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The genome of Thiobacilusferrooxidans ATCC 19859 is about 2.8 x 106 base pairs as determined by analysis
of reassociation kinetics of sheared DNA. This is 70% of the size of the genome of Escherichia coli. About 6%
of the genome of T. ferrooxidans consists of moderately repetitive DNA sequences that are repeated an average
of 20 times per genome. Two distinct repeated sequences, designated family 1 and family 2, have been analyzed
in more detail. Both families are approximately 1 kilobase in length and are repeated 20 to 30 times per genome.
Preliminary evidence from restriction enzyme analysis, Southern blotting experiments, and thermal melting
analysis indicates that members of both families are conserved and are interspersed with single-copy DNA. Six
copies of one family are present on the 45-kilobase-pair plasmid of strain ATCC 19859.

Thiobacillus ferrooxidans is a gram-negative, acidophilic,
chemoautotrophic bacterium capable of oxidizing ferrous
iron and various reduced sulfur compounds (32). It is con-
sidered to be one of the most important organisms used for
the recovery of metals in biohydrometallurgical operations,
accounting for about 18% of the production of copper in the
United States (30). It is also probably a major cause of acid
mine drainage.

Despite its industrial and environmental significance, di-
rect genetic analysis of T. ferrooxidans is only starting. Most
strains of T. ferrooxidans have cryptic plasmids, and several
of these have been cloned into Escherichia coli (13-15, 24,
25). Barros et al. (1) have cloned and expressed a glutamine
synthetase gene (glnA) from T. ferrooxidans in E. coli. M. T.
Roskey and C. F. Kulpa (Abstr. Annu. Meet. Am. Soc.
Microbiol. 1984, H59, p. 101) have complemented histidine
and proline auxotrophs of E. coli with DNA from T. fer-
rooxidans, and Holmes et al. (D. S. Holmes, D. Druger, and
J. H. Lobos, Abstr. Annu. Meet. Am. Soc. Microbiol. 1985,
Q27, p. 262) have used cloned probes to identify, in T.
ferrooxidans, sequences homologous to the ribulose
bisphosphate carboxylase gene of Rhodospirillum rubrum.
Also, randomly cloned DNA sequences of T. ferrooxidans
have been used as an aid in the identification and enumera-
tion of the thiobacilli (35).
We report here the determination of the complexity of the

genome of T. ferrooxidans and show that the genome con-
tains a small percentage (about 6%) of moderately repeated
DNA. Repeated DNA sequences are ubiquitous in higher
organisms but are not commonly found in procaryotes. The
few examples of repeated sequences in procaryotes come
from widely different species. The archaebacterium
Halobacterium halobium has at least 50 different families of
repeated sequences, varying from 2 to 20 members per
family (27). Repeated sequences are also known in the
gram-negative bacteria Caulobacter crescentus (33) and
Pseudomonas cepacia (17), as well as in several species of
the gram-positive genus Streptomyces (8, 22, 26), including
one example in which amplified repeated sequences repre-
sent 45% of the genome (10).
We have investigated and compared the reiteration fre-

quency, size, and homology within and between two distinct
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families of moderately repeated DNA in the genome. These
two families of repeated DNA sequences (designated family
1 and family 2) have been shown, by restriction enzyme
analysis and Southern blotting experiments, to consist of
conserved sequences, each about 1 kilobase (kb) in length
and containing 20 to 30 copies per family. DNA-DNA
reassociation kinetics was used to provide additional evi-
dence that the reiteration frequency of family 1 repeated
sequences is 20 to 30 per genome, and we confirm by thermal
melting analysis that the sequence of family 1 members is
conserved.

(Part of this work was conducted by J. R. Yates in partial
fulfillment of the Ph.D. degree requirements at the State
University of New York at Albany.)

MATERIALS AND METHODS
Bacterial strains and media. T. ferrooxidans ATCC 19859

was grown in a minimal-salts medium (9K salts) supple-
mented with ferrous iron (31). The strain was purified three
times on solid media after being received from the American
Type Culture Collection, Rockville, Md. E. coli C600 was
grown in Luria broth at 37°C, supplemented with 100 jxg of
ampicillin per ml if recombinant plasmids were present.
Growth on solid media. Quantitative growth of T. fer-

rooxidans on solid media was carried out by modifications of
published procedures (18, 20). A 35-ml portion of lox
modified 9K salts was added to 265 ml of H20 in a 1-liter
flask and adjusted to pH 2.5 with 10 N H2SO4 (solution A).
FeSO4 - 7H20 (llg) was added to 75 ml of H20 and adjusted
to pH 2.5 with 10 N H2SO4 (solution B). Agarose (2 g) (type
I, Low EEO; Sigma Chemical Co.) was added to 125 ml of
H20 (solution C). Solutions A and C were sterilized at 121°C
and cooled to 60°C before being mixed with solution B,
which had been filter sterilized. The lOx modified 9K salts
was made as follows. In 3 liters of H20, the following were
dissolved in order as listed: 150 g (NH4)2SO4, 5 g of KCl, 2.5
g of K2HPO4, 25 g of MgSO4 - 7H20, and 0.72 g of
Ca(NO3)2 - 4H20; 50 ml of 10 N H2SO4 was added, and the
mixture was stored at 4°C.
DNA preparation. High-molecular-weight genomic DNA

