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. Abstract «

-

“The extremely halophilic Archaebacterium, Halobacterium halobium,
- hd -

is shown té\exhibit an unusual degree of genetic plasticity. The genome
N }
of H. halobium contains many repeated—sequence families which are
’ h s
arranged in both clustered and dispersed fashion on both plasmid and

chrogposomal DNAs. These -repeated-sequence families are highly mobile

within the genome and appear capable of both increase and decrease in

-~
.

copy number. Wild-type isolates of H. halobiu& derived from a single
colony show polymorphisms in tgé position and Eumber<ﬁ’1wmbers of indi-
vidual repeated—seq;ence families. Geno;e rearrangements affecting the
position and number of repeated sequences occur at the rate of

0.004. repeated—sequence family'l-cell generation'1 in such isolates.

The genames of\E: volcanii, H. salinarum; H. trapanicum, H. valis-

mortis and H. saccharovorum also contaild repeated-sequence families,

some of which are shared by H. halobium. ?hese-repeated—sequence fami-
lies have been subjected to expansion, contraction and occasional loss
during theﬂdivergenee of .the halobacteria, buq are more hlghly conserved
than are unique-sequence DNAs, ﬁuggesting they may have profited from
stochastic or select%ve intragenomic processes which have mainFAined
them in sequence over long evolutionary periods.

»

N
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%
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h o
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Phenotyp exhibited by Halobacterium halobium colonies on solid
medium. ld-type colonies are light pink, gas vacuole-deficient
colonies are brown and colonies altered in pigment production are dark
pink or whitish.
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‘ I. Imntroduction

- <

In 1977, WQese and Fox proposed a dramatic rqs¥§§sification of ehe
* biological world. Based on molecular sequénce’ d;La;ﬂfg‘ZS and 18S ribo-
. somal RNAs desived from a large"numbeg‘of organisms, :hey dist?nguis;
' ‘three "primary.kingdoms": fh;'EubQEterié, tke UrQ;:xotes and the Archae-

)

-, ] ) .
) bacter_ia- Mos} of .the better kno';m pro'ka?yotes, ipclﬁ:ing the gnohac— T
. teria (blue-greéﬁ aIgae): constitute the Eubacteria, thip the Utkar- .
' yotes comprise the nucleﬁr—cytopLaSmic components of ail enﬁéryotic
- cells sp far examined. Contained within th; third kihgdom, the Archae—

bacteria, are a collection of prokaryotes diverse in metabolic éipabilf— . A\

LS

T ges and ecol%gical habitat which include the methanogems, the extreme ; -
. .

~

s .
haloghiles and three thermoacidophiles (Fox et al., 1980; Zillig et aI., —

N
Y

1981) (this.list continues to grow) “ These ;hree groupéggbﬁéar to have

) diverged‘at a very early*sta%? in cellular evolu££9n (>3.5 billion years
ago) and, as Woese and Fox note, the Atchééb;cteria are "no pore~re1;ted
\ 4 .
to typical bacteria than they £re to eukaryotes”. )
The Archaebacteria exhiﬁit, in fundamental aspeg%s of’théir pﬁygl-' ’

v © v
«

ology, biochemistry and molecular biology, some yrditgiwﬂich are egbac:

te{}al, some which are eukaryotic and 6£hets which appear dnique (wéese,

. 1981): (1) Archaebacterial cell walls do not éogkain mutamic’acid; N ,
:

(2) their cell membranes contain branched chain ether—f;nged 1ipids -

(rather than ester-linked) and in at least one case; the gell membtang.
% o may not be a bi~layer in the classical ggnse; 3 transf;r RNA modifi-

cation patterns are distinctive and the 1n1tiating tRNA in protein syn-
thesis is non-formylated; (4) the RNA polymerase sdb&ntus are"distinc-
tive and result in antibiotic sensitivitié; which are unysual; (5) some
members of the X;chaebacteria (methanogens) contain cytochéopes not

v

Y

~
- @

found outside this group/

+
. .
-~ . P
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. o kn aldab M
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The extrem? halophiles are the Arcgaebaégeria most readily cultured
in the laboratory. This attribute, together with the e*iste;ce of visu-
ali} identifiable mutants in pigment a;d gas vacuole production, make
the halobacteria the iogical choice for genetic and Jolecular biological
investigations.

) +

Extemely halophilic.bacteria (species of the gepera Halobacterium

and Halococcus) require salt concentrations of at lea 15% for struc-
tural iniegri‘y and grow Kest ;t salt concentrations (as NaCl) of 20-
’ 30%. Their natural habitats are salterns and hyperﬁfline lakes and
lagoons, but halobacteria aré also capabli of growing on salted fish and

hides (Kushner, 1978). .
i .

Whilé much data accumulate on many aspects of the biology of

Archaebgﬁteria, very little is &nown about the genomes of Archaebacteria
4

4

o

except their genetic complexities (as measured by:.renaturation kiq;- p.

tics). The genetic complexity of Methanobacterium thermoautotrophicum

is ca. 1.1 x 10% daltons (Mitchell et al., 1979), that of Thermoplasma

‘ -
acidophilum ca. 0.8 x 109 d‘ons (Searcy and Doyle, 1975) and those of
- A

several halobacteria ca. 2.5 x 109 daltaps (Moore and MgCarthy,

- §1969a,b). .

v -

The DNA of Halobatterium halobium and related species can be sepa-

ratdd into cd‘bonents of 66-68 and 57-60 mol percent G+C by CsCl density

>

gradient equilibrium centrifugation (Weidinger et al., 1979). Much but
.not all of the latter fraction is the DNA of a 150 kbp -(kilobase pair)

plasmid present in some-4 to 5 copiles in H. halobium. Changes in plas-
. »
mid DNA restriction eeﬂbnuclease digestion patterns are assoclated with
”»

wmutations in gas vaé;die or pigment production (Pfeifer et al.,
’ ’ - -

198la,b). These changes may be interpreted as resulting from complq¢

2

and multiple insertions, deletions and rearrangements of DNA. Such



——

alterations occur with éstonishfhg f;equency'(Pfeif;r et al., 1981b),
suggesting that the halobacterial genome ma; contain many transposable

elements or.reglons of sequence homology promoting recombination within

-
-
-

and between chromosomal and plasmid DNAs. )
Renaturation kinetic analyses show no substaptial rapidly rean—
nealing fraction whicﬁ might represent the DNAs of a few, high copy num-
ber, repeat sequence families (Mbore and McCarthy, 1569b). Data pre—
gented here, however, show that: .(l) the genomes of HKalobacteria harbor
many &ifferent families of repeated sequences; (2) the repeated
sequence familie; are small (2-20 ? members) and éhe membexrs of these
families are arranged“in botﬁ dispersed and clustered fashion;
(3) repeated sequences are found on both plasmid and chromosome in H.
halobium; (4) some repéated DNAs are more highly conserved, in sequence
between distantly related halobacterial species than are u@}qug sequence
DNAs; (5) genomic rearrangements affecting the locatipn of repetitive

sequences are very frequent and not obligately associated with

- detectable phenotypic alterations.

N

e



1! II. Materials and Methods "

A. Sources of strains: Halobacterium halobium NRC-1 and Rl and H.

"

salinarum were obtained, from R.D. Simon (University of Rochester). H.

halobium.Ri is a spontaneous, gas vacuole—deficient mutant of H.

halobium NRC-1 originally isolated in 1969 by W. Stoeckenius (University

-

.of California, San Francisco). H. volcanii was obtained from C.R. Woese .

(University of Illinois, Urbana). H. trapanicum, H. vallismortis apd

H. saccharovorum were obtained from G.E. Fox (University of "Houston).

. ; ’ < b
Escherichia coli JF1754 (leuB hisB metB ry~ mg~ lac gal) was '

obtained from J. Friesen (Univérsity of Toronto).

B. Growth of Strfains: H. halobium NRC-1 and Rl and H. salinarum were
.

grown in a medium containing (per {): 250 g NgC%, 20 g MgS04.7H2Q, 3 g

~<

Naj citrate, 2 g KC1, 0.2 g CaCl2.2H70, 3 g yeast extract (Difco) and
5 g typtone (Difco) (Gochnauer and Kushner,-196§). The salt mixture
(900 mi) and the yeast extract/tryptone (100 ml) were autoclaved sepa-
rately (20 p.s.i. for 20 miput'es) and combined after cooling to less
than 50°C. H. volcanii were grown in a. medium containing (per L):9 -
125 g NaCl, 45 g MgCly.6H20, 10 g MgSO4.7H20, 10 g KG1, .34 gf
CaClp.2H70, 3 g yeast extract and 5 g tryptone. Salts were autoclaved

y

separately from' the mutrient solution. H. trapanicum, H. vallismortis
- - ¥

and H. sacchafovorum were grown as described by Bayley (1971). Solid

media were made by the addition of 1.8% agar (Difco) to the salt sqlu-
tion before autoclaving. Liquid cultures were grown with illumination
at 37°C on a New Brunswick Scientific shakipg platform'(ZSO r.p.mi).
Halobacteria grown on solid medium (in 100 mm x 15 mm plastic petri
plates, Fisher Scientific) were kept at 37°C in a dark incubator or

iibyminated in a 37°C constant temperature room. E. coli JF1754 were

™~

]

'l

/



‘4

. grown in eithe? LB med{pm or M9 medium as described by MleeE (1972)
with the exantion that 10 ml of‘\ 10% cagamino acids (Difco) solution

* was added per liter of M9 medium in lieu of 40 ug-ml'l of D,L leucinge,
histidine and methioniney Uridine (1 mgo;l‘l) was also added to M9
mediu& when plasmid DNA was to be isolated from the culture (Norgard et
al., 1979). Solid media contained 1.5% agar. Selective media contained

either 80 pg penicillin Geml™! (approximately 130 U-.ml~l) (Sigma Chemi-

cal Combany) or 12.5 pg tetracyclineeml™V*(Sigma Chemical Compkny).

ﬂp. Purification of DNA: Total halobacterig} DNA was prepared by the

-

-
method of Hofman et al. (1?79). H. halobium NRC-1 and R1 plasmid DNA

extracts were prepared by the method of Weidinger et al. (1979). CsCl/

. «* 2 4
ethidium bromide density gradient equilibrium centrifugation of H.

halobium plasmid DNA extracts was done accbfding to the procedure of Lau

-

and Doolittle (1978) with the exception that gradients were centrifuged
for 20 hours (20°C) at 48000 r.p.m. in a Beckman VTi50 rotor. Plasmid

and chromosomal DNA bands were located in the gradient by their fluores-
» 4

cence under ultraviolet light (a hand—held UV source).  Lower band DNA
was collected by side puncture of the gradient tlbe with a syripge.
- -
Ethidhum\Bromide was removed from the sample by at least three extrac—
. N
~

tions with an equal volume of either iso-amyl alcohol or 1so-prgpanol.

- .

Samples were desalted on PD-10 columns (Pharmacia Fine Chemicals) (used
- b ’ .-

as described by the manufacturer) and DNA precipitated by the addition

of 1/10 volume of 3M Na acetate and 2.5 volumes of 95% ethanol and stor-

age at -20°C for at least 3 hours or -70°C for 30 minutes. Precipitated

DNA was collected,by centrifugation, pellets washed with 95% ethanol,

dried under vacuum, redissolved in 10 mM Tris Cl pH 7.5 and the quantity

>



fu/

of DNA determined spectrophotometrically. The DNA was then reprecipi-
tated and dissolved to the desired concentration in 10 mM Tris Cl pH

7:.5. »

& -
.

Plasmid pB§322 DNA was isolated from pBR322 transformed Ef coli
MM294 (obtained from K. Talmadge, Harvard University) by the procedure
of Ckewell and Helinski (1969) after amplification by ;ddiyion 9f 100 ug
chloramphenicol-ml‘1 (S9igma Chemicals) and purigied by two cycles of

f

* CsCl/ethidium bromide density gradient equilibrium centrifegation.

-t

Large—;cale isolation of Halobacterium DNA-pBR322 recombinant plasmids

was also done in this manner ’'with the exception that ogly a single cycle
of CsCl/ethidium bromide density éradient equilibrium centrifugation was
used,’ and samples were desalted by first adding 1.25 volumes of dis-
tilled qu and precipitati;g the DNA with two volumes of 95% ethanol at
-20°C for 3 hours. If only small amounts of recombinant plasmid were
needed, the following procedures were used.

(1) For agarose gél—screening of recombinant plasmids: this proce-
durg¢ was adapted from Holmes and Quigley (1981). A large colony
(approximately 3 mm or a similar number of cells scraped from a:.plate)
was trangferred with a toothpick and suspended in 50 pl of 50 mM Tris Cl
pH 8.0/50 mM EDTA/5%Z Triton X-100/8% sucrose/l mg lysozyme.ml™! (in a
0.5 ml Eppendorf centgifuge tube). The tube was placed in a boiling
water bath for 60-70 gseconds and then centrifuged for 10 minutes in an
Eppendorf microcentrifuge. The gelatinous pellet was skewered on the
end of a clean, plastic micropipette tip and removed. The resulting
.supernatant may be run directly on an agarose gel (Fig. 1), or, after

precipitating and redissolving the nucleic acids in an appropriate '

buffer, the DNA was digested with 2 units of a restriction endonuclease

.).



