fragments are re31stant to S1 nuclease. That is, an average 88%

of the initial fragment length at this Cot value is free single

strand DNA. With an increase in Cot value the. fﬁactlon of
A )
fragment length in duplex inereases to 21% at Cot 10 and to uuz

REPS



at Cot 100 Furthermore, at Cot 10, approximately 45% of the
ég;yme resistant duplex is found in fragments with ?n average

length of 0.35 kb (Table 3, Figure:8). Although this mater1a1

has a near natlve hyperchromicity of 30% (as opposed to 32.2%),

~showing completion of the enzymic digestion, the melﬁ:ng /

temperature is significantly decreased from 87 50¢ to‘%%féoc
(Table 3) Slmllarly, at Cot 100 about 46% of the enzyme

resistant DNA is approximately 0.35 kb in length with a

,fsubsequent depre551on in T, from 87. 59C to. 72.0°C (Table

3) b The.denaturatlon temperatures of Sepharose .excluded, or
long repetitive sequences, which result from nuclease digestion
are identical to that of native DNA, in this case, 87.590,

(Table 3).

Hybridization of single copy sequences;

Single copy chum DNA was prepared by reassociating 0.50 kb
fragments to a Cot value of 3000. DNA which had not
reassociated with complementary strands, was eluted from

hydroxyapatite and radioactively labelled with 12571,

~ Alkaline sucrose gradlents ‘demonstrate the final iength of the

~tracer DNA to be 0.28 kb. When reassociated with a 10%-fold
excess of homologous chum DNA, the total hybridization is

observed to be 79%1.2% standard deviation (SD). Analysis,
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using a least squares fitting procedure, demonstrates the

* N ¥

presénce of a single component with a rate’ constant ofA2.6 X

10=~% M=1s=1 at an RMS value of T.7 x 10-2. T0'caléb1a£e

the expected rate of hybridization of

short trader with a longer

driver DNA, one must take into account the longer‘frégéent

length of the driver DNA (Chamberlainr

the relationship:

P

)

et al., 1978) according to
5 .

' Kr ='KS'(LT/LD)1/2 (equation 5) . -

whefe KT

of fragment length, LD

-

rate of tracer feaction when driven by excess DNA

KS = rate of tracer reaction when driven with DNA of -

an equal fragment length,

Ly = tracer length

ALD = driver length

.00034 (280/500)1/2

therefdre,vKT

2.5 x 1074 m-1s5-1

i.e., LT

When the same tracer was driven with a 10”—fold‘sequence

excess of DNA from other spe01es (a heterologous reactlon) the

termlnatlon of reaction is found to differ. 80%1, O% SD of the

iodinated 51ngle copy DNA from chum is observed to react to

completion with trout driver, 73%1.5% SD with coho driver, and

57+1.6% SD with sockeye drivék,'DNA.

These data are represented

.
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in Figure 9, and also Table 4. IThe'compodeht;ratés_a;é observed
to be; 2.6 x 10°%, 3.6 xs1o-4 and 2.3 x 1"0'4?”’-‘1‘-1' for A
trout, coho and sockeye driven reactlons respectlvely To asses’s

the self reaction of the tracer DNA 'aliquots were 1ncubated to_ »*

x

max;mum Cot values of 10.° ThlS wouId correspond to a Cot value " el

#

of 105 in a dr1ven reactlon where a 51m11ar amount of tracer . . -

- - - e

DNA was present The degree of self reassociation 1s ‘not R : &:‘

‘o

observed to change aJd remains at approx1mate1y 6% “The amount

»

of tracer DNA which is observed. tokreact with kelp,greenllng DNAi ~3ﬂ
is no greater than that measured in the self feaction-(6%)h~The"

fraction of reactive chum‘single copy DNA sequencesiwhich is

31e) gous with trout, coho, and sockeye DNA, is-100%, 93%, and
73%, respectively. o |

hybridization reactiom\\;ea55001ated fragments were eluted over v

hydroxyapatlte by increasSing the temperature of the column qn . ' A

-~

50C increments. The thermal denaturation profiles for
heterologous DNA reacted to completioh arerrepresented’in 7
Figures 10;'11, and 12. Jodinated single cop} DNA reacted‘with
troutA'coho and sockeye DNA is observed to have aA2°C

depresslon in meltlng temperature from the Tm of the

homologous 1251 chum reactlon. All temperatures are

~ considerably lower (by as much as 9°C) than those measured for

&

native double stranded DNA.
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Discussion:

Reassociation Kinetics;

ﬁin 1968, Britten and Kohne introduced a procedure known as the
"Cot method" for Studying renaturation kinetics of tHefhéiiyﬁ """

denatured DNA. Randomly sheared DNA was allowed to reassociate

at constant temperfture in standardr§alt solutions. The rate

limiting step in renaturation was found to be the bimolecular

reaction of complementary singlee stranded sequences of DNA

(Wetmur and Davidson, 1968). This base pairing of complementary

regions could therefore be described by second-order reaction

f\wginetics and is given by the equation;

C = 1

Co 1.+ KCot (equation 6)

where C is the concentration of single strand nuclegf;des at -
time, t, C, is the concentration at initiation of reaction,

and K, €he second order rate constant for the reaction.

Graphic representation of Cot versus percent reassociation

**WMW““*”*iiiustratés‘tﬁatlaﬁﬁngé”UT*SEqUémm?TTEqUEHUﬁﬂrbtcur in
~eukaryotic DNA (Britten and Kohne, 1968). Since rate of

reassociation is dependent on sequence cdncentration, repetitive
. 2 i -
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séquences of é species, are observed to react-at rates
proportional to their reiteration frequedcy. Similarly, single
‘copy sequences react at rates propqrtional to the total genome
size (Britten and Kohne, 1968). The "Cot" curves so produced,
are a composite of fhese repetitive and single cobyfsequenCe
components. Statistically the entire curve Fén be analyzed as a
seriés of'components; the number and frequency of repetition
being dependent on fhe criteria used (see Appendix 1).
Generally, Cot curves are analyzed for the smallest number of
frequency components which are consistent with the distribution
of data (Pearson et al., 1977) at defined.of standard criteria

(see Appendix 1).