from T. ferrooxidans was prepared by a modification of the
Marmur procedure (19). Cells were grown to late log phase
(ca. 2 x 108 cells per ml), and particulate matter was allowed
to settle out. The supernatant fluid was filtered through a
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0.45-,um-pore-size nylon membrane (Zeta-probe; Bio-Rad
Laboratories) backed by cheesecloth in a Buchner funnel.
Cells were suspended in 30 ml of 9K salts lacking ferrous
iron. This solution was allowed to stand at room temperature
until the larger aggregates of ferric precipitate had settled
out. Cells were collected from the partially clarified liquid by
centrifugation at 1,000 x g. The cell pellet, together with any
residual iron precipitate, was suspended in 1 ml of 9K salts,
and the cells were collected by centrifugation in an Ep-
pendorf centrifuge. The cell pellet was carefully suspended
in 9K salts, leaving behind the residual iron precipitate. Cells
were again collected by centrifugation. This step was re-
peated until no iron precipitate was apparent. Cells were
suspended in 0.15 M NaCl-0.1 M EDTA (pH 8.0) and frozen
at -20°C. The frozen cells were rapidly thawed at 55°C, and
1.5 mg of lysozyme (Sigma) per ml was added. This mixture
was incubated at 37°C for 15 min. Sarkosyl (CIBA-GEIGY
Corp.) was added to a final concentration of 1% (wt/vol), and
the mixture was incubated at 55°C for 15 min. Proteinase K
(Beckman Instruments, Inc.) was added (5 mg/ml), and the
incubation was continued at 55°C for 1 h. The cell lysate was
extracted with phenol, and total DNA was purified by
CsCl-ethidium bromide buoyant density centrifugation (5).

Preparative amounts of DNA from recombinant plasmids
were isolated from E. coli C600 by the procedure of
Eisenberg and Holmes (7).
The approximately 45-kb plasmid of T. ferrooxidans

ATCC 19859 was isolated as described previously (14).
Generation of recombinant plasmids. DNA from T. fer-

rooxidans ATCC 19859 was subjected to partial digestion
with MboI, and the resulting fragments were separated on a
5 to 20% sucrose gradient. Fractions containing 5- to 10-kb
DNA fragments were recovered, and the DNA was collected
by precipitation with 1/2 volume of saturated ammonium
acetate and 2 volumes of 100%'o ethanol at - 18°C for 1 h.
Precipitated DNA was collected by centrifugation and sus-

pended in water. DNA fragments were ligated into BamHI-
cut, dephosphorylated pBR322 (New England BioLabs).
Clones containing recombinant plasmids were screened for
insert size by a rapid-boiling procedure (12).

Southern blots and nick translations. DNA was digested
with various restriction enzymes (New England BioLabs;
Bethesda Research Laboratories, Inc.) as specified by the
manufacturer. The resulting DNA fragments were separated
on 0.8 or 1.5% agarose gels (Sigma) in 0.04 Tris (pH
8.0)-0.005 M sodium acetate-0.001 M EDTA. Southern blots
(29) were performed under the conditions recommended by
the supplier (GeneScreen; New England Nuclear Corp.).
The probe was hybridized at Tm - 25°C. Nick translations
were performed as previously described (34).

Reassociation kinetics. Genomic DNA was sonicated in
0.05 M phosphate buffer (pH 6.8) with a Branson Sonifier
equipped with a microtip probe. Sonication was performed
in ice for a total of 5 min and consisted of 30 pulses of 10 s

each with 30 s between pulses for cooling. Sonicated DNA
was found to have a mean average size of about 500 base
pairs (bp) as determined by agarose gel electrophoresis.
DNA was melted at 100°C in a microcuvette capped with
paraffin oil. Hyperchromicity was monitored by increase in
A260 and was found to be 32% for T. ferrooxidans and 33%
for E. coli. Reassociation of denatured DNA was monitored
at 260 nm in a Perkin-Elmer Lambda 5 spectrophotometer
equipped with thermally regulated jacketed cuvettes and an
automatic recorder. Reassociation was carried out at Tm -

25°C (where Tm was defined as the temperature at which half
the bases of double-stranded DNA had been denatured). At

the termination of the reaction, the hyperchromicity change
was again determined by heating the sample to 100°C.

Hydroxyapatite chromatography. Hydroxyapatite (DNA
grade; JBio-Rad Laboratories) was hydrated in 0.12 M so-
dium phosphate (pH 6.8), washed extensively and alter-
nately with 0.96 and 0.01 M sodium phosphate (pH 6.8), and
finally equilibrated in 0.12 M sodium phosphate (pH 6.8).
Sonicated, nonradioactive T. ferrooxidans DNA was dena-
tured by boiling in the presence of trace amounts of
[32P]DNA derived from recombinant plasmids. The
[32P]DNA was present at approximately 1/1,000 of the con-
centration of nonradioactive DNA. Reassociation of
[32P]DNA and nonradioactive DNA took place at Tm - 25°C
in sealed capillaries. The reaction was terminated by plung-
ing the reaction vessel into ice, and the DNA was loaded
immediately onto a hydroxyapatite column equilibrated at
Tm - 25°C. Single-stranded DNA was eluted with 6 column
volumes of 0.12 M phosphate buffer (pH 6.8), and double-
stranded DNA was eluted with 6 column volumes of 0.48
phosphate buffer (pH 6.8). Residual DNA (<5% of the total)
was eluted with 0.96 M phosphate buffer (pH 6.8).
DNA melting profiles. T. ferrooxidans genomic DNA was

sheared to a mean average size of 10 kb by repeated passage
through a 26-gauge needle. The DNA was denatured in the
presence of trace (1/1,000) 32P-labeled plasmid fragments as
described above. DNA was reassociated in sealed capillaries
to a CoT of either 1 (for repetitive DNA) or 10 (for single
copy), and double-stranded DNA was collected by
hydroxyapatite chromatography, where CoT is the concen-
tration of nucleotides (in moles per liter) multiplied by the
time (in seconds) (4). DNA was removed from the column by
raising the temperature in 2°C increments and holding the
temperature for 5 min at each increment. Single-stranded
DNA was eluted with 6 column volumes of 0.12 M phos-
phate buffer (pH 6.8).