9

. 4

L
Fig. 1. 0.8% agarose gel stained with ethidium, bromide showing plasmid

& »
DNAs prepared from individual tetr'g. coli JF1754 colonies by

-

the method of Holmes and Quigley-(1981).

* ¥ -

%
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Fig. 2. g

>
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/* t - ’ N ) ™

4

1.2% agarose gel stained wifh ethldium bromide showing EcoRI

cleaved recombinant plasmid DNAs prepa?ed from single colonies

1
by the method ﬁfiagjmes and Quigley (1981).
"y
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(Fig. 2) (1rp1 of pre—-boiled 10 mg RNase A-ml-1l [Sigﬁa Ch;micals] Was

[

also added) for 15 minutes (lénger digestion times resulted in non-gpe-
4 “
cific degradation of DNA). All recombinant plasmids used as hybridiza-

[y

tion probes were screened by these procedures.f:
?
. (2) For "nick-translation™: This procedure is adapted from

Birnboim and Doly (1979). A small colony (approximately 1 mm or a simi-
# . *

[ ~- L

lar number of cells from a plate) was transferred to 1 ml of MI médium

ol

a 3
(containing 1 'mg of uridine (Sigma) and the selective antibiotic) in a
sterile 1.5 ml Eppendorf centrifuge tube. The cells were grown at 37°C

» - .
on 4 shaking platform to As5g of 0.5-1.0. At this time 100 pl of 1 mg

N chlorampﬂénicol‘ml_l was added to the tube and incubation continued

overnight. Cells were harvested -by centrifugation (3 minutes) in an

Eppendorf mierocentrifuge. The cells were resuspended in 100 ul of

" @
freshly prepared 25 mM Tris.Cl pH 8.0/10 mM EDTA/50 mM glucose/2 mg
lyso‘zyme-ml'1 (Sigﬁg) and incubated at room temperature for 5-15
minutes. 200 pul of‘0.2 N NaOH (freshly prepared) wé§ then added and the
con&;&gs of the tubg well-mixed. After incubation at room temperature
for 15 minutes, 150 ul of cold 3 M Na acetate (pH 4.8) was added and the
tube incubated at 0°C for 60 minutes. After centrifugation for 10
minutes (Eppendorf microcentrifuge), the supernatant was extracted with
fh equal volume of phenol (equilibrated against 0.1 M Tris Cl pH 8.Q).
The nucleic acids in the aqueous phase were ethanol precipitated at
least twice before further manipulation. There was_usually enough plas-
mid DNA in such preparations to do 2 restriction end;nuclease diéZStions
and 1 "nick-translation”. . 7

D. Restriction endonucleage digestions: DNA to 'be digestea with

5 [}

Haelll, HRgII, Mspl, CfoY, Taql or Sau3A (restriction endonucleages were

restriction endohucleasvéou, BamHI, PstI, HindIII, Aval, Alul,

*



with Sall was dissolved in 50 mM Tris.Cl pH 7.5/10 mM MgClz/10 mM

‘10_ "

L4

. s

obtained from Boehringer—Mannheim; BRE, or New England Biolabs) was dis—

- b

solved in 50 mM Tris.Cl pH 7.5/10 mM MgCl2/10 mM DTT (dithto-—

threitol{4?0 oM NaCl1/100 ug-ml"autoclaved gelatin. DNA to be digested °
. ’ e -

-

*DTT/150 mM NaCl/100 ug-ml'1 autoclavaﬂ gelétin: At least 2 units 1

‘\

»

unit = that amount of énzyme neeesgary to ébmpletely digest 1 ug of ADNA

~ X N - . ‘
in 60 minutes at 37:9) of the desired.enzyme were ad@ed per ug of DNA \\N/

and time or énzyme conc?nttation was adjusted :o achieve at least 4-fold
overdigestion. All restricrion_endoduCléase digestioﬁs weré car;ied out
at 37°C with the exceptién of Taql digestions which were incubated at
65°C. The reactions were terminated by the addition of 1/10 volume
100 mM EDTA pH 8.0/10% ficqll (MW 400000, Sigma)/0.075% bgomophenol blue
(as a.dyé marker for electrophoresis), by.heating at 65°C for 15

a . ,
minutes, or by extraction with an equalnvo%ume of phenoi (equilibrated
against 0.1 M Tris.Cl pH 8.0) if DNA was “®o be used in subs%quent T4 DNA
ligase reactions.

<

E. Agarose gel electrophoresis and transfet of DNA to nitrocellulose:
> =

Mglecuylar weight markers were ACI857 Sam7 DNA (BRL) digested with

‘ -
HindIII, ¢X174 DNA (BRL) digested with HaeIII, pBR322 or $X174 digested

»
wth Alul. Agarose gel electrophoresis was done essentially as described

by Lau 5#& Doolittle (1219)— Transfer of DNA fragmént% to niérocellu—
lose was pssgn;ially as described by Southern (1975). 1Isolation of~DNA
restriction fragmentd from Pow Melting Point Agarose (BRL) was carried
out as described by the manufacturer. For preparation of a‘®large number
of "Southern blots” of the same'restriction endonuclease digested DNA,

DNA was loaded into a long sample well (6.7 ecm x 0.1 cm x 0.2 cm or

11.6’cm x 0.1 cm x 0.2 cm or 16.2 cp x-0.1 cm x 0.2 cm depending on the

. Y
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”

phoresis, the gels were stained with ethidfium

vo.

DN&-cm’l. After elecQE

* brodide (l'ugrml‘l) fd; 20 minutes and destained (to eliminate back-

- -

. & . Y
» ground fluorescence) in disrvilled water for 20 minutes. The gels were

.

’ 7.
transillumfnated withffhort wave UV light and photographed with eithgr a
Polaroid MP-4 camera (Polarodid t%Pe 667 black and white film, red filter
with A" cut-off = @00 nm) or a 35 mm cdmera (Kodak "plus X" black and

o

b2 rs N
white film) (Fig. 3). TS enable Iafgé'DNA fragments to be Southern

-— - -

transferred, the gels were exposed to UV light .as described by Lau et

al. (1980). The gels were then removed from the gel frame, placed in a

glass or enamel baking dish and covered with 0.2 N NaOH/0.6 M NaCl. The

’

gels were soaked "dn this mixture for 40 minutes with occaq}onal gentle

L]
' ’ 14

?gita}iag. The dematuring:solution was then aspirated away and the gel
rinsed briefly with gistilled water.’ 1.0 M Tris Cl1 pH 7.5/0.6 M NaCl
was then added to the baking dish and the gel allowed to neutralize for
40 minutes. After r%nsing with‘distilled water the gel was placed on '
rwop of a stack (approximately 3.5 cm high) of 3 MM filter paper pre-
soaked with 20X SSC (1X SSC is 0.15 M NaC1/0.015 M Najy citrate? in the
bottom of a large area plastic tray filled to just below the level of‘
the 3 MM filter paper stack (with 20X SSC). Nitrocellulose filter paper
(Millipore Corporation) was pre—cut to the desired size,; pre-wet in dis-
tilled water, rinsed with 20X SSE and placed_ovqf the area of the gel
co;taining the DNA fragments to be transferred, taking cire to eliminate

bubbles between the gel :and the nitocellulose. A small stack of 3 MM

filter paper (1-2 cm) cut to 0.5 cm smaller than the nitrocellulose »

Y

paper in both dimensions was then placed on top of the nitrocellulose'

and sufficient paper towel added (approximately 8 cm) to allow transfer
LY M . l

< ‘ -
A
. - . ’

4

'\
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-
EcoRI cleaved H. halobium strain NRC-1 DNA. 80 ug of this DNA

y '

was loaded into the 16.2 cm x 0.1 cm x 0.2 cm well of a 1.2%
agarose gel and subjected to electrophoresis at 40v (80mA) for

14 hours. DNA %ragments were transferred to a 16.5 cm x

14.5 cm nitrocellulose sheet. The sheet was then cut into

-t »

0.5 cm x 14.5 c¢m strips for hybridization.

-

»

.
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to proceed for at least 8 hours without wetting of the entire stack.
After transfer the nitrocellulose was briefly dipped intd a tray of dis-

tilled water, blotted on paper towel and laid on a piece of clean card-

.

board. Using a plece of ruled graph paper (10 mm to the cm) lgid over

the nitrocellulose and a metal ruler as a guide, 0.5 cm strips were cut

v ‘

fﬁem the nitrocellulose with a single edged razor,blade. The stribs
were numbered sequentially with a BIC pen (blue ink is preférable.to
biack ink because it does not bleed under hybridization conditions) andr
baked at 80°C in vacuo for 2 hours. Strips were étored in baked glass

test tubes at room temperature.

F. DNA-DNA hybridization: Nitrocellulo8e filter—beund DNA was hybri‘

dized with in vitro 32p-1abelled probes essentially as described by“ -
Jeffreys and Flavell (1977). Nitrocellulose filter-bound DNA was pre-
incubated in 5X SSC/0.1 M Na phosphate pH 7.0/0.Q2% polyvinyl pyrroli- Y
done (MW 360,000, Sigma)/0.02% ficoll/0.02% bovine serum albumin
'(Sigma)/SO ug sheared salmon sperh DNA.ml~1 (Sigma)/10 mM EDTA/O.SZ sar-
cosyl (approximately 4 ml per 0.5 cm x 14.5 cm nitrocellulose strip) at
65°C for at least 8 hours in zip-lock plastic bags..” The plastic bags
containing the strips and hybridization mix were suspended vertically jin
a 65°C oven to ensure the nitr?cellulose strips and all liquid remained
at the bottom of the bag. Denatured 32p-1abelled probes were added
directly to the bags after pre—hybridization and h}bridization continued
for 18-36 hours. Filter strips were then removed from the bags and
placed in a baking dish containing approximately 500 ml of room tempera-
ture 4X SSC. One more rinse in room temperature 4X SSC was done to

remove most of the unhybridized 32p-1abel. All subsequent washes were

carried out at 65°C in a shaking water bath (approximately 40 r.p.m.).

4
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‘The washing procedure involved 3 wasbés (20 minutes each) in 4X SSC (500,
ml each wash), 1 wash in 2X SSC (60 minutes), 1 wash each in 1X SSC (20

minutes), 0.3X SSC (20 minutes) and 0.1X SSC+(20 miﬁutes). The filter

-

strips were blotted dry on paper towels, mourted on cardboard, covereg.

~ Al

with plastic wrap and exposed to X-ray film (Kodak X-OmatAR "XAR-5" or

3M) at -70°C with Dupont "Lightning-Plus” intensifying screens. v

»

G. In vitro formation of recombinant molecules and traﬁhformation of

-

E. coli JF1754: Ligation of redtriction endonuclease digested Halobac-

terium DNA to similarly cleaved plasmid pBR322 (Sutcliffe, 1978) was

done as suggested by the manufacturer of the T4 DNA lfgase (Boehringer-
) hd N

Mannheim) as modified from Graf (1979). Transformatiog of E« coll

JF1754 was done as described by Norgard et al. (1978).

H. In vitro 32P-labelling 6f DNA: Plasmid DNAs isolated by the modi-

”

fied procedure of Birnboim and Doly (1978) were in vitro 32p-1abelled by
"nick trgnslation" (Rigby et al., 1977). DNAs to be ni;k-translated
(1-2 ug or an unknowp amount from "rapid plasmid™ preparations) were
dissolved in 45 pl of 10 mM Tris.Cl pH 7.5 an& 50 ul of 100 mM Tris.Cl
pH 7.5/10 mM MgClp/2 mM DTT/2uM dGTP (Sigma)/2 uM dTTP (Sigma) was
+ added. 5 pmoles (appggximately 1.5 pl) of [a-32P] dATP (New England
Nuclear, approximately 3000 Ci.mmole~l), 5 pmoles (approximately 1.5 ul)
[e~32P] dCTP (NEN, 3000 Ci.mmole~l, 1 pl-DNase I (500 ng-ml™1) and 1 ul
‘(4 U) DNA polymerase I (NEN) was then added to each tube. The contengfi{
of the tube were gently mixed and the tube; incubated at 37°C for 30
‘ﬁ’minutes. Reaction was terminated aqd the 32p-labelled DNA denatured by
heating in a boiling water bath for 5 minutes, followed immediately by
chilling in a 0°C water bath. Specific activities of approximately 1-5

o

x 107 cpm-ug,DNA‘1 were regularly achieved by this method. This mixture
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‘ - + -
‘was ﬂdded directly to plastic bags containing pre-hybridized nitrocellu-
. -t . . ~
lose strips. ¢

~

o I. 5'-end labelling of.restriction f!Eknents: DNA restriction frag- -
Il .

ments weére occasionally 5'-end labelled with 32p (Maxam and Gilbert,

.