_ As in all observed eukaryotic DNA, chum .reassociation curves are
| fouhd to éonsist 6f these sefies of second order frequénéy | )
¢ compbnents. The slowest compohent, i.e. the one in which each
sequence is found to appear approximatelyﬁonce per haploid
“’genome, is referred -to as the single copy or unique sequéncé

component. Those fractions which are observed to reassociate g’

faster than the single copy sequence combonent are referre

7

as repetitive components and are found to be preéént more than

~once per haploid genome. Their repeat or reiteration frequency

is expressed as the ratio of their second order rate constahtrtor\

that of the single copy rate constant.
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K (repetitive) (equation 7).

K (single copy)

where K ie~the inverse of Cot at one half the max imum value
(Wetmur and Davidson, 1968).

It should be emphasized that thenleast squares fitting procedure
as outlined above, 1sza statistical estimate for a minimum
number of fnequency components. These statistical frequency
components<on1y demonstrate average reiteration frequencies of‘a
séries of repetitive~DNA sequenceé in the genome. s
Two identifiable repetitive classes could be observed in ohumf
DNA, 0.3 kb in length. The first is reiterated oo the order of 3
X 103 timesg per genome tsee equation T) and makes up
approximately 20% of the DNA fragments. The second repeated DNA
component makes up approx1mately 40% of the genome and ‘is
reiterated on the order of 30 to 40 times per genome. These'are///
referred to as the middle and slow repetitive components
respectively. A third component reacts at a very fast rate.

There is insufficient data at iow Cot values to provide accurate
.measurement of its reiteration frequency, but it comprises about”

~10% of “the 0. 3 kb fragments and is reiterated at ‘least an order

”iUf‘magnitUde“higher’than the middle repetitive component. This’”””" -

may be referred to as the fast repetitive or foldback component.
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Qur ieast squares analysis for DNA componente indicates that at
’leaet 30% of the 0.3 kbrfragments are single copy sequénééﬁ

From the free fit reassociation curve, the haploid genoﬁe size

of chum DNA mayvbe>estimated to be 3.2 pg which is approximately‘
750 times thet'of;g, coli. Estimation of the Single copy
reassociation rate constant- for -chum ealmon is given below. The
genome size for this organlsm has not been directly measured,

and therefore values for 0. tshawytscha (3.3 pg genome 51ze)

and 0. kisutch (3. 0 pg genome 51ze) have been substituted

(Hlnegardner, 1972) . : -

e

1 base pair = 618 Daltons

1-Mole of base pairs = 6.02 x 1023 molecules.

3.3 x 10-12 g‘isltherefore equal to 3.2 x 109 base pairs.

3.0 x 10-12 g therefore represents 2.9 x 109 base pairs.

- Since such prokaryotes as Escherichia coli, possess moStly
single copy DNA; one can use the rate constant of their DNA
reassociation asle standard in the calculation of expected rates

for larger, eukaryotic genomes. Under aur operating conditions,

,anig;ecoli,OLSO,kbereassogiationheurleﬂhas_awK,yaluemof”0L33,”WWWW”,HW,
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E. coli data; number of base pairs per genome = 4,2 x 106

(from Davidson, 1976)

Single copy rate constant = 0.33 M-1s=1

0.33(300/500) +5

Length corrected rate constant

0.26 M~1g5-1

Cot value at half maximum

3.9 M s

Salmon data; (a) estmated number of base pairs per genome

7

5 (based on the 0. tshawytscha genome)

= 3.2 X 109

Cot value at one half the maximum

3.9 /3.2 x 109
. | | \u > x 10/6}

3.0 x 103 M s
single copy rate constant = 3.4 x 10-4 m-15-1

(b) estimated number of basé pairs per genome

(based on the 0. kisutch genome)




~component does not differ by more than a factor of two from

34

Cot value at one half maximum

3.9 2.9 x 109\
\s.2 x 106)

2.7 x 103 M s

li

single copy rate constant = 3.7 x 10=4 m-1g-1

Use of the computerized least squares fitting procedure (Pearson
et al., 1977) a110wed us to fix various parameters and detect 4
any subsequent change in the root mean square (RMS) deviation of
the fit. The range of possible fraction sizes for the single
copy component are shown with their.effective RMS in Appendix 2.
According to this programme, all fite which differ less than 10%
in their RMS'vaiue méy be taken as equally valid. The second -
order reassociation rate for‘chum DNA's single copy component is
found to be 3.4 x 10=% M=Ts=1 uhich is consistent with-

those calculated for other species of salmon DNA.

Similar kinetic.analyses were generated for trout, ceho end
sockeye DNAV(see Figures 4,5, and 6). In Table 1 it may be seen

that for each species, the reassociation rate of the single copy

X

“predicted single copy rates. Variation of this magnitude can be -

attributed to the teehnique‘itself. As expected, the salmon

reassociation curves were observed to be very similar. Coho and
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eockeye DNA appear to Z%QF a sligﬁtiy larger middle repetitive
component size. This may be due to the larger fragment size used
in tpe ;tudy. For eiample, if these(fragments contained slower
repetitive components (or single copy "tails"), their presence
would ﬁot be detected, since hydrexyapatite only isolates
fragmebte with some pqrtion of their iength in duplex. Trout
0.46 kb fragments, however, seemed to have a greater single copy
component fraction size. Approximately 40% of the estimated 2.5
' pg genome size (Louie and Dixon, 1972) er 1.0 pg of DNA, was
observed to react at a 51ng1e copy component rate. Salmon DNA
generally had 30% of the1r approximate 3.0 pg genome size, or

1.0 pg of single copy DNA.

The results stated here, are in agreement with those of Britten
and Kohne 1in their'first.report'of repeated sequencesvin"1968.
Salmon DNA of unspecified species was reacted to a maximum Cot
value of 1000. However, they did not carry these reactions |
further, i.e. to the single copy reglon of the curve. Gharrett
et al., (1977) publlshed a report on reassoc1at10n in fish DNA.