RESULTS

ComplexAty of the T. ferrooxidans genome. DNA reas-
sociation was used to determine the complexity of the T.
ferrooxidans genome and to quantitate the proportion of the
genome containing repetitive sequences. Sonicated total T.
ferrooxidans DNA was denatured and allowed to reassociate
at Tm - 25°C in phosphate buffer (pH 6.8). Reassociation
was monitored by following the hyperchromicity change at
260 nm (Fig. 1). In a separate experiment, the reassociation
of sonicated E. coli DNA was monitored in an identical
manner (Fig. 1). A single second-order reaction curve was
fitted to the E. coli data by using a computer program
devised for the analysis ofDNA reassociation data (23). The
CoT112 of the E. coli was found to be 6.8 under the conditions
used, which is in reasonable agreement with published
values (3, 4). Since the second-order rate constant (k) is
inversely proportional to the COTv2, k for the E. coli reaction
can be calculated to be 0.15. The program was also used to
find the best-fitting curve to the T. ferrooxidans data. The
results indicate that approximately 6% of the T. ferrooxidans
DNA has a COT112 of 0.22 and that the remainder of the DNA,
which is presumed to consist of single-copy sequences, has
a CoT112 of 5. Reassociation of the T. ferrooxidans DNA went
to 91% completion, and the two-component curve fitted the
data with a root mean square of 0.003. The various comput-
er-estimated parameters that describe the reassociation data
of T. ferrooxidans are listed in Table 1.
A comparison between the respective DNA reassociation

rate constants of T. ferrooxidans and E. coli permits the
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TABLE 1. Parameters describing the reassociation kinetics of T. ferrooxidans DNA'

CmoetCOT112b K Chemical complexity Kinetic complexity
Component Observed Pure Observed Pure % of genomec (106 bp)d (106 bp)e

Single copy 5 4.4 0.2 0.23 94 2.6 2.6
Repetitive 0.22 0.013 4.6 75.8 6 0.16 0.008

a The parameters were derived from the data shown in Fig. 1.
b CoTir2 is expressed in moles per liter multiplied by seconds.
c Normalized for 100%o reaction.
d Chemical complexity of total DNA was 2.8 x 106 bp.
e Kinetic complexity of total DNA was 2.6 x 106 bp.

genome size of T. ferrooxidans to be estimated. The genome
size is the total number of nucleotides (tetmed chemical
complexity) in the haploid genome. For genomes with repet-
itive DNA, it is the sum of the chemical complexities of both
the single-copy and repetitive DNA sequences.
The chemical complexity of the single-copy DNA can

be calculated from the following equation: NSC = NE. coli
(KE. C01IKj,) where NSC is the number of base pairs of
single-copy DNA of T. ferrooxidans; NE. coi is the number of
base pairs in the E. coli genome (4 x 106 bp [16]); KSC is the
rate constant for the reassociation of T. ferrooxidans single-
copy DNA (0.23; Table 1); and KE. coli is the rate constant
(0.15) for the reassociation of E. coli DNA. Thus NSC = 2.6
x 106.

Six percent of the chemical complexity is represented by
repetitive sequences (Table 1). Therefore, the chemical
complexity of the repetitive DNA (NR) is 0.06 x Nsc, which
is 1.6 x 105. The genome size is the sum of these values, NSC
and NR, which is approximately 2.8 x 106 bp.
Although the chemical complexity is a measure of the total

number of base pairs in the genome, the kinetic complexity
represents the total informational content. If an organism
has only single-copy DNA sequences, the chemical and
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FIG. 1. CoT curve of sheared, reassociated T. ferrooxidans DNA
(a) or E. coli DNA (0). - , Computer-fitted least-squares curves
that best describe the reassociation data; - - -, the two components
of the computer-fitted curve that best describe the reassociation of
the T. ferrooxidans DNA. CoT is measured in moles of nucleotides
per liter multiplied by seconds. The data were derived from repeated
experiments carried out at different phosphate buffer concentrations
as described in Materials and Methods. The data have been normal-
ized to the standard phosphate buffer concentration (0.18 M Na+),
and this gives rise to the term "equivalent CoT' (4).

kinetic complexities are the same. However, in an organismf
with repetitive DNA sequences, the repetitive component
has less information than its chemical complexity because
the DNA sequences that constitute it are repeated. The
kinetic complexity of the repetitive DNA can be derived
from the following equation: NR (kinetic) = NE. coli
(KE. coli/Kpure repetitive). Therefore, NR (kinetic) = 8 x 103 bp.

This means that there are only 8 x 103 bp of information in
the repetitive DNA component. However, since there are
1.6 x 105 bp of chemical complexity in the repetitive
component, it can be concluded that each family of repeti-
tive sequences is repeated an average of 20 times.
The total kinetic complexity of the T. ferrooxidans

genome is the sum of the kinetic complexities of the single-
copy (2.6 x 106 bp) and repetitive (8 x 103 bp) components,
which is therefore about 2.6 x 106 bp. In summary, the
chemical complexity or genome size of T. ferrooxidans is 2.8
x 106 bp or 70% the size of the E. coli genome. On the other
hand, the kinetic complexity or total genetic information is
2.6 x 106 bp or 66% that of E. coli.