1980) to facilitate mapping of cloned fragments or to generate radio—~

-

active molecular weight markets. DNAs to be end-labelled wete dissolved H?
in 10 mM Tris Cl pH 7:5 (1-2 ug_in 50 pl). 5Q ul of~200 mM imidazole
(pH 6.6)/56 oM MgClé/ZO uM ATP/600 uM ADP/10 mM DTT/200 ug‘gelatin-ml°1
- was added to 40 pmoles {1—32;] ATP (which h;d'been evaporated t; dryness-
in th? bottom of a 0.5 ml Eppendorf centrifuge tube). *The DNA was
introduced to th{f mixture and 1 pl (5 U) polynuc%eotide kinase
’ . (Boehringer-Mannheim Bigchemicals) addgd: The reaction was incubated at
‘.37°C for 20 minutes and stopped by extraction with an equal volume of
phenol (equilibrated against Q.1 M Tris.Cl pH 8.0). kr—32P] ATP
Q? 4000 Cirmmole~l), was prepared according to the procedure of Walseth

and Johnson (1979) and was a gift from Dr. Jason Hofman.

[ n——
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1II1. Results and Discussion

L / o .
A. H. halobium plasmid DNAs ‘

[ Weidinger et al. (1979) and Pfeifer et al. (1981) observed the L
restriction endonuclease digestion patterns of plasmid DNA f wild-
type and gas vacuole-deficiéit isolaFes of H. halobium :: differ:
‘Weidinger et al. (1979) suggested th;t the genes involved in gas vacu-—

b
__,BIL formation are encoded on the plasmid DNA of H. halobium. Plasmid

.

DNAs from wild—type H. halobium’ NRC-1 and three gas vacuole deficient
mu;enns (sf;ain Rl of Stoeckeni;s and, two independent spontaneously
occurring mutant; isolated in this laboratery) showed many dlfferences
in restrietion endonuclease digestion pattern (Fig. 4). Strain Rl plas-
mid DNA appejrs to have, at most, two common Ba?HI fragments with the
;arent N?E;i plasmid. The lack of similarity may be the result of suc-
cessive }earrangements which oceurred gradually oveﬁ the appgoximatel;
11 years 'these two strains have been separated. However, one of the
other mutants (M9) has a BamHI digestion pattern similar fo that of
strain Rl, indicating major changes in plasmid DNA restriction endo~
nuclease digestion patterns may occur over a much shorter. period. The
BamHI digestidn pattern of mutant M6 plasmid DNA is most similar to that
. .

of wild-type plasmid DNA when the restriction patterns of «all four are )

]
considereds” .

. .
The folecular weight of the wild-type plasmid determined by summing
the molecular weights of the BamHI restricﬁion’fragments is 92.3x106
(approximately 140 kilobase pa;;s). Allowing for the error involved in
determinipg the molecular weight of the largest restriction fragments,
this estimate is in reasonable agreement with the estimate of 100x106

made by Weidinger et al. (1979). The molecular weights of the mutant

™ .

oL
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BamHI cleaved H. halobium plasmid DNAs resolved on a l.1% aga-
rose gél. Track 1: strain NRC—f plasmid DNA (vac*). Track 2: .
strain RI plasmid DNA (vac™). Trackg 3 and 4: M6 and M9 plas-
mid DNAs, respectively. These two strains are independent

-

vac™ isolates of strain NRC-1.

112 3
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plasmid DNAs are 37x109 (strain R1), 76x106 (M6) and 30x106 (M9). All
of the mutant plasmid DNAs have apparently undergoune extensive dele-

tions. “Pfeifer et al. (1981) also obs'ed deletions in plasmid DNAs

t

isolated.from different mutants, but in most cases the deletions were

not so extensive. The mutant plasmids must also have undergone inser-

tions ana rearrangements (or multiple deletions) becépse a single large.
deletion could not give rise to the many restriction pattern differences
observed. It is imgossible to deter&ine from Ehese data which, if any,
wild-type restriction fragment encodes the gas vacuole protein.

Pfeifer et al. (1981) observed insertions of 0.35x10% or 1.2x106
3

daltons 1in a particular restriction fragment (E6) of all gasg vacuole

deficient mutants they examined. However, several revertants to wild-

type (three of the 9 examined) maintained these insertions. The asser-

tion that plasmid genes control gas vacuole formation seems thérefore

- i

unjustified. Pfeifer et al. (1981) also note that introduction of one

'fnsertion into the plasmid seems té trigger multiple insertions, dele-
tions or rearrangements. Such multiple events make it difficult %o’

)
identify relationships between genotypic and phenotypic alterations.

L4

B. Identification of répeated sequences on the plasmid DNA of strain Rl

When the approximately 56 kbp (kilobase pair) plasmid from strain
Rl is digested with HinQIII, three fragments of 7.1 kbp, 8.0 kbp ,and
ap;roximately 40 kbp are generated. 50 pg of this plasmid were digested
with HindIII and the fragments separated by electrophoresi§ on 1.0 Z low
melting point agarose. Each DNA fragment was isolated from the gel
(Fig. 5) and separately cloned into the HindIII site of pBR322. During
restriction mappiag of the 7.1 kbp and 8.0 kbp HindIII fragments, it -

became apparent that the two fragments were related. If an insertion of

“

\ .
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Fig.
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HindIII fragments of H. halobium strain Rl plasmid purified by
electrophoresis and isolated from a low—melting point agarose
gel. Samples of each fragment were separately ligated 1into

HindIIT cleaved pBR322.
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some 900 bp of DNA were made in the 7.1 kbp clone, the restriction maps
would coincide (Fig. 6). This insertion did not occur dyring cloning
because samples of the originally isclated DNA fragments also showed

.

similarities in réﬁtriction endonuclease digestion patterns (Fig. 7).
All three plasmiJ'DNA fragme;ts cross—hybridize to some extent

under stringent conditions (Fig. 8). Clone II probes all BamHIl and‘\

EcoRI fragments of clone IV and also weakly hybridizes to the largest

BamHI and EcoRI fragments of clone X. Clone IV probes all BamHl and

<y

EcoRI fragments of clone II and probes the larggst BamHI and EcoRI frag-
ments of clone X to a greater degree than clone‘II. Clone IV also
probéé a 4 kbp EcoRI fragment of clone X and weakly hybridizes to a 900
bp EcoRI fragment. Clone X hybridizes strongly to the largest BamiI -
fragment of clone IV and hybridizes ts the largest BamHI fragment of
clone II to a lesser -degree. Clone X also hybidizes to the smallest
EcoRI fragment of clome II and to ;11 three EcoRI fragments of clone IV,
although the largest EcoRI fragment is probed anly weakly. These daez\\y

L Y

indicate that sequenc;s homologoué to theQShaded area of clones 11 and
IV in Fig. 6 are also present on the 40 kbp HindIII fragment.

; The 2.4 kbp HindIII-EcoRI fragment from the right side of clone IL
(see Fig. %) was used as a hybridization probe against EcoRL dig;sted
totaf DNA from strain NRC-1l, strain Rl and 16 independently isolated,
spontaneous gas vacuole deficient or’pigment deficient mutants. Fig. 9
shows that this probe hybridizes to two EcoRI Sragments in all strains
examined. A 4.2 kbp EcoRI fragment is commonly probed in all strains
and a larger fragment of either 9.1, 11.7, 12.3, 13.3, 14.4 or 15.2 kbp

is also probed. In the case of strain Rl, both probed bands are plasmid

derived sequences. The 4.2 kbp band must represent at least two plasmid

-
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Fig. 6. Restriction endonuclease cleavage maps of strain Rl plasmid
HindIII fragments. . N
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Electrophoretically purified 8.0 kbp (tracks 1, 3 and 5) or
7.1 kbp (ttacks 2, 4 and 6) HindIIL fragments of strain Rl
plasmid DNA cleaved with BamHI (tracks 1 and 2), EcoRI (tracks

3 and 4) or Pstl (tracks 5 and 6). s

»

-

1 2 3 4 5 6




Fig. 8.A.
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2

One of three identical sections of an agarose gel transferred
and hybridized with 32p-1abelled cionéd strain R1 plasmid ',
HindIIi fraghments. Tracks A, B'angbC: HindIII-BamHI cleaved
clone II, clone IV and clone X DNA respectively. Tracks D, E
and F: HindIII-EcoRI cleaved clone II, clone IV and clone X
DNA respectively. Track I: HindIII cleaved A DNA and HaeIll
cleaved ¢X174 DNA.
Hybridization of 32P—labelled clone 1I, clone IV or clone X\
N
DNA to nitrocellulose filter bound DNAs described in A.
Tracks G, H: HindIII-BamHI ;nd HindIII-EcoRI cleaved pBR322

- 5

respectively.
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Fig. 8B
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Fig. 9. Hybridization of 32P—lage11ed 2.4 kbp HindTiI-EcoRI fragment
derived f;om the righi hand side of clone II (see Fig. 6) to
keoRI cleaved total DNAs from strain BMRC-1 (lane A), strain R1
(lane B) andgl6 i1ndependently 1solated gas vacuole or pigment
deficient mutants (lanes C-R). Track X: molecular weight

2

markers.

A B C D EF GH 1t J X KLMNOPO QTR




copies of this sequence (those derived from the right hand ends of
clones 2 and 4) while the 9.1 kbp band must represent at least 1 plasmid
copy of this sequence (derived from an internal EcoRI fragment of clone
X). The possibility that chromosomal copies of tﬁfynsequence are pre-
sent may not be eliminated, although it seems unlikely that chromosomal
EcoRI fragments containing this sequence should be of the same mobilit;
as plasmid EcoRT! fragments. It seems more likely that all fragments

L4

containing this sequence are plasmid derived, and that differences in
hybrjdization pattern between strains reflect rearrangements in the
plasmid DNA'of these strains. There are, however, strain Rl plasmid DNA
sequences which are present on the chromosome of strain NRC~l. Fig. 10
shows the hybridization pattern obtained when HindIII-EcoRI double-
digested plasmid and chromosomal DNAs from strain NRC-1 are probed with
clone IT. At least three non-plasmid bands are probed in strain NRC-1.
The largest fragment {n the NRC-1 plasmid track 1is probably also of
chromosomal origin, because there was slight contamination of NRC-1
plasmid DNA with chromosomal DNA. Schnabel et al. (1982) also observed
that some plasmid sequences are present on the chromosome of H.
halobium. . *

Because the HindIII-BamHI fragment from the left hand side of clone
IT does not probe chromosomal bands (data not shown), the chromosomal
bands probed in strain NRC-1 must contain sequences homologous to the
cross~hatched region of clone I1. 1It is in this region that clone 1V
differs from clone II by an insertion of some 900 bp of DNA. The area
where the insertion occurred was further localized by restriction map-

ping and the region containing the insertion in clone IV was sub-cloned

into pBR322 (aq~PstI-EcoRI and EcoRI-Sall fragments) and used as a



Fig. 10,
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Hybridization of-32P-labelled clone II (see Fig. 6) to

HindIII-EcoRI cleaved plasmid. (lane A) or chromosomal (lane B)

DNA from strain NRC-1. Closed triangles denote the positipns

of non-plasmid fragments. Open triangles denotes the posi~

tions of probable non-plasmid fragment.
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hybridization probe against Bamﬂ; cut strain R1 plasmid and tqtal DNA.
F}g 11 shows that sequences homologous to this insertion are also
present on the chromosome of strain Rl.

The presence of repeated sequences in H. halobium and the high {re-
quency of plasmid DNA rearrangements observed suggests thdat these
repeated sequences may be transposable elements like those observed in

E. coli (Kleckner, 1981). Alternatively, recombination within andy

between plasmid and chromosomal DNAs mediated by these homologous

regions may generate the DNA rearrangements observed. \ |

C. H. halobium contains more repeated sequences than E. coli

Eukaryotic muclear genomes differ from eubacterial genomes in the
quality and quantity of repetitive sequences they contain. Most eukary-
otic‘nucleat genomes contain dispersed repeated and tandemlyvrepeéted
sequence families which often comprise substa¥tial fractions of the »
total genome (but see Timberlake, 1978; Krumlauf and Marzluf, 1980). 1In
contrast, eubacterial genomes are not known to contain any substantial
fraction of tandemly repeated sequences and only about 1% of the E. coli
genome is composed of dispersed repeated sequences (Kopecko, 1980).
Given the antiquity of the divergence of the Archaebacterial, Eubac-
terial and Urkaryotic lineages, it 1is possible tﬁat Archaebastgrial
genomes differ from eubacterial genomes in the number and kiqg of
repeated sequences present.

Restriction endonuclease fragments of a given size resolved on an
agarose gel of completely dfgested total DNA shou}d not form hybrids

with fragments of greater or lesser alze resolved on the same gel,

unless they share common sequences. BamHI digested total DNA from H.
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Fig. 11% Hybridization of 32p-1abelled PstI-Sall fragment from clone IV
“ N
(shaded area in Fig.’ 6) to BamHI cleaved plasiid (lane 3) and

total {(lane 4) DNAs from strain R1l.