He employed an optical reassociation technique, however, and his

reassociation values do not compare with ones given in this

paper. He d1d report the occurrence of repet1t1ve DNA 1n ch1 ook

~salmon (O tshawytscha) and steelhead trout (S galrdnerl)

These'sequences were observed to be re1terated on the order of

50 to 250 times per genomeg“VIadychenskaya et al., 1978,

N
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reported the occurrence of repeated séquences which comprised 50%
or more of DNA in selected species of the salmonid genus,

Coregonus.
Interspersion Studied by Reassociation Kinetics;

The inferspersion pattern of repeated and single copy sequences
has been the subject of much interest in recent years.
Reassociétion’kinetics of chum salmon at two fragment lengths,
indicates that repetitive,amd sing1e copy sequences are
;nterspersed tthUghout the genome. About 30% of the short
fragments reacfed at'rates consistent with that of thevsingle
copy component (Figure 3). ' At a fragment lengﬁh of 3.2 kb, one
can calculate'the length cdrrected single copy rate to be
(Wetmurvand Davidson, 1968): |

{

3.4 x 10°% [3.2 1.1 x 103 M-1s5-1

0.3

} | o <
However, only 5% of these long fragments reacted at such a rate

' (Figure 3). This apparent decrease in amount of single copy DNA

~_and increase in the amount of repetitive DNA suggests an

~ interspersion of such sequences throughout the genome. Early in

the reaction, repetitive DNA adjacent to single copy sequences
’ Awould be bound by hydroxyapatfté, carrying with them regions

best described as single strand "tails". The entire fragment
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would therefore be scored as dupIeX, leading to the measurement
ofrapparent inprease in amount of repetitive or early reacting

DNA.
Interspersion Studied by Hyperchromicity Measurements;

Hyperchromicity can be used as a measure of the fraction of
fragment in duplexL(Graham et al., 1974) and'can~theref6re
provide information about the interspersion pattern of the
organism. DNA reacted to a repetitive‘Cot (a Cot valﬁe at which
Jonly repetitive sequenées have reacted), was therefore thermally
denatured and analyzed for percent hyperchrbmicity. Figure 7.
illustrates thermal denaturation curves for d.3 and 3.2 kb
fragments reacted to Cot 10 and 7100. 0.3 kb fragments were-
reacted to these repetitive Cot values, collected on
hydroxyapétite‘cblumns, and eluted with 0.5 M phosphate buffer.
The isolated duplex fraction was dialyied into 0.12 M phosphate
buffer énd thermally denatured in the Gilford spectrophotometer.
Hyperchromicity of 0.3 kb fﬁagﬁents reactéd to Cot 10, from 55°
to 99°C is 23.0%. The hyperchromicity of totally single strand
DNA was similarly measured to be 2.5% and of native DNA, 29.9%.

Using the method of calculation of Graham et al., 1974, the

fraction double strand in Cot 10, 0.3 kb DNA, is:

23.0 - 2.5

0.77, or 0.23 kb in total,

29-9 - 2-5
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A similar estimate for DNA fragments reacted to Cot 100 ia 0.24
kb, as listed in Table 2. | B

. | .
It is difficult to shy if this method of calculation is indeed
valid. Theoretically, no free single strand DNA should‘be ,
present in native DNA, ft is therefore difficult to assess why a
value for single.Strand hyperchromicity»shepld beisubtraeted
- from the native measurement. Without thfsbeorrectioh fdr nati?e
single strand hyperchromicity,tthe duplex length of Cot 10 and
Cot 100 reassociated fragments can‘be estimated-tovbe 206 and
0.22 kb, respectively.. In either case, approxlmately'two thirds
of the fragments have reassoc1ated Electron m1crographs have,
- however, verified the observation of sequence intersperSion in
rea55001ated fragments of Xenopus DNA (Chamberlaln et al.
1975). Calculatlons obtained from these mlcrographs were not
significantly dlfferent from those obtained by the above method
(pavidson et al., 1973). Perhaps it is sufficient to say that a
variety of factbrs play a role in hypefchromicity measurements
and that these calculatiens are, therefofe, only estimates of

the fraction of fragment in duplex.

The melting temperatures or Tp “of 0.3 kb reassociated

fragments are shown in Table 2. In each case, I observed a

- 3

51gn1flcant depre551on in Tm, beyond that expected from
fragment length eonsiderations. This,decrease may be attributed

to mismatch of repetitive sequences. At Cot 10, for'example, the
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melting temperature of fepegitive duplex was 75.5°C, or.
9.59C below that meaéured for native 0.3 kblfragments;
According to Koﬁne, 1970, a 1°C drop in Th cdrresponds to 1%
mismatch of sequences- in hybrid prokaryotic DNA'fragments. If \;
one ;ppliesvthis reiationship’tb reassociatea repetitive

fragments, the 9.590C depression in Tp would cofrespond to

9.5% mismatch at Cot 10, and 8% mismatch at Cot 1Q0.'Béutzra;a
Bautz,v19645 increase this estimate to 1.5%“baée mismatch perv

10¢ erreSSién‘inrfm. Cot 10 and Coﬁ 106 reassociated
frégmenté may £herefofe coﬁtain as much'ésllu and ﬁ2%

' réspectiQelf, mismafch of séqﬁéndesg“

It is difficult to say whether these differences in' T are
significant. According to Britten and Kohne, 1968, precise
matching of repetitive §equenceS'sh0uld occur'in’seqﬁencéS'most
recently evolved, sincé he proposes‘that they arise by saltatory

\£<¥eplication. Memberé of a_related set ofrsequehces would
subsequently diverge from éach other, with time. Our

measurements show the slower repeating component to have less
sequence ﬁismatch indicating that £hese sequences are either
relatively new, or mére highly conserved. However, it is not

known what role selection might play in divergence of repetitive

 sequences or at what state these sequences may be in the &

evolution of the organism.
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Experimenta1l§ I was unablerto isolate duplex 3.2 kb fragments
by eluting from hydroxxgpatite with 0.5 M phosphate buffer.'This
was most lfkely due to extensive networks of reassociated
fragments, that form during renaturation. I uas therefore unable
to thermally denature exclusively duplex fractions. Approximate
estimates for the amount of duplex in long fragments were>
obtained by thermally denaturing the entire reassociation
mixture,’ and correcting our measurements for the free,single’
strands as reported by,Goldberg\et al., 1975. The resultingf
hyperchromicity curves are found in Figure 7. Although I was
,punable to determine an exact measurement for hyperchromicity 1nvf

3.2 kb fragments it is s1gn1ficant ‘that the estimates are

greatly reduced relative to those of 0 3 kb fragments at the

LN

same Cot values. For example, 3.2 kb fragments at Cot -10 had,an _
estimated hyperchromicityrof 11.9% as opposed to 0.3 kb |
fragments reacted to the same Cot value with a hyperchromicity
of 23.0%. This illustrates that the fraction of the 3.2 kb
fragment length which is in duplex, is less than that of the
shorter fragment, again demonstrating the <interspersion of

reassociated and unreassociated DNA sequences.