Identification of two families of repeated DNA sequences.
To investigate further the properties of the repetitive DNA
sequences that had been detected by CoT analysis, a random
genomic library of T. ferrooxidans DNA was prepared in the
plasmid pBR322. A preliminary screening of 46 randomly
selected recombinant plasmids revealed the presence of 6
plasmids that hybridized to multiple bands in Southern blots
of T. ferrooxidans DNA.
Four of these plasmids were chosen for further study. Two

of them, pTf8 and pTfll, gave rise to the complex pattern of
hybridization shown in Fig. 2. Both probes hybridize to an
almost identical set of AvaI, Stul, or EcoRI restriction
fragments of T. ferrooxidans DNA (Fig. 2A, lanes G). We
suggest that this pattern of hybridization is due to the
occurrence of a segment of DNA in both probes that is
repeated many times per genome. We designate this re-
peated DNA as family 1. However, the patterns of hybrid-
ization produced by pTf8 and pTfll were not identical. It is
probable that this results from the hybridization of contigu-
ous single-copy sequences. For example, there was a
1.14-kb band in the AvaI digest that hybridized effectively to
pTf8 but not to pTfll. This band represents a unique AvaI
fragment contiguous with the repeated DNA in pTf8 (Fig.
2B). This band can be uniquely identified because it corre-
sponds to an internal fragment of the recombinant plasmid
pTf8.
Both pTf8 and pTfll hybridize to several restriction

endonuclease fragments of the native T. ferrooxidans plas-
mid (Fig. 2A, lanes P). Therefore, the native plasmid also
contains copies of the repeated sequences. However, it can
be shown that the cloned DNA in pTf8 and pTfll was
originally derived from the chromosome and not the plasmid
of T. ferrooxidans, because all the fragments produced by
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FIG. 2. (A) Autoradiogram of a Southern blot demonstrating the
similarity of hybridization pattern of two probes (pTf8 and pTfll),
contaihing the family 1 repeat. Lanes: +, positive control (pTf8 or
pTfll); G, genomic DNA from T. ferrooxidans; P, native T. fer-
rooxidans plasmid. DNAs were cut with EcoRI, AvaI, or StuI aild
probed with either pTf8 or pTfll as indicated. Arrowheads indicate
DNA bands corresponding to fragments produced by cleavage at
sites within the inserted DNA of pTf8 or pTfll. (B) Restriction
nuclease maps of the T. ferrooxidans DNA inserts of pTf8 and pTfll
showing the cleavage sites of the enzynmes used in panel A.
Abbreviations: B, BamHI-MboI junction; R, EcoRI: S, StuI; A,
AvaI. Numbers correspond to lengths in kilobases.

digestion at sites within the inserted DNA align with hybrid-
ized bands present in the lanes containing chromosomal and
not plasmid DNA (marked by arrowheads in Fig. 2A).

Figure 3A shows a Southern blot of T. ferrooxidans
chrornosomal and plasmid DNA probed with recombinant
plas-mids pTf32 and pTf34. We suggest that similar repeated
DNA sequences are being detected by both these probes.
However, because the patterns of hybridization are different
from those detected with family 1 repeated sequences, we
propose that they are due to another distinct group of
repeated sequences, designated family 2. pTf32 and pTf34 do
not effectively hybridize to the native plasmid under the
hybridization conditions used (Fig. 3A). Weak hybridization
to the native plasmid, just discernable in Fig. 3A, lanes P,
could indicate the presence of either a sequence(s) on the
native plasmid with limited homology to the probes or a
relatively small region of more precise homology. The
internal restriction fragments of the recombinant plasmids
pTf32 and pTf34 align with hybridized genomic restriction
fragments (arrowheads in Fig. 3A), indicating that the cloned
sequences were derived originally from the genome and not
from the plasmid of T. ferrooxidans.

Restriction analysis of family 1 and 2 probes. The pairs of

recombinant plasmids that produced similar patterns on
Southern blots contain repeated elements flanked by dif-
ferent, unique sequences. Restriction nuclease site maps of
recombinant plasmids pTf8 and pTfll (family 1) and pTf32
and pTf34 (family 2) are shown in Fig. 4. pTf8 and pTfll
contain 2.0 and 5.6 kb of T. ferrooxidans DNA, respectively.
A region of about 600 bp bounded by the EcoRI and AvaI
sites on one side and theBgII site on the other is present in
both inserts. Restriction sites on one side of the repeated
element (e.g., SphI, PstI, and BglII sites in pTf8) are not
conserved. The conservation of restriction sites in the other
direction from the repeat (downward in Fig. 4A) cannot be
determined because the recombinant insert of pTf8 termi-
nates in this region. Cross-hybridization experiments be-
tween restriction endonuclease fragments isolated from pTf8
and pTfll showed that there was strong homology between
the fragments bounded by BglII-EcoRI sites (Fig. 4A, solid
line), as would be expected from the observed restriction site
conservation (data not shown). Some cross-hybridization
was also observed extending upward from the common
element to another BglII site (Fig. 4A, dotted line). The
extent of homology in the opposite direction could not be
determined because of the truncation of the insert in
pBR322. The minimal size of the homologous DNA shared
by the two probes is about 600 bp (Fig. 4A, solid line).
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FIG. 3. (A) Autoradiogram of a Southern blot demonstrating the
similarity of the hybridization patterns of two probes (pTf32 and
pTf34) containing the family 2 repeat. Lanes: +, positive control
(pTf32 or pTf34); G, genomic DNA from T. ferrooxidans; P, native
T. ferrooxidans plasmid. DNAs were cut with HindlIl, AvaI, or StuI
and probed with either pTf32 or pTf34 as indicated. Arrowheads
indicate DNA bands corresponding to fragments produced by cleav-
age at sites within the inserted DNA of pTf32 or pTf34. (B)
Restriction nuclease maps of the T. ferrooxidans DNA inserts of
pTf32 or pTf34 showing the cleavage sites of the enzymes used in
panel A. Abbreviations: B, BamHI-MboI junction; H, HindIII; S,
StuI; A, AvaI. The numbers correspond to lengths in kilobases.
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FIG. 4. Restriction enzyme site map of the T. ferrooxidans DNA components (-) of (A) pTf8 and pTfll and (B) pTf32 and pTf34. A
limited region ofpBR322 is shown for orientation (_). The solid line between the respective pairs of plasmids indicates the region containing
conserved restriction sites and the region which cross-hybridizes strongly. The dotted line indicates a region that although lacking restriction
site conservation, may contain a certain amount of homologous or related DNA according to cross-hybridization experiments.