:‘i
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halobium NRC-1 was resolved as 11 cm X 15 cm bands on a 1% low-melting-
point agarose gel. The gel was cut in half vertically (in tﬁe direction
of migration). DNA fragéénts from~one—half of the gel were trans{erred
to a nitrocellulose filter, which was then cut vertically into ten
strips. Ten_hdfizontal sections containing fragments of defined ranges
of molecular weight were excised from the other half of the gei. DNAs
were recoveredifrom each excised section, labelled by nick translation
and used separately to probe one of the ten nitrocellulose filter .
strips. Hybridization signals appearing below or abqye the intense sig-
nal (which correspoﬁd to ;ybridiéation with fragmenés of the same mole-
cular weight range) indicate the presence of repeated sequences)in frag-
ments of different molecular weights. There are at least 14 'such
"extra” bands in the autoradiograﬁh shown in Fig. 12. A similar experi-
ment performed with DNA from E. coli MM294 showed one or at most two
"extfa" bands (Fig. 13). This simple technique is relatively insensi-
tive and probably detects only repeated sequences of reasonably high
copy numger. It is nevertheless clear that the genome of H. halobium is

not like that of E. coli in terms of quantity of repeated sequences.

D. Repeated sequences in an H. halobium Rl genomic library

The detection of reéeated sequences in the H. halobium genome by the
rather insensitive experiment described in the previous section suggests
the presence of a large number of repeated sequences. In order to esti-
mate the number of repeated sequences present 1in the H. halobium genome,
randomly cloned fragments of H. halobium Rl DNA/were screened for the
presence of repeated sequences.

Total strain Rl DNA doubly-digested with BamHI and EcoRI was

ligated to similarly cleaved pBR322 and used to transform E. coli
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Hybridization of 32p-1abelled H. halobium strain NRC-1 DNA
2. areum

fragments of defined size (see texts to BamHI cleaved strain

NRC-~1 DNA. Arrow heads denote the positions of fragmenté'

> -

which hybridize to probes of larger or smaller size class.
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Fig' 130

e

-32-

Hybridization of 32p-1abelled E. coli MM294 DNA fragments of
defined size (see text) to BamHI cleaved E. coli MM294 DNA.

Arrow heads denete the positions of fragments which hybridize

to probes of larger or smaller size class.

»

1 2 3 4 5 6 7 8 109

';‘ |
11 i"‘
ks v

s



momd g 5

-33- *

JF1754. Thirty-five amp’ tetS transformants were randomly selected, and
their recombinanl DNAs 32p-labelled by nick-translation and used to
probe EcoRI digested H. halobium NRC-1 or Rl DNAs bound to nitrocellu-
lose filter strips. ~Thirty—one of the labelled DNAs probed more than a
single EcoRI fragment of strain NRC-1 or strain R1 DNA, indicating that
each has one or more sequences present more than once in these genomes.
Results for 25 of these cloned probes are shown in Fig. l4, with faint
bands detectable on the original autoradiograph indicated by closed tri-
angles. All but clone 9 probe EcoRI fragments in addition to those cor-
responding to the fragment cloned. Some 60-70 such "extra fragments"”
are probed in strain R1 DNA (tracks b); slightly fewer strain NRC-1 DNA
fragments (tracks 4) are probed, and many of these are of mobllities
different from strain Rl fragments. Clones 2 and 24 each probe single
and different fragments (indicated by large closed circles)-which are
similar in mobility to EcoRI fragments of strain Rl, plasmid DNA (data
not shown, but positions of plasmid bands 1adicated by small closed
cirtles in track X); most of the remaining probed fragments are of
chromosomal origin. Although no clongs seem to show identical probing
patterns (when patterns obtained with strain NRC-1 and strain R1 DNA are
both considered), all but clpnes 4, 21, 22, 23 and possibly 24 probe,
with varying 1n£;nsit1es, a commmon ca. é/kbp chromosomal fragment in
strain‘Rl DNA (open circles) which is not probed in strain NRC~1 DNA.
For four of those clones which do probe this fragment (clones 6, 11, 14
and 18), it 1s the only fragment in addition to that cloned which is
probed. Of the remaining 15 probing this common 5 kbp fragment, all
probe fragments in addition to this and the fragment cloned (except

clone 9, which may contain a different 5 kbp fragment). The



-

-£34-

Fig. l4. Autoradiogram showing hybridization of individual 32p-1abelled

recombinant plasmid DNAs from a genomic library of H. halobium
R~1 to total DNA from gfuhalobium NRC-1 (tracks labelled a)
and H. halobium R-1 (tracks labelled b). Closed trianglesJ
idenote the position of faint bands of hybridization. Open
circles denote the position of an approximately 5 kbp band .
probed by'many of the cloned DNAs. Large closed circles 1in
tracks 2b and 24b indicate hybridiza;ion to plasmld DNA frag-

ments. Small closed circles in track X indicate the positions

of EcoRI fragments of strain R-1 plasmid DNA.
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approximately 5 kbp common fragment may thus contain coPies of many
( 10) different elements which are present in one or two locations else-
where in the genome. Alternatively, this 5 kbp fragment may be the
result of a genomic rearrangement which occurred later in the culture of
H. halobium Rl. This interpretation is favoured by data to be presented
latet.’ ] g

The 25 clones used for Fig. 14 and the remaining 10 (not shown),
contain in t?tal some 250 kbp of H. halobium DNA or 6% of the genome and
bear, at a d;nimum, 31 different elements present elsewhere in the
genome. If they represent a random sample of total DNA, there must be
at least 500 repeatéd elements comprising many families in the strain RI1
genome. Some elements must be clustered on cloned DNA, or present in

ﬁﬂcopy numbers greater than 10 in the genome, since clones 21 and 24 alone

probe more than one-third of the "extra" fragments. Variation in the

3 [}
-

intensity of hybridization signals (most obvious with clones 17, 21 and
24) could mean that the fragment probed contains varying numbers of
copies of such elements, or that the probes themselves contain several
different ,elements. The less intensely probed fragments could also
result from genomic rearrangements which occurred duriné the growth of

the cultdre, or divergent copies of elements present on the probe.

E. Repeated sequences in an EcoRI library of H. halobium NRC-1 genomic

clones -

H. halobium Rl 1; a "mutant”’, and it 1s possible that the unknown
event which created it resulted in the dispers;l of repeated ;équences
within the genome. A library of wild-type (H. halobiquNRC—l) total DNA
fragments was createg by ligating EcoRI digested total DNA into EcoRI

v

digested pBR322.: Plasmid DNAs from 28 of the resulting transformants

(pre-screened to ensure recombinant molecules were present) were
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labelled in vitro by nick-translation and used to pfobe nitrocellulose
filter strips of strain NRC-1 or Rl DNA’ cleaved wiEh EcoRI (Fig. 15).
One of these (clone 62) probed only a single fr;gment of NRC~1 and RIl
DNA. The rest all probed multiple fragments of either NRC-1 or Rl DNA.
Because the NRC-1 plasmid is large, not easily 1isolated, and gives a
complex EcoRI diéestion pattern, it is difficult to tell how many probed
fragments are of plasmid origin. The majority of the fragments probed
by at least one of these clones (clone 37) are not of plasmid origin, as
Judged by comparison of mobilities of probed EcoRI, HindIII and Sall
cleaved total DNA or plasmid DNA produced by these enzymes (Fig. 16).
All cloned fragments produced different Southern hybridization pat-
terns with DNAs of strain NRC-1 and strain R1 (Fig. 15, tracks a and b
respectively), and all (except fo; clones 37 and 53, which may be iden-
tical) produced different, probe-specific, patterns with each of these
DNAs. There are hqowever a number of fragments which are jointly probed
in different combinations by different cloned fragments, and can be used
to distinguish at least four of these shared "sub-patterns” (indicated
by open and closed circles and squares in Fig. 15), which are probed in
various combinations by clones 36, 37, 40, 43, 50, 53, 68, 73, 74, 77, -
83 and 85. Arrowheads are used to identify some fragments which distin-
guish clgses 74 and 85 from each other and from clone 83, which other-
wise probe common fragments. These "sub—patterns” are also apparent
when the same clones are used to probe Pstl digested strain NRC-1 DNA;
those which probe various sets of EcoRI fragments in different charac-
teristic combinations also probe different‘sets of Pstl fragments in

different characteristic combinations (data not shown). The remaining

clones produce hybridization patterns with EcoRI-digested strain NRC-1
A -

-



Fig. 15.
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Autoradiogram showing hybridization of individual 32p-1abelled
recombinant plasmid DNAs from a°genomic library of H. halobium
NRC-1 to EcoRI digested total DNA from H. halobium NRC-1
(tracks labelled a) and H. halobium R-1 (tracks labelled b).
Open and closed circles and squares indicate shared sub-
patterns probed by some of the cloned fragments. Small and
large arrow heads indicate fragments which distinguish clones
74 and 85 from each other and from clone 83. Closed triangles

4
adjacent to clone 85 (track a) indicate EcoRI fragments of H.

halobium NRC-1 DNA which are also probed by several H.

volcanii cloned DNAs (see Fig. 17B).



mot wt
kbp

237 »
P4 ¥

LY 100 4

426 @

2
198 0

1007 »

0853 >

0ss20
aseo >

-37-~




Figcﬁ 16.
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Comparjison of electrophoretic mobility of restriction frag-
ments of strain NRC-1 plasmid DNA with those fragments of
strain NRC-1 total DNA hybridized by clone 37 plasmid DNA (see
Fig. 15). Strgin NRC~-1 plasmid’(tracks labelled P) was
digested with each restriction endonuclease, S'-32P—1abe11ed
and run adjacent to similarly cleaved non-radioactive total
DNA (tracks labelled T). After transfer, the nitrocellulose

filter was probed with 32p-1abelled clone 37 plasmid DNA.

>
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DNA which appear unique (and als% produce unique patterns with Pstl-
digested DNA). Intensity variations suggest that these patterns are
also composed of "sub—patterns”. There are, in any case, at least 21
different tepe;itive sequences present among these 28 clones Esome
several times), and most or all of these are different (because they
produce different probing pattern;) from the repetitive sequences pre-

sent in the BamHI-EcoRI strain Rl genomic library. It should be noted

-

that clones 40 and 43 probe common fragments and thus must contain a
common element(s), and yet the NRC-1 DNA 1nserg in clone 40 (indicated
by an asterisk) is not itself detectably prpbed by clone 43. It should
also be noted that some identical fragments probed by clomes 50 and 53
(or 83 and 85) produce hybridization signals of different 1nten€Tties.
Many of the cloned fragments in the EcoRI str@in NRC~1 library bear

coples of different f%petitive elements. Some of these elements must

lie rather close to‘each’ other in the genome. Cloned fragments which

£

unquestionably bear two different elements (clones 36, 37, 40,‘50, 53,

74, 77 and 85) have an average leagth of only 3.3 kbp (range 1.75-4.6

kbp). It is likely that some differences in the intensity with which

individual fragments are probed by different cloned DNAs reflect the

presence of different numbers of copies, on45bﬁh probed and cloned frag-

ments, of shared sequences. Other lntensity differences probably

“

reflect genome rearrangements which occur in only a proportion of the
population dgting culture growth (discussed in more detail later).

There should be (on the basis of G+C content) some 300 EcoRI frag-

-

ments in the H. halobium genome. Elements indicated by symbols in Fig.
15 appear to be present on ten or fewer EcoRI fragments. Among the 28

clones, one of these elements 1s present five or six times and two of
14 s

n
-

w7

B
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the ellements are présent two or three times. There are two possible
explanations for this apparent statistical improbability. (1) Such ele-
ments a éupreseqt in many copies on the few EcoRI fragments which are
detected as being probed, and also present on a much larger number of
EcoRI fragments, but in too few copies to give detectable hybridization
signals. lones bearing EcoRI fragments of the latter sort would then
only probe sgrongly fragments of the former sort. The results with
clones 4@ and 43 noted above might be consistent with this interpreta-
tion. (2) The repetitive sequences represented in Fig. 15 are prefer-
entially locat‘in A+T rich regions of the genome which are more fre-
quently cleave® by EcoRI. Indeed, most gf the cloned fragments are
smaller (average ledgth 3 kbp) than th&ected average size of EcoRI

-

fragmegts (12 kbp). A small portion of the genome may have Leen sampled
repeatedly.