The lower hyperchromicity in rea55001ated long fragments is

4con51stent w1th the theory that repetitive sequences are-

" interspersed with unique sequences. By Cot 100 few of the

single copy or unique sequences would have reassociated.

Fragments containing both .repetitive and single copy sequences
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would therefore show a'significant fraction of their length as
unreassociated or éingle strand regions. These findings are
consistent with a short»period,or "Xenopus" interspersion

pattern of repetitive and single copy sequences.

InterSpefsioniStudied by S1 Nuclease Resistance;

y

The reassociation kinetics of 3.2'kb,fragmen£s,and
indicate the interspersion of repetitive sequences with single
copy DNA. However, these measures do not reveal the length or

amount of repetitive sequence in the reassociated producte.'In‘

' order to ‘determine the length of the repetitive “sequence in

s ) N

*dupiex chtaining long fragments,freassdeieted fragments were

digested‘with the,siﬁgle strandlspecificinuelease,;sl a£~Cotr1l

10, -and 100 ThlS enzyme under the proper reacﬁlon condltlons,

will digest 31ngle strand DNA but leave duplex 1ntact (Ando,,’/*”‘

1966; Vogt, 1973). DN reaeted t0'these;repet;t1ve-got values'

and treated with enzyme, was passed over hydroxyepatite to

determine. the amount which was resistant to 31 enzyme.

Estimates of the amount of duplex material are listed in Table

2.

columns, dlStlnct size classes were observed (Flgure 8)

Sepharose CL- 2B fractJOnates double strand eukaryotlc DNA in the:

e
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size range 2.0 to 0.2 kb. A linear relationship exists for the
partition coefficient (Kav} of the ﬁNA fragments between gel and
eluant'phases, and the log of the DNA fragment’ size in kb (M.J.

Smith pers. comm.). ] i / e

*

At Cots 1, 10, and 100 approx1mately 25% of the enzyme re31stant ,

fragments were excluded from the Sepharose column.. These
fragments would typically have a length of greater than 2.0 kb
The peak. of DNA fragments included by Sepbarose may- be estimated,
in the size nange‘of 0.35 kb* 0.1 kb. Distinctive to this
separation, is the bimodal distribution of . fragmenﬁ sizes.- This'
d1st1bution of fragment sizes 1s characterlstlc of the short d

period. 1ntersper31on pattern (Dav1dson et al., 1973 Graham et

1974). o B

"To ensure that the 31 nuclease reaction was complete, Sepharosef

Y T

1ncluded and excluded fractions~were thermally denatured 1h.a;i»5kﬁ‘;’

K4

-- - , - A/d

Gilford spectrophotometer._ Completlon of reaction was 1nd1categ ¢7~a

Ve s Trw

by the near native hyperchrom1c1t1es of both fractlons.,rln}“* >t
addition, the melting temperature, T&, of the excludedgrf'
, fraction was_observed to be very near that of native DNA. This

| would suggest almost completE'base pairing of. the reaSsociated-

'7Vstrands It is not yet known why these strands are so highly ,

conserved :but<this pattern.has also been observed in sea
urcblns and star fISh (Eden et al., 1977; Smlth and Boal, 1978).

The: 1ncluded fractions, however, showed a 17. 5°C depression in



43

T,. According to Kohné, 1970, and Britten et al., 1974, a
H11.5°C decreaSe,in T, would dorréspond to apbroximately

11.5%, or 0.0§ kb, which‘are mismatqhed..fhis estimate is in
!agfee@en£ with the 9.0-11.59¢ depresSibn’in T meésured |

using hyperchromicity of 3.2 kb fragments.

Hybridization of Single Copy Sequences;

There has been much speculation on the role of single copy DNA
sequences in the development and maintenance of organisms.
Recent findings have shown that most structural genes are coded

in single copy sequences (Galau et al., 1974; Klein et al.,

bl 1974; Campo and Bishop, 1974; and Angerer et al., 1976). However
the large quantity of single copy DNA (approximately 1.0 pg in
salmonids) and the variation in quantit§ from épeciés to '

a specigs, suggeéts that much of this DNA is not made up of

structural genés. Evidence for limited transcription of single

copy geﬁes has been presented in papers by,Houghrefral., 1975,

‘and Galau et al., 1976. ’ :
| ' A

Measurement of the degree of single copy sequence homology can,

'f~"hewever;Wprovideﬁva}uab}emiﬁfoﬁmatien~about~%hemre1atioﬁship?ofﬂfffmww

. salmonid genomes. Isolated single copy sequences of chum DNA
were radioactively labelled and allowed to reassociate with a 3
large excess of .DNA from the other sp?cies,kThese hompngous and

heterologous reactions were assayed by hydroxyapatite
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chromatograbhy to determine the ex%ent to which they would
hybridize. This technique.has been employed for such groups as
sea urchiné (Harpold'and'Craig, 1978; Angerer et él., 1976),
primates (Kohne, 1970), rodents (Rice, 1974), and birds (Eden et
al., 1978). In these reports, a positive correlation is usually
foundrbe?ween morphologic data, andlffngle°copy relatedness in
evolution.va this is the case, the; DNA hybridization studies
may provide additional and much needed information on evolution
in salmonids. ' ' - , ' .
o
Chum Q?ﬂ, 0.46 kb in length, was‘readted'to a Cot value of 3000
and passed'ove(vhydroxyapatite to isolate single copy DNA frdm
/the repetitive sequences. ReaSsdciétion kinetic measurements
démonstrate that the repetitive DNA will have reacted by this
“value. The longer fragment length was used to ensure thai'é
sufficiently long, labelied DNA preparation would be obtained.
The isolated single copy DNA was iodinated using a modifiéd
Commerford (1971) technique. ‘This method covalently bonds an
1257 molecule to cytosine to make a 5-iodo cytosine derivative
(Preggky, 1976) . Appfoximately 0.1% of the cytosine bases were
iodinated in this preparation (see Appendix 3 for a detailed

d calculatioh of this value). Todination was the method of choice

because of its high spécific activity and ease of- handling. One

‘drawback to this isotope is its short half-life, and all
experiments had to be completed in as short a period of time as
possible (in our case, one month) under strictly controlled

conditions (see below).