Invoking similar arguments of restriction site conversation,
we determined that the minimum size of the homologous
DNA shared between pTf32 and pTf34 is 1 kb (Fig. 4B, solid
line) and that the maximum size is 2 kb (Fig. 4B, dotted line).
This observation has also been confirmed by comparative
hybridization analysis (data not shown).

Further analysis of the family 1 repeated element. It is likely
that the homologous region shared by pTf8 and pTfll is
responsible for the hybridization to the multiple bands in the
genomic Southern blots shown in Fig. 1. To verify this,
pTfll was cleaved by restriction enzymes to produce the
three segments indicated in Fig. 5. These three segments
were isolated from an agarose gel, nick-translated, and
individually used as probes against the genome of T. fer-
rooxidans in a Southern blot (Fig. 5). Segment A, corre-
sponding to the region shown above to be conserved be-
tween pTfll and pTf8, hybridized to multiple fragments in
the genome, confirming that it contains the repeated DNA
segment (Fig. 5, lanes 2 to 4). Segment A hybridized to
approximately 24 SalI-EcoRV restriction fragments of the T.
ferrooxidans genome (lane 2). This provides a minimum
estimate of the number of times this segment is repeated per
genome, as discussed above. It is in good agreement with the
estimate of 25 repeats derived from the data shown in Fig. 1.
Segments B and C, on the other hand, hybridized predomi-

nantly to single DNA fragments in the genome (Fig. 5, lanes
5 to 10), indicating that these probes correspond to unique
sequences in the genome. Since all three segments hybrid-
ized to the same genomic 4.8-kb SalI-EcoRV frlagment (lanes
2, 5, and 8) that had been cloned in pTfll (Fig. 5, lane 1) the
three segments must be located together on the genome.
Therefore, the insert in pTfll did not arise merely by
random insertion of several unrelated MboI fragments. Fur-
thermore, since two of the segments hybridized to single
DNA fragments in the Southern blot, the hybridization of the
third segment to multiple bands cannot be attributed merely
to incomplete restriction enzyme digestion of the genomic
DNA. There was no hybridization between members of
family 1 and family 2 repeated sequences (data not shown).
An independent determination of the reiteration frequency

of family 1 can be obtained from measurements of the rate of
reassociation of a radioactively labeled isolated repeated
sequence belonging to family 1 in the presence of a vast
excess of unlabeled total T. ferrooxidans DNA. To investi-
gate this point, segment A (Fig. 5) was isolated, nick-
translated, and hybridized to excess unlabeled total T.
ferrooxidans DNA. The rate of reassociation of the 32p-
labeled fragment was monitored by hydroxyapatite chroma-
tography. In a separate experiment, segment B was isolated,
nick-translated, and hybridized to excess T. ferrooxidans
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FIG. 5. Southern blot of T. ferrooxidans genomic DNA probed
with single-copy and repeated DNA. T. ferrooxidans genomic DNA
was cut with SalI - EcoRV (lanes 2, 5, and 8) EcoRI (lanes 3, 6, and
9), or HindIll (lanes 4, 7, and 10) and probed with either segment A,
B, or C derived from pTfll (see accompanying map of pTfll) as
indicated. Lane 1 is the positive control (pTfl1 cut with Sall -
EcoRV). These three probes were obtained by nick translation of
fragments isolated from agarose gels by the procedure of Girvitz et
al. (9).

DNA. Segment B corresponds to single-copy DNA, and its
rate of reassociation provides evidence for the complexity of
the single-copy DNA in addition to that derived from the CoT
analysis.
The results of the respective reassociation experiments

are shown in Fig. 6. Second-order reaction curves have been

< 0 [ _- a Qo_ .4
z
a
0

0

z

0

0

be100

EQUIVALENT CoT
FIG. 6. CoT curve of purified repetitive DNA (0; segment A of

the recombinant plasmid pTfll) or purified single-copy DNA (0;
segment B of the recombinant plasmid pTfll). Segments A and B
were separately labeled with 32P by nick translation, denatured, and
reassociated in the presence of an excess of labeled total T.
ferrooxidans DNA. The extent of the reassociation of the labeled
DNAs was monitored by hydroxyapatite chromatography.

A /Dl A/B
A.

kb

_V_-

i .. ...£

_. _1

OM.

0.57
054 -
0.46

to-

KB/H K/C
. 1 2 13 41

kb

_.