To t;st the latter possibility, a small library of Pstl fragments
of kRC—l DNA inserted into PstI-digested pBR32# was constructed. The
Pstl recognition site is similar in G+C content to the H. halobium
genome. ?bitteen amp8 tetl transformants were chosen randomly, recom-
binant glasmid DNA isolated, 32P—labe];led by nick-translation and used
to probe Pstl digests of total DNA of strain NRC-1 (data not shown). ‘
None probed fragments other than that corresponding in mobility to the
fraément,cloned,‘qnd yet these 13 clones contained in total some 48.7
kbp of H. halobium NRC-1 DNA, or 51% as much as the 94.7 kbp represented
by EcoRI clones shown im Fig. 15, in which therp are at least 30 re;eti-
tive elements of at leastﬂ21 different families.\ Th petitive
sequences uay'be clustered in comparatively A+T rich regions of the

genome.
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F. Repeated sequences in the genome of H. volcanii

165 rRNA Tl oligonucleotide catalogue analyses show H. volcanii to

be as remote, phylogenetically, from H. halobium as Pasteurella or

Aeromonas species are from E. Egll_(Fox et al., 1980). To determine
whether it also containg families of repeated elements and whether it
shares any of these with H. halobium, an EcoRI library of H. volcanii
total DNA was constructed and individually cloned fragments used to
probe EcoRI-digested H. volcanii or H. halobium NRC-l1 DNAs (Figs. l7A
and B). Of 30 randomly-selected clones, ten (V71, V82, V86, V107, V110,
V113, V118, 6123, V144 and V146) contalned unique sequence DNA and
probed only fragments identical in mobility to the fragments cloned.
Noune of these probed any fragment of strain NRC~1 DNA. The remaining 20
cloned DNAéiprobed multiple fragmenfs of H. volcanii DNA (the faintest
of which are wmarked by closed triangles in Fig. 17A). Five different
cloned PNAs (V7, V33, V50, V60 and V97) probed an identical large set of
H. volcanii fragments (some of which are indicated by closed circles).
Clone V147 probed this same set, plus several additional fragments. The
remaining multiply-probing cloned fragments produced hybridization pat-
terns which appear ﬁnique, although only two of these (V88 and V122)
probed more than 3 or 4 fragments in addition to that representing the
cloned insert. Only those H. volcanii clones probing more than three or
four H. volcanii DNA fragments probed H. halobium NRC-1 DNA but each of
these probed multiple fragments (Fig. 17B). Thus some repeated
sequences are more highly conserved than are unique sequence DNAs.

Those clones probing ﬂ"volcanii fragments indicated by closed
circles in Fié. 17A, probed multiple and similar fragments of EcoRI-

digested H. halobium NRC-~1 DNA. Clone V147, which must contain two
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Autoradiogram showing hybridization of- individual 32p-1abelled
recombinant plasmid DNAs of a genomic, library of H. volcanii

to EcoRI digested Eotal DNA from H. volcanii (pamel A) or H.

halobium NRC-1 (panel B). The library was constructed by

ligating EcoRI digested total H. volcanii DNA to similarly
digested pBR322.

Closed triangles in panel A'}ndicate faint bands detected on
the original autoradiégram. Small closed circles indicate

EcoRI fragments of H. volcanii DNA hybridized by several H.

-

volcanii cloned DNAs and also by two H. halobium cloned DNAs

(see Fig. 18). Open triangles adjacent to clone v88 indicate

EcoRI fragments of H. volcanii DNA also hybridized by three

w

H. halobium cloned DNAs (see Fig. 18).

Closed triangles in panel B indicate EcoRI fragments of H.

L3

halobium DNA probed by several H. volcanil cloned DNAs and

N

also probed by H. halobium clone 85 (see Fig. 15).
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different repetitive elements, probed these same fragments and one or
two others. Clone V122 probed a unique set of H. halobium strain NRC-1

fragments. More unexpectedly, clone V88 probed the same set of H.

Y

halobium NRC-1 fragments as did clomne V7, V33, V50, V60, V97 and V147, .
although it does not probe the same set of H. volcanii fragments. Thus,
repeated elements which are usually separated in H. volcanii are usually
associated in H. halobium.

In a reciprocal experiment (Fig. 18), selected EcoRI clones of H.
halobium NRC-1 DNA which probed multiple EcoRI fragments of that DNA
were used to p;bbe EcoRI-digested H. volcanii DNA. Clones 54 and 85
.(Fig. 15) probed identical sets of H. volcanii DNA fragments, which
appear to include all those fragments probed by H. volcanii clones V88
;;d V97 (or others like it), plus some additional high molecular weight

-

fragments. . This provides reciprocal confirmation of the conclusion just

"

)
reached. These clones (clones 54 and 85) contain inserts of only 3:3

and 1:75 kgp, respectively. However, H. halobium NRC-1 clone 84 probes ’

L

I X
only those fragments probed by H. volcanii clone V88, so this clustering
4 yolcanil
¥
is not obligatory in H. halobjum. Of the remaining seven H. halobium

NRC-1 clone; tested, four (37, 40, 51 and 91) probed unique sets of‘E:

- % ¥ N

volcanii Eco KI fragments and théee probed no H. volcahii fragments.

-

G.- Rearrangements affecting H. halobium repetitive sequences

Fig. 19 shows results obtaingd by probing EcoRI-diges%ea gpanel A)
or Sall digested (panel B) DNAg from strain NRC-1 (track 1), two NRC-1
single colopy isolates pzéézg‘from a single plate as phenotypically
indistinguishable from ﬁR011 (tracks 2 and 3),"” two spontaneously arising

gas vacuole—deficient NRC-1 variants (tracks 4 and 5) and strain R1
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Fig. 18. Autoradiogram showing hybridization of H. halobium NRC-1
recombinant plasmid DNAs (see Fig. 15) to EcoRI digested H.
it =
! 7
volcanii DNA. Closed circles and open triangles denote

fragments also hybridized by H. volcanii cloned DNAs (see

Fig. 17).

36 37 40 51 55 54 83 84 85 91
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Fig. 19.A. Autoradiogram showing hybridization of a 32p-1abelled 330 bp
Alul fragment of H. halobium NRC~1 DNA to EcoRI cleavgd total
DNA from H. h;lobium NRC-1 (lane 1), two apparently wild-type
colonies of strain NRC-1 selected from 20 such isolates (see
text) (ﬁhnes 2 and 3), two gas vacuole-defiglent mutants of
strain NRC-1 (such mutants'arise at a frequency of 1-3 x
10~2) (lanes 4 and 5), and H. halobium strain R-1 (lane 6).
Lane M contains 32P-labelled AcI857 Sam7 DNA cle;;ed with
HindIII. The 330 bp Alul fragment used as a probe appears to

4

90mprise most of a ca. 500 bp réb%titive element present.in
one copy on each of two HindIII-EcoRI cloned fragments of
strafn NRC-1 DNA which do not otherwise cross—hybridize
(Fig. 20).

B. Hybridization of a 32P-labelled 900 bp PstI~Sall strain R-1
cloned DNA ftag?ent to Sall cleaved DNAs from different H. |

halobium strains. Lane designations as in A. . s
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Fig. 20.
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Autoradiogram showing hybridization of clone 7 DNA to Alul °
cleaved clones 7 and 14 SﬁAs- Plasmid DNAs from clones 7 and
14 were isolated on CsCl gradients containing e;hidium
bromide, cleaved bith Alul, subjected to electrophoresis in a
2.2% agarose gel and transferred ‘to a nitrocellulose filter.
Hybridization probe was a 3.5 kbp EcoRI halobacterial DNA
insert in clome 7, isolated preparatively by electrophoresis
in 1% agarose (low melting point agarose, Bethesda Research
Labor;tories), labelled with 32P and hybri;ized as descrig;d‘
in Matgrials and Methods. Lane 1: clone 14 DNA; lane 2:
clone 7 DNA. Autoradiogram was overexposed to show hybridi-

zation to 160 bp fragment.

P .
-



« 330 bp

«160 bp
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(track 6) with two DNAs bearing different and single repetitive ele-
ments. The first (panel A) is a 330 bp Alul fragment which appears to
comprise most of a ca. 500 bp repetitive element present in one copy on
each of two cloned fragments of NRC-1 DNA which do not otherwise cross-
hybridize (Fig. 20). The second (panel B) is a ca. 900 bp fragment con-
taining an element present on one of two otherwise identical HindIII
fragments of the H. halobium Rl plasmid (Fig. 69. (This element hybri-
dizes to at least a dozen fragments in the genome of H. volcanii and
several H. salinarum DNA fragments [Fig.21].) None of the six DNAs
probed produces identical hybridization patterns with either of these
two probes, even though the cell populations used to prepare these DNAs
derive from phenotypically identical colonies ("wild-type"” for tracks 1,
2 and 3; gas vacuole deficient for tracks 4, 5 and 6) and were, except
for strain Rl, separated from each other by only that number of genera-

«

tions (ca. 30) required to produce enough cells to prepare DNA.
Mobility of repeated elements (even randomly selected repeated elements)
1s remarkably high.

H. Nucleotide sequence of an H. volcanii repeated element

Eubacterial transposable elements have characteristic structures
consisting of a central region containing one or more structural genes,
regulatory information and transposition determinants, bounded by
inverted or direct repeats of varying length and sequence homology
(Kleckner, 1981). 1In order to determine whether halobacterial repeated
elements have such characteristic structures, DNA sequence studies were
done on two cloned H. volcanii EcoRI fragments bearing members of the
same repeated sequence family. Figure 17A shows that clone V97 hybri-

dizes to a subset of H. volcanii EcoRI fragments probed by clone V147.
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Fig. 21. Hybridization of 32p-1abelled PstI-Sall fragment from clone
IV (shaded area in Fig. 6) to Sall cleaved total DNA from H.

salinarum (lane 1) and H. volcamii (lane 2).
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Both clones also hybridize to several H. halobium EcoRI f ents. The
1200 bp EcoRI fragment in clone V147 was cleaved with Sau 3A and sub-
cloned into the BamHI site of the M13mp7 phage vector (Messing et al.,
19§0). DNAs from phage plaques were fixed to a nitrocellulose fil;er
and probed with 32P-labelled clone V97 plasmid DNA. One of the phage
DNAs which hybridized, designated V147 759, was selected for Southern
blot analysis and nucleotide sequencing by the Sanger dideoxy 7
interrupted synthesis method (Messing et al., 1980). The 800 bp EcoRI
“fragment from clone V97 was recloned into the EcoRI site of Ml 3mp7 to
facilitate ;ucleotide sequencing. (All nucleotide sequences were kindly
provided by Dr. Jason Hofman).

Figure 22 gshows the results of hybridizing clones V97 and V147 7S9

(both 32p-1abelled by uninterrupted synthesis) to DNAs from H. halobium,

H. salinarum, H. volcanii, H. trapanicum, H. vallismortis and H.

saccharovorum. Clone V147 7S9 probes all fragments hybridized by clone

V97 1in all species, indicating the repeated sequeénce present on clones
V97 and V147 is contained within the 300 nucleotides represented in
clone V147 759. No other Sau 3A fragments of clone V147 are probed by
clone V97 (data not shown). This sequence is also affected by rear-
rangements in the H. halobium genome (Figure 23). Such rearrangements
are discusged in more detail in the following section.

Comparison of the nucleotide sequences so far obtained from clones
V97 and V147 759 shows a region of approximately 88Z homology extending
over some 60 bases (Figure 24). The region of homology may be extended
over 100 bases if numerous insertions and deletions are allowed; how—
ever, these extended regions are only 64Z homologous. If the 60 bases

which are 882 homologous are considered to be the repeated element, the
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Fig. 22. Hybridization of 32P-labelled clones V97 or V147 7S9 to EcoRI
cleaved total DNA from H. halobium strain NRC-1 (lanes A),

H. salinarum (lanes B), H. volcanii (lanes C), H. trapanicum

(lanes D), H. vallismortis (lanes E) and H. saccharovorum .
Zlanes F).
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Fig. 23.
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Hybridization of 32p-1abelled clone V147 759 to EcoRI cleaved
DNA frp; four independent wild-type igolates of strain NRC-1
(5, 10, 15 ::1}17). M and% denote ;NA samples prepared from
each isolate after several additional single }olony isola-
tions from B. Filled squares denote hybridizing fragments in
M and F not present in B. Open Bquares denote fragments
hybridized in B and not present in M or F. Closed circles
denote ¥ragments hybridized in onlly M or F. Open circles

denote fragments missing

-
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Fig. 24. Partial mucleotide sequences of clones V97 and V147 7S9.
Bold~face type indicates regions of homology, allowing inser-
tions and deletions. Thick linegs over sequences indicate the
presence of the hexanucle?tide, CCTCGT (or extended ver-
sions), thin lines indicate the presence of the complement

dry sequence, GGAGCA Qor extended versions).

30
VY —AGCG6CccAcGAGGACCTCGTAG ATGTCTT

vl 788 6CGC A GAGG CCTCGTAGTATG CTT

60
vy CAGC ACcGATTTCAGCGTTTTCAGCGAGA

vid7 7899 CAGCTAC GAGTTCAGCGTTTTCAGCGAG

0
v 97 GTGAGTGCAACTTccTcGTcAAGGGARETTG

vi47789 TGAGTGCA TTxxT 6T AGGG TG\

120
v 97 AcGAGGAAGTTAAGGAGCTGGTCCTCGTGG

vi4/789 A GAG A TT AGG —
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element is unusually small to be independently transposable. It may
repr;sent only one end of an element flanké by these 60 bases. Further
sequencing should elucidate this possibility. Within the 120 bases of
clone V97 shown in Figure 24, the .hexanucleotide CCTCGT is repeated four
times and its complement, GGAGCA, three times. Several other repeats
with these hexanucleotides at their core are also present within these
120 bases. ” Numerous ;omplex secondary structures may be drawn by base
pairing these regions but the significance of such structures is
unknown. Neither of the sequences shown in Fig. 24, nor their comple-
ments, appear to be able to adopt a transfer RNA-like secondary struc-

ture.