1251 1abelled chum single copy DNA was allowed to react with a
TO”Afold single copy sequence excess of heterologous DNA. By
reaéting with‘such a vast amount of driver DNA, the probability
of tracer DNA reacting with othe; tracer molecules becomes very
small. Hence the rate of reaction was dictated, or "driven", by
the excess heterologous or "drivef"; DNA. We have‘vefifieq this
phénomenon by our self-reaction éontrols'(seé bele). 7bisparity
in the fragment length of tracer andbdrivey DNA has been shown

to affect the ;gteréf reaction (Wetmur, 197&;~Hutt0ﬁ and Wetmur,
1973; Bishop, 1975; and Chamberlain et al., 1978) . |
However one can correct for length effects wiéh kgbhiédge of
tracér and driver fragment siie (Chamberiain et al;, 1978)1 In
each case, hybridization rates obtained in this study, are '
extrémelyﬁg}oSe to gxpected vaiues (Tablefﬂ). These values

| veriféjffatNiny single copy’seQQénces are feéctihg.’

In order to determine the maximum amount- of reassociation

possible, chum tracer DNA was allowed to react with an excess of

chum driver DNA. Figure 9 illustrates this homologous reaction. ;

-The expected rate of reassociation for tracer DNA with a longer

driver DNA is 2.5 x 10~% M='s=1 (Chamberlain et al., 1978,

see equation 5). The rate observed was 2.6 x 10-4 m=1s=1-"

with a root mean square valuevof 1.9 x 1072, The least squares

kinetic analygis of this reaction demdhstpate'that there is no
detectable contamination of the 1251-DNA with repetitive -

sequences. Apprdximaﬁely 79% of the tracer DNA was'obsérVed to
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react to completion with excess chum DNA. A measurement of 6%
self reaction would reduce this estimate to 73% of the total.

)
3

WQ,can only speculate as to why a greater proportion oid not
"ﬁybridizo in this reaction. One possible reason mayybe that I
have enhancedEfor unreactqble DNA in the isolation of single
copy sequehces. From Figure'3, it can be observéd.that”5$”of fhe
total DNA was unable to reassociate. Since 24.8% of tho DNA was

isolated as single copy, then that 5% unreactable material would

3
i

constitute almost 20% of the final pfeparation. This is in N

numerical agreement. with our findings.

Since our rate es@imatesvindicate that only single copygDNA is
reacting, ény disparity in fragment 1epgth between the tracer

and -driver DNA cannot be~expécted~to,affectrwhich sequences- are
assayed as double stranded. We can therefore calcuia‘ .the

/ " amount of tracer DNA oresent in hybrid moleculeé at ermination
of reaction, in terms of mass units. Forthermore, the amount of
driver DNArkhipﬁ“hybridizes with the single copy tréder DNA hust‘

be at least equal to it in mass.

The hybridization of chum 1251_pNa with an excess of trout,

‘coho, and sockeye DNA is shown in Figure 9. 80% of the chum

angle'cooYWDNA*WééfobééTved to react with trout DNA, a value
indistinguishable from the homologous reaction.

»
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Based on free fit analysis of the reassociétion'kinetics of 0.3
kb chum DNA, one can predict fhat a 0.28 kb tracer would have
'1.01>pg (31.7% of 3.2 pg) present as single copy DNA. _Tfput‘
driver, on the other haﬁd, would have 43.5% of 2.5 pg which is
'eqqel te 1.09 pg in'single copy sequence. That is to séy'that
virtually all of the chgm single copy or unique sequences are ,
contained in trout (1.09 - 1.01 = 0.08 pg diffefence). If”tiﬁei
hadrpefmitted, it,would have been interesting to examine_the

reciprocal experiment)bsing trout single copy-DNA as‘therprobe,,"

In the case of coho DNA, 92% (67%/73% =l921) of the, chum
Sequences reacted. Thisrwould account for 0.93 pé of the total
1.2 pg present as coho single copy DNA. The difference of 0.27
pg is enough DNA to code for SO'times the information content of
the E. Eg;ihgenome. Sockeye DNA was found to’hybridIZe"QitHf73i'
of the chum single copy sequences. Therefore 0.74 pg is
homologous with an estimated'O.Qrpg sockeye single cepy_
component. A difference of 0.16 pg can be calculated from these
figures. It is imbortaﬁt to note that these data do not indicate
the sequence homology between coho and sdckeye, }9¥’it cannot be
determined if the same single copy sequences have reacted.

None of the chum single copy sequences were observed to react

with Hexagrammos decagrammus (kelp greenling) DNA. This may be

explaiﬁed if the criteria of my conditions are taken into

account. Since elution from hydroxyapatite took place at 60°C



(16.0°C below tne T, of the homologous reaction), mismatch

of 16.0% of the sequences would lead to elution from the column.

This lack of sequence hybridization may be explained if one

examines evolutienary divergence between the two groups.

~ McAllister, 1968{ illustrates in a chart of ordinal phylogeny of

the Teleostomi, last common anceStore 6ccurring in the late

Jur assic period, approximately 160-180 million years ago. If as
much as\1% sequence divergence per million years has occurred,
than this factor alone could account for lack of hybridizatien
under my experimental conditions. Thus this measurement served
as a control of specifity for the 1251 chum probe. |
Reassociated tracer-driyen mixtures were thermally denatured in
50¢ increments on/hydroxyapatite columns. Since the'Tﬁ of a
reassociated fragment is directly related to the fraction of
bases paired, this technique allowed us to measure any mismatch
that might have occurred in the heterologous reactions (Laird et

al,, 1969; Britten et al., 1974).

. . ®
The Tm for the chum tracer-chum driver DNA reacted to

completion (Cot = 225,000) is 76.0°C. This represents a 9°C

bdenressien in temperature from that measured for native 0.3 kb

fractions. fgmigwnbtﬂkno;niwhyithis depression occurred; it may
be related to thermal instability caused by the iodination

reaction. However, since‘only 0.1% of a 0.3 kb fragment was
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iodinated, this would ohly»account for a 0.1°9C depression in
Tm, at maximum, This phenomenum has been reported by othér
workers using other radioactive labels. For example,‘Harpold et
al.,.1978, reported a 78.5°C melting temperature for
3H-1abelled DNA reacted to long Cot values.

fﬂa

More likely, the low melting temperature of tracer fragments may

be attributed to a combination of factors. In a.paper by Smith
et al., 1975, experimentsiwere pe}forﬁed to measure the
nucleation rate of single strands on partially reassociated

structures. Since the average fraction of the tracer fragment

that is in duplex with driver DNA, is about 55%, one may expect

a 49C depression in T, from that of native DNA (Britten et

al., 1974). In addition, contrippti§ns fromrpplymorph;smiandr
heterozygosity-have acéounted for as much as 4°cC depression iﬁ
T, in sea urchins (Britten et al., 1978).