I

0.9

0.4- "

8 APBBPP

pTf 11

Ikb

K KH C C
.....

pTF 34

Ikb

FIG. 7. Autoradiograms of Southern blots showing conservation
of restriction sites in the repeated DNA of (A) family 1 or (B) family
2. (A) Lanes: 1 and 3, pTfll; 2 and 4, T. ferrooxidans genomic DNA.
DNAs were cut with AvaI-PstI or with AvaI-BglII as indicated.
Abbreviations: A, AvaI; B, Bg[lI; P, PstI. The asterisk in the
accompanying map indicates a PstI site in the single-copy DNA that
is discussed in the text. The probe was nick-translated pTfll. (B)
Lanes: 1 and 3, pTf34; 2 and 4, T. ferrooxidans genomic DNA.
DNAs were cut with KpnI-HindIII or with KpnI-ClaI as indicated.
Abbreviations: K, KpnI; H, HindIII; C, ClaI. The probe was
nick-translated pTf34. Arrowheads indicate bands which corre-
spond to hybridization of fragments produced by digestion at sites
within the repeats.

fitted to the data by using a least-squares computer program
(23). The family 1 repeat has a CoT112 of 0. 18, compared with
a COT112 of 6 for the single-copy fragment. These values have
been normalized for the twofold-higher rate observed when
the extent of DNA reassociation was determined by
hydroxyapatite chromatography compared with optical
methods. This indicates that the repetitive fragment is pre-
sent about 33 times per genome. This is in good agreement
with the previous estimates of a reiteration frequency of 25
times, derived from inspection of the Southern blot data
(Fig. 2). It also indicates that this repetitive fragment is a
representative of one of the families of repeated sequence
that constitute about 6% of the genome and that exhibit an
average reiteration frequency of about 20 times. The CoT112
of the single copy fragment is about 6, which is in reasonable
agreement with the estimate of CoTv2 = 5 for single-copy
DNA derived from the DNA reassociation data shown in
Fig. 1.

In control experiments, DNA segment A or B was allowed
to reassociate as described above, but in the absence of
excess unlabeled DNA, to determine the extent of self-
association. This never exceeded 12%, and values due to
self-reassociation have been subtracted from the experimen-
tal data. In duplicate experiments, neither of the two 32p_
labeled DNA fragments associated to more than 60 to 70% of
the complete reaction. The reason for this is not known.
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Conservation of restriction sites within familes 1 and 2. The
mapping data presented in Fig. 4 permitted experiments to
be devised that can determine the extent of restriction site
conservation in all of the members of the family 1 and 2
repeated sequences. If two restriction sites are conserved in
all the repeated sequences of a family, enzymatic digestion
should result in a band containing more target DNA than
would be produced from equivalent cutting within a single-
copy sequence. Any repeated sequences in the genome that
do not have one (or both) of these sites will produce a band
of different molecular weight and perhaps of lower intensity.
Genomic DNA was cut with AvaI and PstI (Fig. 7A, lane

2) or with AvaI and BglII (Fig. 7A, lane 4). All three of these
enzymes cut within the member of family I repeated se-
quence that is present in pTfll, as can be seen in the
accompanying map (Fig. 7A). Relatively intense bands are
visible at 0.3 kb (lane 2) and at 0.54 and 0.57 kb (lane 4).
These bands are marked by arrowheads in Fig. 7A and
correspond to the sizes expected for internal fragments of
the repeat. Since they are internal fragments, they are also
found in the equivalent enzyme digestions of pTfll (Fig. 7A,
lanes 1 and 3). The lanes with the pTfll have been deliber-
ately overloaded to permit the low-molecular-weight bands
to be visualized.

Since these internal fragments are relatively small, it is
necessary for comparisons of hybridization intensities to
have an internal control that is a single-copy sequence of
approximately the same size as the fragment(s) containing
the repeated sequence. Such a control is provided by the
0.46-kb PstI fragment that resides outside the repeated
sequence of pTfll. The position of this 0.46-kb fragment can
be seen in the map presented in Fig. 7A. Although the
0.46-kb band is visible in the pTfll control (lane 1), the
corresponding band cannot be seen in the genomic digest
(lane 2) (this band is detectable in longer exposures). This
contrasts with the visibility of the smaller (0.3-kb) band that
corresponds to an internal fragment of the repeat. Therefore,
the 0.3-kb band is present in many more copies than the
0.46-kb unique band, and we conclude that the 0.3-kb band
is highly conserved with family 1. The PstI site marked by an
asterisk in the map (Fig. 7A) lies outside the repeat, and,
therefore, multiple bands are expected in the genomic blot
that correspond to fragments generated by cleavage with
PstI once within the repeated sequence and once at a
random site in the single-copy DNA outside the repeat. This
presumably accounts for the multiple bands observed in lane
2. In contrast, there are very few hybridized bands in the
genomic blot after cleavage with AvaI and BglII. Our inter-
pretation is that one BglII site resides within the repeat and
the other BglII site and the AvaI site virtually mark the ends
of the repeat (map in Fig. 7A). Therefore, an AvaI-BglII
double digest produces two bands at 0.54 and 0.57 kb
corresponding to the conserved sites of the repeat (arrow-
heads in lane 4). Two of the three remaining bands presum-
ably correspond to flanking fragments, one of which is
delineated by the AvaI site at the end of the repeat and the
BglII site to the left of the repeat and the other of which is
delineated by the BglII site at the end of the repeat and the
next rightward BglII or AvaI site which is not present in the
cloned insert of pTffl. A fourth band visible in lane 4 may
result from a restriction site polymorphism either in the
repeat or in the adjacent single-copy DNA. Thus, we con-
clude that all the repeats of family 1 (with one possible
exception) contain conserved AvaI and BglII sites.
A similar experiment involving the use ofpTf34 as a probe

to examine the conservation of restriction sites in the family
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FIG. 8. Thermal melting profiles (A) repetitive DNA (segment A

of pTfll) reassociated either to itself (0) or to total T. ferrooxidans
DNA (0) or (B) single-copy DNA (segment B of pTfll) reassociated
either to itself (M) or to total T. ferrooxidans DNA (O).