I. Unselected rearrangements affecting thegfpsition of repeated

’

elements in H. halobium

The experiment outlined in Figure 25 was designed to measure rates

of spontaneous genetic rearrangments involving repeated elements, in

cellular lineages diverged from a single common ancestor for a minimum

.
v

number of generations. That minimum is set at»about.34 by requirements
for single colony formation and enough subsequgnt generations toﬁprepare
sufficient DNA for Southern blot analysis. A culture containing approx-
imately 234 cells, was established from a g}ngle phenotypically wildi
type colony formed by a single H. halobium strain NRC-1 cell. Most ofr
this culture Was used to prepare DNA taken to be representative of the
genome of :g initial “"parental” cel% (tracks labelled P in Figures

26~34). The other portion of the culture was diluted to approximately

-




Fig. 25.

~

-

~£54- .

Flow diagram for experiment designed to measure unselected
rates of rearrangement affecting the position of repeated -
. .
sequences (see text). Nineteen wild-type isolates were
established from a population derived from a single cell
after that cell had undergone 34 generations. Four of these
|

isolatés were carried through seven additional single colony

isoclations.
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&
10 m1 of liquid medium to approximately 234,cells. DNA was ﬁrepargd
from these cultures and used for the Southern blot analyses in Figures
26-34.

A}

F‘gure& 26—-33 show results of hybridizing 32p-1abelled H. halobium
strain NRC-1 DNA probes (cloned as EcoRI fragments into RBRSZZ), bearing\
membe of 8 distinct repeat sequence families, to EcoRI-~digested DNAs
from each d;ithese ni;;::;n isolates. Many changes in both number and
position of hybridized fragments are apparent. Glosed clrcles denote
tﬁe position ?f fragmentg probed in addition to those present in the

patentel sample. Open ciréles denote the absence of fragments probed in

_ the parental sample. %ome of the hybridization probes share common

sequences ("shared subpatterns”, as noted in Figure 15) and therefore

.
-

detect some of th same changes in hybridization pattern, but each probe

alsop hybridizes to fragments unique to that probe. Far example, bgth

prodes 7 (Figure 26) and 37 (Figufe 27) detect the same additfonal ¥rag-

-

ments in isolates 15, 17 and 19, but probe 7 detects a fragment missing

" from isolate 19 whose abseiice is not detected by probe 37.

’

The molecular proces giviﬁg rise to the obse&veﬂ‘changes in

hybridization pattern ?re unknown. However, the appearance of a new .

“

fragment unaccompanied by the disappearance of an old fragment is for-

mally analogous to duplicative transposition (isolate 20 in Figure 30;

a

isolate 8 in Figure 31 f&r examples).‘ The disappearance of a fragment

unaccompanied by‘the appearance of a new fragment is formally ‘analogous

, .
to deletion of a repeated element (isolate 5 in Figure 26; isolate 19 in N
Figure 29 for examples). The disappearance of a fragment: accomianied by -

the appearance of a new fragment (1§olafe 9 {n Figure 28; isolate 9 in

f
- » .
’

- ]
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Figs. 26-34.

- .

-£56
P

Nitrocellulose filter-bound EcoRI cleaved DNAs from 19
different wild-type, strQin NRC-1 isolates (lanes 1-12,
14~20) diverged from the parental isolate (lane P) by 34
generations, probed with 32p-1abelled cloned repeatgﬁ
(Figs. 26-33) or unique-sequence (Fig. 34) DNAs fro;
strain NRC~1. Lane C contains DNA derived from thek '
-
parental cell culture after an additional 34 generatlons
(see Fig. 25). All probes are EcoRI f;agmencs except for
unique sequence (Fig. 34) DNA probé which contains two

Pstl fragments.\ Lines between lanes join fragment of

the same molecular \weight. -
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Fig. 26. Probe: clone 7.
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Fig. 27. Probe: clone 37.
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Fig. 28. Probe: clone 43.
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Fig. 29. Probe: clone 54.
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Fig. 30. Probe: clone 74.
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Fig. 31. Probe: clone 84.
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Fig. 32. Probe: clone 85.
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Probe:

clone 91.
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Fig. 34. Probes: clones p4l and plO8.
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Figure 30 for examples) is formally analogous to excision and reinser—

* tion of an element, but could also reflect independent transposition and
deletion—-like events. Reciprocal recombination would result in the
appeargnce of two new fragments accompanied by the loss of two pre-—
existing fragments (of the same combined molecular weights). No events
of this type have been observed. .

If each appearance or disappearance of a fragment is defined as an
event, there are 57 events among the 19 isolates which are uniquely
detected by one or another of the 8 repeat sequence probes. All repeat
sequence probes detect probe-specific alterations im at least one of the
isolates, and there is no obvious reason to doubt that all repeat
sequences are affected by, or effect, genomic rearrangements at roughly
comparable frequencies. ©On the other hand, the two unique-sequence DNA
probes (Figure 34) detected no changes in any of the 19 isolates.

If genomic rearrangements involving repeat sequences occur indepen-
dently, then- the observed frequency of ev;nts (57.8 repeat sequence
families~1:19x34 cell generat:ions'1 = 0.0l.repeat sequence family~l. cell
generation’l) could be taken as the probability of such rearrangements
in any cellular lineage. However, the 57 events may not be distributed
randomly among the 19 isolates. Four of the isolates (8, %, 10 and 19)
éogether account for about half of the events and isolate 19 s;ows
changes with six of eight repeat sequence probes-:

If all events are completely independent,, then the probability of
not observing.a change with any particular repeat sequence family péobe
18 (1-0.01) = 0.99-repeéat sequence family l.cell generation™!. The

probability of not observing a changg with eight repeat sequence family

probes .in 34 cell ‘generations becomes [(1—0:01)8]14 = 0.065. This

, . @

, o
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implies that only one isolate out of nineteen should have had n§§Qekec-

table changes when eight repeat sequence families were used as probes.

In fact, seven of the isolates (1, 2, 4, 6, 14, 16 and 18) showed no
N .

changes with the eight probes. If it'is assumed that one event is

usually coupled with others, one may calculate the probability of that

first everit, p, by using the observed frequency of isolates exhibiting
no changes with any of the eight repeat sequencé family probes using the
zero-term of the binomial distribution (Feller, 1968): frequency of

isolates sﬁawing no changes = 7/19 = 0.368 = [(l—p)34]8. This glves a

velue for p of 0.004 eventssrepeat sequence family—locell generation’l-

A\?imiiar calculation, using the zero—-term of the Poisson formula

t

p(O\At)=e AY, where A gives the probability of an "event™” occurring in

bne unit of tjme, yields a A value of 0.00420. This is effectively

equivalent to the binomial distribution_eétimate of p as 0.00419

\
(Feller, 1968). This estimate is not remarkably lo&er than the previeus
. 1

estimate (0:01 eventse.repeat sequence famdly~l.c¢ell gquration‘l) and

+

may be considered a minimum value for p because events appear to be only
. ' ' .

partially ¢oupled. Using a value for p of 0.004.repeat sequence
. h N a ©
family~l.cell generation'I, one would predidct that about one—tenth of

» Ay

the isolatss will exﬁerience rearraggements affecting at least one of

the ;1§h;°req;at sequeﬂzé families dufing tﬁe first,thré@ pr four divi-
siéns after thefr establish&ent from single cells. Such, rearraﬁgements
wiil give rise to resttictign site polymorphisms detect;Sie as weakly
hybridizing~fragments in the‘b&A ;ﬁepated after 34 genenations. Such

. weak hybrfh&zation signals were 1ndeed decected with several 1so;ates

S - A N e d ,,\l -
and several probés'?isolate 19 in Figure.28' for exampile; fragment -
> ‘-."‘ - B .
Génbtéd by sqpll éTUq&d eircle) and were, ‘as fat as possible& excluded
- . £ v 7, . . : .

a “ ot . he 4 ! - \
L b s o - - . - ‘ v
. . .- , .

[}

-



-67-

"from the above calculations. , Polymorphisms of this sort should be espe-

cially common in DNAs prepared from batch cultures established after
serial passage of small liquid inocula, and probably agcount for the
i

weak hybridization signals detected im Figure 15.

Of the nine EcoRI fragments probed strongly by the repeat sequence

.

family member borne by clone 7, five have been deleted in Qne or another
~ - \
of the isolates shown in Figure 19A or Figure 26. This may suggest that

- L

all members of at least this repeat sequence family are equally liable
to suffer genomic rearrangement. To address the related question of

whether the "new"” hybridization patterns produced by rearrangement are
v 1

as “stable as "old"” ones, four ,of the nineteen isolates (5, 10, 15 and
17) were carried through an additional seven single colony isolaé}ons-
DNA was prepared after the fourth (120 generations), samples labelled M
in Figures 35-42, and seventh (215 éenerations), samples labelled‘F,
platings. These DNA; and samples of DNA from the 34th\genération (idem
éical to those used in Figures 26—34 and lgbelled B in Figurgs 35-41)

were probed with seven cloned H. halobium repeat sequence DNAs and three

-
-

cloned repeat‘sequence DNAs from H. volcanii, previously shown to be
" LA AL AL LT

homologus to three different §3'hmlob1um repeat’ sequence families .
-

(Figure 17B). Some of these results are shown in Figures 35-41. There

3

are three instances in which a fragment hybridized in the parental

1]

}ample was lost in one of the four isolates during the first 34 genera--

tiohs (and thus absent from B DNA samples). In none of these cases was
N i .
a fragmeant of identical mobility regained during 215 additional cell

.
'

generations. Vacated sites appear not to be selectively reoccupied (for

- *
L

P
example, see open triangles fpr isolate 5, Figgre 35). . There are four
‘ /

. -, N T e
instances in which a hybridizable fragment was gained in.one of the fqu

s
T ” 1 N B r
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isolates during the first 34 generations and retained through the na&xt

\

120 generations (and thus present in both B and M sampies). In three‘of

=

these four instances, the "new"” fragment was retained through 215 gener-—.
ations (for examples, isolate 17 in Figure 35; {solate 10 in Figure 37;
fragments indigated by filled triangles). This frequency of loss is not

substantially greater than that expected from calculations presented
L

-

above, and thus "new"” fragments are not uniquely unstable. Figures 35-
41 provide fugther examples of genomic rearrangements (hybr{dizing frag-

ments present or absent from M or F DNAs which were not present or

x

absent from the preceding DNA sample). No changes were detected in any

”

of the isolates using three unique sequence DNA probes (Figure 42).
One other estimate of the frequency of rearrangements affecting
repeat sequence fapilies ;ay be made from this experiment. No changes

were detected in 1§olate 10 between the M and F samples (95 generations)

~ .

with any of the seven repeat sequence family probes. p may be calcu-

A - :
. *  lated from the observed frequency of no changes as 0.25 = {(1-p)95]7, or

p = 0.002 events-repeat sequengg family l.cell generation‘l. This value

. is teaébnably close to, but because of the small sample size, less reli-
t

-~ .

able than the value of 0.00% events«repeat sequenée family‘l.cell gener—
ation~1 previously obtained. .

- ' A
J. Implications of gemomic rearrangement at high frequency

.o / i
Comparison of the estimate for H. halobium genomic rearrangements to

L ]

‘. trahspdaléion frequencies reported for E. coli transposable elements
(10‘4-10‘7 per colony forming unit; Calos and Miller, 1980; Kleckner,

1981) is complicated by the fact that the frequencies reported for E.
'3 V ' T —

[

coli elem%nts are derived from selected evenls at particular genetic

- ”

loci. Read and Jaskunas (1980),réported rates fog unselected \

[y .
'



Figs . 35"“20
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Nitrocellulose filtet—bounq EcoRI cleaved DNAs from iso-
lates 5, 10, 15 and 17 grobed with 32P-labelled cloned
repeated (Figs. 35-41) or unique-sequence (Fig. 42) DNAs
from strain NRC-1l. Closed trianéles inéicate the posi-
tion of ffagments not present in the parental DNA sample
(lanes P‘in Figs. 26-34) but present in B, M and F bNA
éamples: Opén triangles indicate the absence of frag-
ments in the B, M and F DNA samples which were present in

the parental DNA sample. Filled squares denote H"!i—

[

v u. <
dizing fragments in the M and F DNA samples not present

in B DNA samples. Open squares denote fragments hybri-

dized in B DNA samples but_ not present in M or F. Closed
circles indicate fragments hybridized im only M or F DNA

samples. Open circles denote fragments missing from F

but present in B and M DRA samples.

-



Fig. 35.

Probe:

clone 37.
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Fig. 36. Probe: clone 43.
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N Fig. 37. Probe: clone 74.
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Fig. 38. Probe: clone 85.°
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Fig. 39. Probe: clone v88.
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Fig. 40.