Heterologous reactions using trout, coho, and sockeye driver
DNA, Qere observed to have a 2°C depréssion in T, relative

to the chum reaction (Figures 10, 11, .and 12). According to the

Laird et al., 1969, and Bautz and Bautz, 1964, relationships,

this,wouldmcorrespandwto;appnoximatelym2:3$ﬁmismatchﬁof,WAWhﬁﬁm,mm,

_reassociated sequences. This represents significant divergence

in the evolution of such sequences. Neave, 1958, dates the last

common ancestor in Oncorhynchus at 1.0 million years ago. The
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: -
evolutionary time_separating these species would therefore be at

-

maximum, 2 million years. If, as in the case of reassociated
chum-trout hybrids, there is 2% mismatch in singlé copy
sequences, one can calculate that 1% divergence per million

years, has occurred.
i

This value is higher than those reported for sea Urchfns
‘%

(Angerer et al., 1976; Harpold and Craig, 1978). Based on a

minimﬁm divergence t;me of seven.million years,»their findings
suggest 0.06-0.35% single copy change per million years. Kohne,
1970, measured a single copy divefgence rate of 0.7% per million.
years in primateé, and Galau et-al,, 1976, using similar
experimental procedures observed a rate of 0.2% single copy '

5

divergence per million years, in two Xenopus species. However, v

values published by RiCe; 1974, suggest‘as mueh as 1.6%
3

%fﬁivergence per million years in rat-mice single copy hybrids.

S

In terms of single copy sequence homology, this study‘
demonstrates that chum has more single copy sequences in common

with coho, than it does with sockeye. Furthermore, it

s

demonstratesva close reiationship between'the¥Single cdpy

S

sequences of trouﬁ and chum salmon. It does not however,

demonstrate that the same sequences have been conserved, nor

does it demonstrate the proportion Of'seﬁﬁehces/bresent‘iﬁifhe

reciprocal case. Our findings do not seem to support
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mérphdlogical dg¥a, but are more consistent with studies-based

on biochemical, genetic, and cytological evidence.

i

=

For example, Simoh,‘1963ﬁ hai/soérelated,chromosomeAmorphology
with species evolution in five species of Pacific Salmon. He °
concluded that éhum salmon, with 2n=Tl, was the‘mqst primitive

form, with the remaining species occupyiné’positionsvof ” ;yff

increésing,specialization charactggiisd by decreases in

chromosome numbers., If this isbtrue, then coho, with 2n:60,
_.would occupy an intermediate pésition,'and sbckeye with ' 2n=56,

would represent the most advanced form. This isyin agreement

with our results.

This»hypothesis was further supported in a paper on genetic
variation in Pacific salmon by Utter'et al;;'1973. ThiS”group"!"
examined 12 loci for average heterozygdsity, usihg horizontal
starch gel electrophoresis. In a dendogram plot of relativé

"genetic similarity, chum, cohd, and chinook (0. tshawytscha)

salmon separate éut as a distinct group from a sockeyeﬁpihk stem
group. Interestingly, chum salmon is the first to branch from
these linkage points. These results are in agreement with our

findings.

- Papers relating evolutionary trends on the basis of morphology
and behaviour of salmonids, show less agreement. For examplé,

in 1962; Hikita (as reviewed by Hoar, 1976), linked chum and
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sockeye as a distinct group from coho salmon. Clemeﬁs, 1953,
using similar criteria linked spring and coho salmon on‘one |
hand,. pink and'chum on the ofhef hand,Aand sockeye at a position
intermediate to{the two pairs. Milne, &s reviewed by Hoar, 1976,
poses another point of view. Based on morphologic | |
cha;acteristics, he felt that coho salmon were most like

steelhead trout,'with sockéye-next, and chum the most adVanCed.-

Problems seem ﬁo arise from judging which features contribute or
result from the development of a speciésl For eiample, it can
be argued that behavioural and mqrpﬁolbgical'characters result
from environmental modulation of génetic information. How much
environmental influence may obscure these characters, is
difficult to determine. It is our belief that_DNA sequence
homology studies,; will provide valuable insight with this

respect.

In conclusién, one may state that chum DNA exhibits a "short
period" interspersion pattern of repetitive and single copy
sequences. This fOrm of sequence:organization is'tybical of many
metazoa so far examined (Davidson et al., 1975a). Reassociation
kinetics demdnstrated that repeated sequences‘made up a |

significant fraction (as much as 70% of reannealled fragments)

“of the genome in ;ai*l*thur specvies. 'Va'ri’a'tibrr’ﬁl’rr*thtrﬁamb’unt”a nd o

reiteration frequency of these sequences were measured using the



- techniques mentioned above. Single copy sequence homology

studies demonstrated a close relationship between chum and

trout, g;d to a lesser degree,'chum and coho and chum and

'sockeyé DNA.
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Table 1 Footnotes.

a; The fraction of the genome which reassociates at the
indicated rate. It ié expressed’as a fkaction of the total

" genomic DNA used in the reaction.

b; The second order reassociation rate constant (M=1s=1) for
the;indiCated componeﬁts; The reciprocal of the second order
rate is Cot,,,, which is the Cot at which 50% of a component

has reannealed.

c; RMS'is the réot mean square deviation of the data from the

least squares solution..

d; The reassociation rate was fixed in the least squares
analysis at a value appropriate to the fragment length and

estimated genome size of the organism.

e; The value of the second order raté constant was calculated on
the basis of the relationship established by Wetmur and Dévidson

(1968) for the effect of fragment length on reassociation rate.
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Table 24ffotnotes.
‘a; Tm'is‘thé’temperature at half maximum hyperchromicity.
s : ‘ :

b; -dT, refers to the difference between measured Th‘and

native T, for the indicated fragment lengths..

c; H is the hypefchromicity as defined by Britten et al}, 1974,

see Equation 1.7
: |

'd; % bases in duplex'represénts the ratio of measured
hyperchromicity to native hyperchromicity.

e; Number.of bases in duplex .is calculated from the estimated
~fraction of the total length that is base paired. - S

%
N -
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Table 3 Footnotes.