2 repeated sequences was conducted (Fig. 7B). A low-
molecular-weight band (0.4 kb) of moderate intensity, pro-
duced by a KpnI-HindIII double digest, is present (Fig. 7B,
arrowhead in lane 2) and corresponds to a band in the
positive control (lane 1). The positions of these restriction
sites can be seen by inspection of the accompanying map in
Fig. 7B. We interpret the relatively strong signal from the
0.4-kb band to be due to more target DNA than would be
expected from a unique sequence. These data are consistent
with the hypothesis that the KpnI and HindIII sites are
conserved in the family 2 repeated sequences (resulting in
the band of 0.4 kb) but that the adjacent KpnI and HindIlI
sites are not. In lane 4, the KpnI-ClaI double digest of
genomic DNA resulted in two very strong bands (a 0.98-kb
band [arrowhead] and a high-molecular-weight band) and
several weaker bands. The intense 0.98-kb band in lane 4
corresponds to a band of similar size in the positive control
(lane 3), indicating that these KpnI and ClaI sites are
conserved in the family 2 repeated sequences. The presence
of additional weaker bands is either due to a slight extension
of family 2 repeated sequences beyond the conserved KpnI
or ClaI sites (or both) or because this family exhibits more
sequence divergence than family 1.

Extent of homology between the family 1 repeated se-
quences. An estimate of the degree of homology between the
members of family 1 can be determined from analyses of the
melting profiles of heteroduplex DNA. Hetroduplexes were
formed between nick-translated segment A of pTfll and
excess unlabeled total genomic DNA. Hybridization was
carried out at a criterion of Tm - 25°C and to CoT = 1.
Resulting double-stranded DNA was bound to a hydroxy-
apatite column and eluted by incremental temperature in-
creases. The amount of radioactively labeled single-stranded
DNA released at each temperature was determined. The
results are shown as a melting profile (Fig. 8A). Single-copy
DNA segment B (Fig. 5) was similarly reassociated to total
DNA at a criterion of Tm - 250C and to COT = 102. The
resulting double-stranded DNA melting profile is shown in
Fig. 8B. The repetitive and single-copy segments were also
reassociated separately to the plasmid pTfll from which
they were derived. Since pTfll contains only one copy of
the repeated segment, the melting profile of segment A
should be indicative of a perfectly matched duplex, provided
that there is no significant amount of internally reiterated
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DNA. Melting profiles of DNA segment A reassociated
either to itself on plasmid pTfll or to total genomic DNA are
shown in Fig. 8A. Melting profiles of the single-copy DNA
segment B reassociated either to itself on plasmid pTfll or to
total genomic DNA are shown in Fig. 8B. Both the repetitive
DNA and the single-copy DNA segments when hybridized
to their homologous sequences on the plasmid pTfll melted
over a 30°C range. The reason for this rather broad melt,
which is not characteristic of homologous DNA, is not
known but could result from the use ofDNA labeled via nick
translation. Nick-translated DNA exhibits a broad range of
sizes, including fragments sufficiently small to cause a sig-
nificant reduction in melting temperature (11). For this
reason, the thermal melting profiles are not sufficiently
accurate to be used for base composition determinations of
segments A and B. However, both melting profiles of the
single-copy DNA are virtually identical with regard to both
the shape of the melting curves and the temperatures of the
midpoint of strand dissociation. Thus the single-copy DNA
exhibits little if any sequence divergence as expected. The
shape of the melting profiles and the midpoint temperature of
the repetitive DNA are also quite similar to each other, with
a reduction of only 2°C from 88 to 86°C between the melting
curves and a slight increase in the breadth of the melting
profiles.

DISCUSSION

The size of the T. ferrooxidans genome is estimated to be
about 2.8 x 106 bp. This value is derived from two lines of
evidence. First, a comparison of the optically determined
reassociation kinetics of sheared T. ferrooxidans DNA and
E. coli DNA was used to deduce the complexity of the T.
ferrooxidans genome. Reassociation kinetics were moni-
tored with a spectrophotometer, and the resulting data were
analyzed by using a computer-fitted least-squares programs,
which has been shown to be the best approach to the
interpretation of reassociation kinetics (23). The computer-
generated curve fitted the data with a goodness of fit and a
root mean square indicative that the data had been accu-
rately described statistically. Further, the inclusion of E. coli
DNA as a standard in the same experiment reduces the
likelihood that fluctuations in temperature or buffer concen-
tration could contribute to errors in kinetic measurements.
A second approach to estimating the genome size comes

from hydroxyapatite measurements of the reassociation of a
cloned single-copy fragment to excess DNA. This can pro-
vide one of the most reliable determinations of single-copy
rate constants (23). The COT112 of the single-copy component
derived from the hydroxyapatite experiments was 6. This
value has been corrected for the difference between the
hydroxyapatite and optical determinations. This difference
arises from the fact that the hydroxyapatite determination
measures the total amount of DNA that is double stranded
(both partial and complete duplexes), whereas the optical
determination measures the extent of formation of DNA
base pairs (4). The hydroxyapatite determination of the
CoT112 = 6 and the optical determination of the CoT112 = 5 for
the single-copy DNA are in good agreement.
The size of the T. ferrooxidans genome (2.8 x 106 bp) is

about two-thirds that ofE. coli (4 x 106 bp) but is larger than
those of two members of the archaebacterial group,
Thermoplasma acidophilum (1.2 x 106 bp) and Methano-
bacterium thermoautotrophicum (1.7 x 10' bp) (16, 21, 28).
It is not clear whether the reduction in genome size of T.