Probe:

clone v97.
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Fig. 41.

Prébe:

clpne vli22.




Fig. 42.
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Probes:

E 4 »

clones p27, p4l and p97.
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transposition of ISl near those reporged here for H. halobium repeat

sequence families. Out’ of 40 mutants selected to contain an ISl inser-

tion into the spc operon, three had additional, unselected ISl trans-
[ ' 3 [ 3

positions and one of these had three additional IS1 transposition
- i
events. Assuming the forty isolates’ they examined were separated by 25.

generations, p may be calculated as: frequency of no unseleeted inser-

-

tions = 37/40 = 0.925 = (l—p)25 which gives p = 0.003 transposftions-lsl

family~l.cell genera;ion‘l. Thesk authors consider the observed level

-

of unselected ISl transposition unusually high and attribute it to AN

bursts of transposition occurring from the saqg“gonor site or the possi-
s

bility that one transposition event triggers okhers. If the 1at£e§ pos—
oibility is the case, ‘then the value of 0.003 for p would bs,an over-

estimate because all‘kd isolates were selected on the basis of an ISl
- ! .
transposition into the spc operon. The observation thats one of the 40

7 ” .
isolates contained three unselected transpositions of 1Sl does imply one

event sometimes triggérs others. A qpugﬁ idea of the degree to which

thig estimate is in error may be obtained from-a comparison of the spon-

taneous mutdtion frequencies of each organism. The frequencies qf spon~

.

taneous mutation to vac™, pum~ and rub” for H. halobium are 102, 10—4

t
and 104 per colony forming unit respectively (Pfeifer et al., 1981).

- -~

Various amino acid auxotrophs are obtained at frequencies of 10~4-10">
per-colony forming unit (Weber et al., 1982 and personal communica-

tion). 'In contrast, amino acid auxotrophs of E. coli are obtained at

»

frequencies of approximately 107 per colony forming unit (Cox, 1976).
The frequency of the first*ISl insertion (into the spc operon) measured

by‘Read and Jaskunas [1980]) was 4x10~7 per colony forming unit. Even
if'only 1/10 oﬁ’;utations in H. halobium are caused bx genomic rear-

A}

rangements, the higher. frequency of spontaneous mutation implies at

' \

*
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least a 10 fold ‘greater rate of rearrangements involving repeated e
‘e

sequences in H. halobium. .

A rather striking consequence ar1§gs from such frBquencies of
Fal -
genomic rearrangement involving 50 repeat sequence gémilies. For the

L
»

. . A
average one liter culture (started from a“sin%le cell) containing 1011

cells, the probability that any two cells are of the same genotype
1Y

(undergoing no events with ‘any of the 50 families) is 3x10~4. This cal-

culation assumes that no two events are identical (an "infinite allele”

.

model - Ewens, 1979), which may not be strictly true if there are “hot
spots” like those observed for some E. coli transpoSable elements

(Johnsrud et al., 1978); nevertheless, such a level of genotypic vari-

-

ability 1is remarkably high. -

The concludion that H. halobium exhibits a high degree” of genetic
variability has also been reached by Weber et al. (1982 and personal

”

comtunication) and has led tovthe unusual proposal‘that H. halogium does
not regulate gene expression ;n the‘classical sénse, but does so by
mutation. More simply stated, the hiéh degree of genetic variabilty
maintained in H. halobium allgws a large number of genotypes to be
represented in any cel% population. On the basis of chance a}qpe, some
of tHese gj;ztyp;; will be better able to cope with any given changé/in
the environment. These genotypes will therefore be sélectively
increased in the population, Qrt wil% continue to generate new genotjypes
at a high level. Whendpnoiher”change in the environment takes place,
some of the newer genotypes will ﬁé of greater fitness.

Such a system can operate only if the rate of formation of new‘
génotypes is great enough to ensure represeatation of all genetic loci

]
in a viable, altered state in one or more members of any cell popula~

_tion. The size off the H. halobium cell population required to .ensure



representation of 3000 genetic loci (assuming H. halobium and E. coli

have similar numbers of loci) in an altered state may bjglalculated from

v

the value of p = 0.004 events-repeat sequence family'l-cell gemera—

tion~l. 1If there are 50 families of repeated‘ﬁfquences, the probability
f 4 . ‘ t

of a changehgnvo!bing any repeat seguence famiiy in any one generation
¢ " !

is 0.2. » . ) ’

Assuming all events are different -and lead to viable genotypes, the
number of new genotypes creatéd in ‘generation n is«Q.%iEﬂ. The total
number of ‘pew genotypes created in the cell. population by genetation n

n ”
will be: 0.2 2140.2 23g0.2 23+...40.2220 or 0.2221.* Thus, the numbe
of generations required‘to produce 3000 new génovypés 15'%3, or a total
cell population of only ca: 8.2 x 103, 1In reality, many or most events

may‘give rise to Bgﬂ—viable genotypes; also the probability that new

4

events are identical to previous events will increase as the number of
» ) ] -

.
-

genotypes in the population increases. As a worst case scenakio, if
#
only one out of ten events is functionally different and only o?e in a
!

thousand unique events leads to a viable genotype, the number of genera-
tions requirea to obtain at least 3000 unique, vdable genotypes is

n 13
0.2 0.1 1033 21=3000 or n=28 generations (2.7 x 108 cells). This is a

13}
! ‘

relatively modest number of cells for an organism capablé of reaching
very high population densities and correspondingly %grge total popula-’

tion sizes in natgfe (Kushner, 1978). In contrast, an E. coli poﬁhla-

tion approximately 100 times this size would be reqdired to generate
3000 unique, viable genotypés if p is assumed to be 0.000% for each of
ten'famili;s of repeatea elements and similar assumptions are made about

the number of unizlue, viable genc;types. Although cell populations
¢
greater than this size are commonly encountered in the laboratory, such

o

»
. .
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L \\
pop:_lation sizes are very near those thought 'to exist in the\'h'xman
intestinal tract (Slack and Snyder, 1978). v .

Although ‘it is possible, on numerical grounds, for H. halobium to
"regulate” gene expression by mutation (i.e., not regulate gene expres~

. L
sion),” it is by no means clear that they do so. Only a few reports

imblying éohtrol df gene expression at any level have been published

ERogprs and Morris, 1978; Spudich and Stoeckenius, 1980) and, 1n'these
cases, it is unclear what fraction of the cell populations examined are
responsible for the responses observed. Studies on the control of gene

n

expression at the level of transcription, using cloned halobacterial

gene:‘?of which only two defined genes are as yet §Vailab1e; the 165-
235-55-ribosomal RNA gene cluster of H. volcanii [Woese ‘and Doolittle,
unpublishea] and the bacteriorhodopsin gene of H. halobium [Dunn et al.,
1981]) should elucidate éhegher eoﬂtrol mechanisms liée those ébailable

<

In E. coli are also presemt in Halobacterium species.

bl )

A sequence capable of forming an Inverted repeat structure reminis—

L 4
cent of the operator regions of several E. coli operons has been found

-

at the beginning of the bacterlorhodopsin gene, and may fuaction as a ¢

,binding site for a regulatory protein (Dunn et al.,-1981).

»

Dunn et al. (1981) have also found several regions 5' to the coding
sequence of ‘the F?cteriorhodopéin gene’ which consist of alternating

purines and pyrimidines. As they note, such sequences may *adopt a Z-DNA

L

structure (Wang et al., 1979; Arnott et al., 1980)4under the high intra-

-

cellular salt concenzrations of H. halobidﬁ (4 M KCl). 4~DNA has been

v

shown to exist in vivo in Drosophila by. fluore*nt ant ibody staining of

polytene chromosomes (Nérdheim_gg 5},; 1981)., In these chromosomes, the,
A}

Z-DNA“4s restricted to interband regions (Nordheim et al., 1981) and has

®
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. )
been implicated in the cgntrol of gene expression. Control of gene

-
- *

expressisn ke H. halobium may be mediated by such structures.

I'd

. The fraction of rearrangements involving repeated sequences which

.

has signiffcant phenotypic effect remains- to be determined. This will

be difficult in the absence of standard methods, for genetic analysis,
] L.
but there seem to be three alternatives, for each of which there is ten-—
1

J
tative experimental support. (i) Repeat sequence elements are confined
|

to silent 'regions of the genome, and rearrangéments affec#ing, or

-

|
effected. by, them are without phenotype effect. Indeed,.most H.

halobium repeat sequence elements reside in (presumably relatively A:T-

rich) regions of both plasmid and chromosomal DNA which are relatively

n

rich in EcoRI sites and relatively poor in Pstl sites (see Section

’

II1 E). (ii) Repeat sequence element—assoclated rearrangemeﬁts are ran-~
dom and often detrimental, and H. halobium endures them because they are

unavoidable or because group selection for high genetic variability
. L4

maintains them (Sapienza and Doolittle, 198l). Pfeifer et al. (198lb)

I

observed high rates of spontaneous mgFation af fecting gas vacuole and
pigment production, some ;f these’mutations being associated with com— ¢
plex and not easily 1nierpreted alterations in plasmid restriction endo-
nuclease digestion patterns. Schnabel et al. (1982) found restriction
site polymorphisms in the DNA (most of which is presumably essential) of
preparations of the halobactérial phage ¢H grown on H. halobium.

(111) Repeat sequence element-associated rearrangements refiect the
operation‘-of a multiplicity of complex and reversible transpositi?nal

switch mechanisms with specific effects on gene expression. Several of

the independent gas vacuole-deficient variants of Pfeifer et al. (1981b)

.
i
i’ 3
.
”

-
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.8eem to have suffered, among other eventgs, specific inset¥tions 1nt2

’ [ i .- ~

plasméd DNA., .
4 . z
» .
. These three views are not mutually exclusive. Repeat sequence ele~
o~ - . . . -
ment-associated instability in the H. halobium genome seems astonish-

-

ingly hiéh. It 1s not.unlikely that the majority o rearrangements are

-
- " -

corifined to silent ‘regions of the genome (boEQ plgsmid and chromosome)

while 'some result in random' (presumably detrimental) gene inactivation
V4

and still others have been recruited to operate as regulatory switch .

)

mechanisas.

K. Evolutionary conservatiqn of repeated s@quences among the

—~—rhy
» ‘ [
f Halobacteria - NS
Seven EcoRI fragments of H. halkobium DNA (24.7 kbp total) bearing-
. L4 -
memasfs of seven different repeat sequence families, three EcoRI frag-
IV L]

1

ments of H. volcanii DNA (4.3 kbp total) bearing different repeat

o O !
sequence families common to both H. volcanii and H. halobium, and three
“Pstl fragments (7.0 kbp total) bearing unique-sequence DNA of H.

i halobium, were selected from the pBR322 cloned genomic libraries des-

o~

cribed in previous sections. These recombinant plasmids were 32p-

»

labelled in vitro and used to probe EcoRI cleaved nitrocellulose filter-

bound DNAs frém H. halobium, H. salinarum, H. volcanii, H. trapanicum,

H. vallismortis and ‘H. saccharovorum. Hybridizations and subsequent

washing were done under stringent éonditions (Jeffreys and Flavell,

' 4 .

-

' ™1977).. The results of this experiment are shown in Figures 43-53.
. . -
Four factors can potentially complicate the Interpretation of these
results: evolutionary conservation of unique—sequence DNA flanking

cloned H. halobium repeats; acquisftion or loss of EcoRI sites within

repeated elements; drifd’in element sequence past the point where
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1

hybrids are stable at high stringency, and polymorphisms due to high-

d n -

-frequency genomic rearrangemgnts within pop ations from which DNAs are

A -

made (gdnomic instability of repeated sequences is a diagnostic feature
- . ¢ - -
as shown in the previdus section). These complicating factors cannot
0, ¢
invalidate the following conclusiong: (i) There 1is no halobacterial

L]

species which does not share ‘several repeat sequence families w{th'ﬂ. p
halobium. (i1i) There is no halobacterial species whfch appears unquelyr

,favoured/in its possession of many different H. halobiuh repeats, with -
ettt V'

the possible exception of H. salinarum, often “considered conspecific *

!

with H. halobium. (The H“Qolcanii results are biased by the 1nglusion "

* of three probes (V885 V97 and V122) bearing repeat sequences already

known to beg éhared wtth H. halobium.) (iii) There 1is no H. halobium »

repeat sequence family*wirich is not repesented in at least two other

< v

halobacterial species.., (1iv) There 1s no repeat sequence family which is
s ‘ N

uniquely favoured in its represenéation or uniformly high copy number.
. * -

. -

(v) ﬁnique—sequence DNAs are less highly ‘conserved than ate repeat

-

séquence DNAs. This is more convincingly demonstrated by the fact thgt

none of 13 Pstl clones bearing in sum approximately 50 kbp of H.