a; Chum DNA was 'sheared to- a fragmené length of 3.2 kb,
‘denatured and reassociated'to.Cot 1, 10‘ oF 100. At the

desired Cot vfiue an a11quot of the rea35001at10n mlxture was

~passed ow/} hydroxyapatlte (HAP) and the fraction of fragments
"bearing duplex was scored as bound to HAP'before S1 nuclease
digestion. The temaineer of therreassociation miiture;Was,
‘submitted to 31 nuclease eigestion. At  the compietion of the
enzymatic digestion, the reaction mixture Qas passed over HAP

and the .DNA which bound was scored. The Sepharose partition is

expressed in terms of the fraction of post-nuclease DNA duplex.

b;_The_melting'temperature‘of thé §§61uded'and included

fraetions was determined eirectli. Fractions which contained
these portions of the Sepharose eluant were*poeled, dialyzed
into 0.12 M phesphate buffer, and thermally denatured in the

Gilford Spectrophotometer (see Materials and Methods).'

&>
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Table 4 footnotes. | - .ul“mﬁthhww‘jfT;wa»»m

. . B _ o '
a; The extent of hybridization was corrected for 1ZSI-DNA self
reaction, see'Figure 9A. Error is expréssed as standard'
deviation. - -
\ =
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“respectively, were used for experimentation.

58A

3

Figure 1. A representative absorbance spectrum of chum native

DNA. Purified chum native DNA was diluted in 0.12 M phosphate

buffer and placed in a Gilford Spectrophotometer. Thq

absorbance spectrum from 220 nm to 320 nm was recorded. DNA

with 260/230 and 260/280 ratids of greater than 2.0 and 1.8,
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Figure 2. Thermal denétur;tion of chum DNA. Chum DNA, 0.3 and
‘3.2 kb in length was diluted to épproximately 40 ug/ml‘iﬁ 0.12 M
phosphate ﬁuffer and loaded in a Gilford Thermal Cuvette.
'Phdsphate buffer»was used as é‘reference baseline (dotted line).
The cuvette was placed in a Gilford Spectrophotometer with an
Analog Multiplexor and Thermalprogrémmer, and heated at a rate |

~of 0.5°C/min. The absorbance of the sample was measur ed

relative to the buffer referénce. T. is shown as the

m

tempenahune,at,half,theﬁmaximum,absorbance,fA1/217Wmf
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Figure 3. The reassociation kjnetics of chum salmon DNA. Chum
salmon DNA, sheared to fragmenb lengths of 0.3 and 3.2 kb was
denatured and reassociated as 9peeified'in Materials and

Methods. Duplex formation was getermined on hydroxyapaptite

columns at 60°C in 0.12'M phosphate buffer, 0.06% SDS. Solid .

cirg%esfeprésent ém0;3 kbffeaésbeiabion cﬁrVe while‘épénr
circles designate a 3.2'kb curve, The solid lines indicate
computer fitted least squares golutions for multiple
_secénd-orderwreassociation components. The dashed lines are the
best fit lines for three éuch cvmponents at a fragment length of

0.3 kb (see. Table 1).




60B -

FRACTION OF DNA BOUND.TO HYDROXYAPATITE -

T —m— T

0 T 2

_ LOG EQUIVALENT COT




614

Figure 4. The reassociation kinetics of steelhead trout DNA.
Trout DNA, sheared to 0.46 kb fragment lengths, was denatured-
and reassociated as specified in Materials and Methods. Duplex

formation was determined on hydroxyapatite columns at 60°C in

-

0.12 M phosphate buffer, 0.06% SDS. The solid line is a

A

\\\ reassociation components. The dashed lines represent fit lines

single copy component was held constant throughout (see Table

1). : “ 2

'computer=ffﬁ£%d“léast”équafe3“86lﬁtioﬁhfdf’mulfiﬁle”§é¢6nd:6?dér""'”’”“”

for three such components The second order rate constant for the
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Figure 5. The reassociation kinetics of,éoho salmon DNA. C%@o‘
DNA, sheared to 0.46 kb fragment lenéths, was dénaturéd and ’
reaséociated:aé'specified in Materials and Methods. Duplex
formation was determined on hydroxyapatite columns at 60°C in

0.12 M phosphate buffer, 0.06% SDS. The solid line is a

comp&ﬂéf:fifted least squares solution for multiple seéoﬁd order

reassociation components. The dashed lines represent fit lines

for three such components (see Table 1). . . = oo
-, -
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Figure 6. The reassbciation kinetics of sockeye salmon DNA.
Sockeyé salmon, sgeared_ to 0.45 kb f‘ragment lengths, was /
denatured and  reassociated as specified in —Materirals and

'Metho_ds.f Duplex formation was determined on hydroxyapatite

_coluins.at 60°C in 0.12 W phosphate buffer, 0.06% SDS. The
501{& lriéf;iis a/computeh;'-f'itted least squares solution for

multiple second order reassociation components. The dashed lines

- -represent -fit lines-for-three such components (see Table 1), —
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reference.

Figure_7. The -thermal denaturation of éhum DNA. Chum DHA

sheared to frégment lengths of 0.3 and 3.2 kb was Henaturéq and
reassociated to Cot 10, solid circles and trianéieé, or Cbt\}ob,
open circles and triangles. At each Cot, reassociated fragments

were thermally denatured in the Gilford Spectrophotomete} as

profile of native chum DNA, closed squares, is shown for

K,

N\

‘outlined in Materials and Methods. The thermal &éhéﬁbféf}&ﬁéjﬁmw;;"M“
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~--Figure 8. The Sepharose CL-2B elution of 31 nuclease resistant

reassociated chum-DﬁKT'CHum DNA, 3.2 kb_in length, was reacted

to Cot 1, 10, or 100 and digested with S1 nuclease as specified ~~ -

in Materialsréad HéﬁhEds;”fTheWSanyg;ggse resistant duplei was

collected from hydroyxapaptite columns and Chromé£6éf5§héa”onx%W#nQ% ]

measuredhih each eluted fraction and plotted as a functioh of

‘Kgy,» the partition coefficient between gel and solvent phases.

.o~

Vy is the exclusion volume; V, is the column volume. The
7fraqtionrinlwpiehﬂaﬂQfgj;gprdopple strand DNA marker elutes is

indigatg@. Panel a is the enzyme resistant duplex at Cot 1,

Panel b at Cot 10, and Panel ¢ at Cot 100.

~ Sepharose CL-2B columns. The amount of S1 resistant DNA was.. ._ ... .
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 Figure 9. The réaéé;ciééion kinetibs.of chum 125I-bNﬂ”ﬁTiven
- with a 10%-fold sequence excess of chum (Panel A), trout
(Panel B), coho (Panel C), and .sockeye (Panel D) DNA. Mixtures
of tracer and Qriv;:—E?} were thermally denatured and allowed to
reassociate-as specified in Materials and Metpbds; -Duplex
formation was assayed on-hydroxyapatite col s at 60°C in - -
O,ié“M;bHGSphate buffer,'0.06% SDS. The solid lines represént
computer;fitted least squares solutions fgr single éomponent
‘séébﬁd order reactions. The dashed lines in Panels A through D
indicate the single copy compohent region of the feassociation
curve of the excess DNA driving the hybridization reaction. The

’ 7656ﬁ‘61?61eS“inﬁPanelhAﬁindigagghgﬁ9bup”tracer self reaction

curve, Here, chum tracer was allowed to react under identical
reaction conditions, with no driver DNA present. Chum tracer

driven with kelp greenling DNA is illustrated by closed

triangles in Panel A.

-

Y
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been plotted from the percent of total counts eluted at each

678

 Figure 10. Thermal denaturation profile of '25T-chum DNA and

trout driver DNA hybrids. Chum tracer DNA was reacted with a

10"-fold'sequence 3ﬁéess of trout DNA to a Cot of 169,074, and
. LT
loaded on hydroxyapatite columns as outlined in Materials and

Methods. Reassociated fragments were thermally eluted by

‘raising the temperature of the column in 5°C'increments;”Thej""”W”*”

graph in the left panel is a plot of the cumulative percent

eluted from the column, while the bar graphs on the right have

temperature. Data from a chum driven reaction is represented by
closed circles in the left panel, and open boxes of the bar

graph on the right.
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Figure 11. Thermai denaturation profile of 525I—chum DNA'and
coho driver DNA hybrids. Chum tracer DNA was reacted with a
10” fold sequence excess of coho DNA to a Cot of 129, 082, and
___loaded--on hydfbxyapatlte columns as outlined in Materials and
Methods. Reassociated fragments were thermally eluted by
“raising the temperature of" the column'ln 59C -increments. The-
graph in the left panel is a plot of the cumulatlve percent

~eluted from the column, while the bar graphs on the right have

been plotted from the percent of total: counts eluted at each

temperature. Data from a chum driven reaction is represenﬁed by

closed circles in the left panel, and open boxes of the bar

graph on the fight, v P,
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. been plotted from the percent of total counts eluted at each

Figure 12. Thérmal,denatpration“profile of 125I-chum,DN_A Qnd
sockeye driver DNA hybrids. Chbm tracer DNA was reacted with a

10u-fold sequence excess of sockeye DNA to a Cot of 150,000,

~and loaded on hydroxyapatite columns as outlinéd in Materials

and Methods. Reassociéted fragments wefe’thermally eluted by

raising the tempefature‘of the column in 5°C increments.éqhe

‘graph in the left panel is a plot of the cumulative percent é

eluted from the éolumn, while the bar graphs on the right have

temperature. Data from a chum driven reaction is represented by

« 5\ .

N
closed circles in the left panel, and open boxes of the bar

| graph on the right.
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Append%§h1.‘DNA reassociation criteria.

" The rate at which complementary sequences reassociate dependg
basieally, on four parameters: '
1) the cencentration'of monoval ent cations,’which'act'to
S __deer e’laaee_ the_intermol ,eg:eulg‘r;;r_e,p ulsi on_of negativel y R
}» : eherged DNA strends,

2) the incubation temperature which is optimally 25°C below

"“the melting temperature, or T,,
"3) the DNArconcentration which affeets the frequency ef
strand coliisions, and

4) the length of the DNA fragment which determines how many

characteristic sequences will be preSent at any collision.

By keeping all four parameters constant, a reassociation curve

can be generated which wlll be characteristlc of the sequences

_*

to be examined. Standard criteria of reassociation are; 0.18 M .

cation concentratlon (0.12 M phosphate buffer) at 60°C
\

Incubation with 0.41 M phosphate buffer requires a reassociation,

temperature of 67°C and causes a five-fold increase’ in

reactlon rate. Reaetions of this- nature are therefore expressed

in equlvalent Cot units (Britten et al., 1974)
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AﬁpendixVZ. Table illuStrating,computer-generated RMS values.

This table illustrates the relationship between fixed fraction

'size and subsequent RMS, of chum 0.3 kb fragments. Déta was

generated uéihg a computerized,lzast squafes ﬁitting'procedure
,,mé§m°utlin§9w$QLM§£9ri§la_gnﬂ_ﬂetbgﬁ§gylh§“§égQngﬂhgteAcgngganp}A“b;Mldg

for the single copy componeﬁt was held constant at 3.4 x 10'q

M-1s-1,
- - - T T T T *"*% ”” "’””* ”’*’"’*"%"*'*Rﬁs’* T T T T e e S e o s T e e
Fraction - FragmentvLengtﬁ (kb)
size 3.0 3.2
‘ Cow 0.027
05 . : ~0.028 )
- Ty T e 0.034 ’ )
.15 o A 0.045
.20 0.028
.25 0.026
.30 10.025
.35 0.026 ‘
I L 0.031° S o
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- Appendix 3. 'Sample calculation of the percent cytosine bases

=

iodinated.

specific activity = 1.26 x 107 dpm / ug DNA.

(assuming 50% counting efficiency)

v
¥

1251 half-life = 60 days = 8.64 x 10% min.

... .therefore K = _ . ,,,:l,n,,, 2. .

7 5.64 x 104
- = 8.02 x 10-6

N(t) = N_e-KT

-dN = KN

1.26 x-107

1]

'8.02 x 10-6

15757 X 1012

1 ug DNA = 1.79 x 1015 nucleotides

GC content of chum salmon'; 4a.0%

- therefore cytosine content = 22.0% B L

7irgg DRAf='3}9§ti 101g cytosine molecules
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1.57 x 1012 = 004 ) .
14 .
3.9757 x 10 o
Therefore OV.NSAo'f'the. crytosﬂine molecules or 0.1% of the total
. number of bases are iodinated. ; -

\
|
|

) i
rs
4 ~
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