\ -
haldbium unique—-sequence DNA"hybridiqes to H. volcanii DNA at high
P} ’ -

£}
stringency, (data not shown) and neither do H. volcanii unique sequence -
DNAs hybridize "to H. halobium DNA (Fig. 17B), while all but one or two

4 \J
of the H. halobigg repeat sequefice proéks (in sum 24.7 kbp) hybridize to

~

H. volcanii DNA, some okAthem quite strongly. -

-

*

Given thie_variability in family size and phylogenetic distribu-_
tion, it seems unlikely that any single halobacterial repeat sequence
family is essential for survival. ° Their presence could be accounted for

by interspecific transfer, although no mechanism for such transfer is

. -



Figs. 43-53.
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Hybridization of 32p-1abelled cloned H. halobium strain

)

[ .

NRC-1 repeated (Figs. 43-49), H. volcanii repeate

' (Figs. 50-52) or H. halobium strain MRC-1 unique (Fig..

.

53) sequence DNAs to EcoRI cleaved, nitrocellulose

. . -~

filter-bound DNAs from H. halobium strain NRC-1 (lanes

&

-A), H. salinarum (lanes B), H. volcanii (lames C), H.

‘ 4
‘trapanicum (lanes D), H. yallismortis (lanmes E) and H.

saccharovorum' (lanes F). .

- -
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€

N A b Do

-



v

N

Fig- 43-

)

Probe:

b

clone 7.

£
-

S W

a7

~84—

o



LB

Fig. 44,

\
A\

—~
Probe:

clone 34.

-85

.



-86-

clone 37.

Probe

Fig. 45.

L ¥4

'
!
!
1




clone 43.

-

Probe

Fig. 46.

»




Fig. 47.

Probe:

clone 54,

-88-

)

A ]



<
+*

clone 74.

v

-89~

h



“s

i

Fig. 49.
-
»
LY

by

Probe

_—
.

»

clone 85.

-

L 8



-

Fi1g. 50.

%

Y

Probe:

A8

clone v88.

A

C

D

-g1-

E

F



-0

clone v97.

Probe:

Fig. 51.




e

I

-

Fig. 52.

v

/

/‘l

-

Probe:

L 4
clone v122,

-

~93-

_,;J



Fig. 53. Probe: ™:lones p27, p4l and p97.
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x known in«halobacteria. The spgcies:stwﬂied are confined by thelr

obligate halophily to rigidly defined -and geographically isolated habi-'

tatsL, and\:?e lack of any strong correlations betwegn the phylogenetic

z L4 /
distributions of different repeat sequence families i8 not easily -

-

explained by such transfer. Alternati%ely, although subject to expan-

Al »

- sions, contractions and bccasional loss, repeat sequence families have
.

-

profited from stdchastic or selective iﬁiragenomﬁc processes (Doolittle

« ¥ i P :

and Sapienzq;/i?SO) which have, within limits, maintained them through-

out the long evolutionary diversification of this group of Qrchaebac-

»
v

teria.

L. = Other archaebacterial genomes

The existence of so many 'evolutionarily conserved repeafed sequences

v

in halobacterial genomes prompts the question of whether 6r not large
“ .

numbers of repeated sequences are a hallmark of arthaebacterial genpmes

»

and thus makes them distinct from eubacterfal genomes and more like
. X

.

those of eukaryotes.
§
In order to investigate this possibliity, an experiment similar to
P .
that shown in Figure 15 was conducted with the DNA of the Archaebac-

terium Thermoplasma acidgbhilum. T. acidophilum DNA ‘was obtained from

- , .
ligated into pBR322. After gcreening of transformants fo ensure cloned
fragments were present, DNAs were prepared from 27°clones which con-

tained inserts (several clones which contained more than one EcoRI

»

IE, halobium strain NRC-1 was 1solated from salted cod, H. salinarum
from salted hideg, H. trapanicum from "Trapani” salt at Bergen, Norway
(Bergey's Manual of Determinative Bacteriology, seventh edition, The
Williams and Wilkins Company, Baltimore, 1957). H. vallismortis was
isolated from Death Valley, California. H. volcanii was isolated from
the Dead Sea. H. saccharovorum was “solated from southern San
Francisco Bay (Tomlinson and Hochstein, 1976).

L

r

»
D. Searcy (University o§ Massachusetts, Amherst), cleaved with EcoRI and

W
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Fig. 34. Hybridization of 32P-1gbelled cloned EceRI fraggents of

-

Thermoplasma acidophjlum DNA to EcoRI cleaved, nitrocellulose

filter—bound T. acidophilum DNA. Nitrocelluloge strip num-

fod

. bers 1, 3, 6, 10, 16, 17, 20 were probed with recombinant
»
plasmids bearing-mere than one T. acidophilum EcoRI frag-

ment. No fragﬁents other. tham those identical in\mobility to

. ¢

* -
the fragments ‘clofied are hybridigsd. .
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fragment were chosen In order to increase the fraction of the genome '
represented), nick-translated and hybridized to Southern blots of EcoRI
cleaved T. acidophilum DNA. Figure 54 shows the result of this experi-
ment. 533.6 kpb or 4.6% of the T. acidophilum genome is rep;esed%ed in
these 27 clones. No fragments in addition to those identical in mobil-
ity :o the cloned fragments were'hybridized. This %mplies that not all
archaebacterial genomes are rich in repetitive sequences. A‘farge ﬁhﬁ;
~-ber of repetitive sequences has, however, been found in the genome of |,

Methanobacterium thermoautotrophicum by Reeve (pers&nal communication).

Thus repetitive sequences appear to be common in two of the three major

groups of Archaebacteria, the methanogens and the extreme halophiles. ’

-

M. Organisms: How low do they go?

The presence of repeated sequences in both eukaryotic and prokaryo—
tic genomes has given rise to endless speculations as to the roles they
play in the control of gené expression (Britten and Davidson, 1969;
Davidson and Britten, 1979), differéntiation and development
(Congtantini et al., 1980; Moore et al., 1980), and generating evolu-

tionary novelty (Ohno, 1970; Cohen, 1976; Starlinger and Saedler, 1976;

Kleckner, 1977; Nevers and Saedler, 1977). The realization that many of

these repeated seuqneces are mob%le, capable of differential replication
and thus able to increase in number within genomes, led Ford Doolittle
and me to propose a rather different explanation for thelr existence
(Doolittle and Sapienza, 1980; Sapienza and Doolittle, 1981). The
explanation follows logically from a consideration of the essentials of
natural selection.

The only selection pressure which DNAs experience directly is the

pressure to survive within cells. Cells themselves are environments in

’

»
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ness of the orgénism harbouring such a sequence, natural selection will,
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-

which DNA sequences can replicate, mutate and evolve (Orgel, 1979). If

-

there are ways in which mutation can increase the probability of a DNA

sequence's survival within cells without drastically reducing the fit-

~

L4
N . A

inevitably give rise to DNAs whose only "function™ is survival within
. : &
genomes. A corollary of this statement is that if a DNA sequence can be

shown to have adopted such a survival strategy, no other (phenotypic)
explanation for its continuwed axistence 1s required. Transposition is

"

one such strategy.

Prokaryotic insertion sequences and transposons can in general be

-

inserted into a large number of chromosomal or plasmid sites,,can be

exclsed precisely or imprecisely and can engender deletions 1in adjacent
DNAs (Cohen, 1976; Nevers and Sadler, 1977). Mo&els for transposition
require the synthesis of a new element for insertion, without loss of
old elements (Shapiro, 1979; Arthur and Sherrat, 1979, Harshey and
Bukhari, iéSl). This behaviour ensures the survival of the transposed
element, regardless of effect on phenotype (and this is generally
destructive) unless such an effect is sufficlently negative.

Middle re tive‘BNAs in Drosophila (Potter et al., 1979; Strobel
et al., 1979; Young, 1979), yeast (Cameron et al., 1979) and possibly
humang (Jagadeeswaran et al., 198l; Krowlewski et al., 1982) also appear
to be transposable although the mechanism of transposition may well be "
different (Jagadeeswaran et al., 1981) than that proposed for prokaryo-
tic elements. A large fraction of many eﬁgaryotic genomes consists of
middle-repetitive DNA (Lewin, 1975), and the variety and patterns of
their interspersion with unique—sequeﬁce DNA makes no particular phylo—

genetic (Figure 55) or phenotypically functional sense. Britten, :

&
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Phylogenetic tree of some organismg in which genome organiza-

“ B
'tion has been studied. Asterisk denotes that the middle
repetitive D.NA.and uniqu-e-semnce DNA is arranged as in the -
‘ KP
h .
- Drogsophila, or long-period interspersion, pattern; others
have genome organization characteristic of the Xenopus, or
short—-period interspersion, pattern. Data from Davidson et &
al. (1973), Graham et _al. (1974), Firtel apd Kindle (1975),
Manning et al. (1975), Crain et al. (1976), Efstratiadis et
al. (1976), Howell and Walker (1976), Wells et al. (1976), . , .
Valau et al. (1977), Hudspeth et al. (1977), Moyzis et al. .
o
(1977), Arthur and Strauss (1978), Smith gnd Boal (1978)," .
- #
Christie and Skinner (1979), Hinnebusch et al. (1980), Smith
et al. (1980), and Murray et al. (1979, 1981).
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Davidson and collaborators have elaborated models which ascribe regula-
- s T .
tory functions to middle-repetitive DNAs, and evolutionary adaptability

to Jhe quantitative and qualitative changes in middle-repetitive DNA 9
content observed even between closely related species (BritS;;jand

Davidson, 1969; 1971; Davidson EE.El:’,1977; Davidson and Britten, -

3

1979). The evidence for a phenotypically functional role for middle
_Efpééitivé DNAs remains dishearteningly weak (Klein et al., 1978;

Scheller et al., 1978; Kuroiwa an& Natori, 1979; Kimmel and ?irtel,

13

L4
1979), a#8d middle-repetitive DNAs together comprise too large & fraction

-

of most elkaryotic genomes to be kept homo}pgous in sequence by
Darwinian se€lection operating on phenotype (Kimura, 1968; Salser and

Isaacson, 1976). If it is assumed that middle-repetitive DNAs are
~ . ™~

tra€§posable elements or degenerate descendants of such elements, then

L

the observed spectra of sequence divergence within families and changes
in middle-repetitive DNA family sequence and abundance may all be
explained by non—phenotypic selection operating within genomes.

The "Selfish DNA" explanation for the existence of transposab&g v

L

elements is not simply a variant of Occam's Razor (Smith, 1980) in the

sense that because transposable elements may be explained by non—pheno- .
‘ s

,typic selection, they must ‘be explained in this way. Rathes, other
’ 1] ,
explanatiords for the existence oflfransposable elements suffer from lack

of evidence\or logical flaws. Most speculations on the function of pro-

’

karyotic transposgble elements concentrate on the roles they may play in
‘ Al

promoting the evolution of plasmid and bacterial chromosomes through
rearrangements and the modular assembly of functional units (Cohen,

1976; Starlinger and Saedler, 1976; Nevers and Saedler, 1977) or in

(9. ]
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facilitating gene transfer (Campbell, '198l). The functions of middle-
repetitive DNAs have also been relegated to the generation ok new -

chromosome primary structures and as cogs in ". . . the biochemical

machinery by which organisms ;ontrol their hereditary apparatus and

regulate its transmisslon {changed or unchanged) over éell generations”
’ (Shapiro and Cordell, 1982). Such explanations have at their base the
implicit assumption that evolution is anticipatory. The notion that
‘natural selection operating on phenotype can direct the formation of
structures whose effects are felt only in the future runs counter to the
usual laws of cause and effect. It seems unreasonable to endow the pro-—

«cess of natural selection with foresight.

Géshis does not mean transposable elements do not play such evolu-
R ot

“e N

tionary roles. Genomic rearrangements effected by transposable elements
will, of course, give rise to new chromosome structures and gene
arrangements upon which natural selection may act. However, this is not
their primary function. Part of the argument lies in the definition of
. function”. An evolutionary definition for "function"” is best illus-
trated by an anecdote from one of John Maynard Smith's lectures (June
30, 1981 at Cambridge University):

Horses have very stiff spines. Because of their

very stiff spines, people may sit upon their backs

and ride them. However, natural selection certainly

did not fashion the horse's stiff spine so that

’ people could sit upon their backs.
Thus, a workable definition of function might be: that purpose

served by a structure which natural selection fashioned that structure

to serve. Within this framework, the function of transposable elements

-
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must certainly be survival with gendmes, although they, like the horse's
spine, may*have other effects.

Trané'posable elements, and the "Sel’h DNA" proposal are also dis-
tinct from®" junk DNA" (although some authors seem not to have noticed -
Ohno, 1981; Grant, 1981). Junk DNA is merely a collection of ultimately
to be disp;sed of , non-functional nucleotide sequences;‘carted along by
genomes as excess baggage or evolutionary relicts. Such sequences,
‘unlike transposable elements, are unable to 1nffhence their copy number
or maintain themselves in sequence except by random processes.

Perhaps the most comfortable framework within which to view trans-

’
posable elements (and many plasmids; Novick, 1980) is to thigk of them
as the lower limit in a continuum of living organisms. They may be con—

sidered akin to defectfve viruses; organisms in their own right, but

unable to live outside the realm of the genome which harbours them.

~
N
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