ferrooxidans compared with E. coli is correlated with the
obligate chemolithotrophy of T. ferrooxidans, because the
genome sizes of other obligate chemolithotrophs have not
been determined.
The CoT curve illustrated in Fig. 1 indicates that about 6%

of the genome of T. ferrooxidans consists of moderately
repeated DNA sequences. A comparison of the CoT112 = 0.22
for this repetitive component with the CoT112 = 5.0 for the
single-copy component suggests that the average reiteration
frequency of the DNA sequences in the repetitive compo-
nent is about 23. However, it should be emphasized that this
value may represent only the averaged value of a number of
familes of repetitive DNA sequences, where the reiteration
frequency of each family is actually different from 23. In
addition, the accuracy of the estimate of a total of 6%
moderately repeated DNA is suspect. Despite the statistical
accuracy of the computer-fitted curve, the reliability of the
data in this part of the CoT curve is questionable. This stems
from the inherent inaccuracy in measuring the relatively
small percentage of double-stranded DNA present in the
early CoT points. In our opinion, the CoT curve of T.
ferrooxidans demonstrates the existence of a small percent-
age of moderately repeated DNA sequences, almost cer-
tainly representing at least 2% and probably less than 10% of
the genome.
The reiteration frequency of the ribosomal genes of T.

ferrooxidans has not been determined; therefore, we do not
know whether they contribute to the fraction of moderately
repeated DNA. The strain of T. ferrooxidans (ATCC 19859)
used in this study contains a 45-kb plasmid. This plasmid is
represented only once or twice per genome and is unlikely to
contribute significantly to the moderately repeated DNA.
Furthermore, the chromosomal DNA used in the CoT anal-
ysis was derived from the upper band of a CsCl-ethidium
bromide gradient. This will minimize contamination from
supercoiled plasmids, further reducing the representation of
the plasmid in the moderately repeated DNA.
We have demonstrated the existence of two distinct fam-

ilies of repetitive DNA sequences in the genome of T.
ferrooxidans, designated family 1 and family 2. The number
of repeats per family, their location on the chromosome and
plasmid, their size, their pattern of interspersion, and the
conservation of restriction sites within and between the two
families have been investigated.

Families 1 and 2 each contain about 20 to 30 repeats. This
estimate is derived from several lines of evidence. Analysis
of Southern blots permits only a semiquantitative determi-
nation of the number of members in families 1 and 2. A given
band in the autoradiogram could be produced by two simi-
larly sized but different fragments, or, alternatively, one
fragment might contain more than one repeated sequence.
Therefore, quantitation of the bands in the autoradiograms
will almost certainly underestimate the number of repeated
sequences. Hybridization of pTf8 and pTlll to AvaI and
EcoRI digests of chromosomal DNA resulted in approxi-
mately 25 bands per digest (Fig. 2A). These two probes
hybridized to six bands in the corresponding plasmid lanes.
There are more bands in the StuI digests of chromosomal
(ca. 33) and plasmid (ca. 12) DNA than in the previous
digests. This is to be expected, since StuI cuts within the
repeated sequence and each copy of the repeated sequence
generates two bands. Approximately 50 bands are predicted
from the StuI digest. Since fewer bands are observed, it is
most likely that several of the bands comigrate on the gel.
A comparison of the number of family 1 members on the

chromosome and plasmid revealed that a higher density of
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repeated sequences is present on the plasmid. Assuming that
there are 25 repeated sequences on the chromosome and that
the size of the chromosome is 2.8 x 106 bp and there are 6
repeated sequences on the 45-kb plasmid, then the relative
density of family 1 repeats is approximately 15 times higher
on the plasmid than on the chromosome.
The Southern blot shown in Fig. 5 can be used to confirm

our estimate of the number of members in family 1. In Fig. 5,
segment A of the cloned insert, containing part of the
repeated sequence, hybridized to 24 bands in the SalI-
EcoRV and EcoRI digests. This is in good agreement with
the estimate of 25 derived from Fig. 2.

In a similar analysis of the number of repeats in family 2,
it was observed that probes pTf32 and pTf34 hybridize to
about 16 bands in the AvaI and StuI digests of chromosomal
DNA and to about 23 bands in the HindIll digest. Since
HindIII cuts within the repeated sequence, it is expected to
produce more bands than do the other enzymes.

The four recombinant plasmids we have used as probes
were chosen essentially at random from a population of 46.
A preliminary screening of this population revealed the
presence of six probes that produced multiple bands in
Southern blots of genomic DNA. Further analysis demon-
strated that three probes contained family 1 repeated se-

quences and three contained family 2 sequences. Since the
genome size of T. ferrooxidans is 2.8 x 106 bp, and assuming
that the repeated sequences are dispersed throughout the
genome and that the average insert size in our recombinant
library is 6 kb, we would expect to find three examples of
family 1 repeated sequences (assuming 25 per genome) and
two examples of family 2 sequences (assuming 16/genome) in
a sample of 46 random clones. These numbers are in
agreement with our experimental findings.
The reiteration frequency of family 1 has also been deter-

mined by kinetic analysis. This was done by determining the
CoT112 of a radioactively labeled fragment of a repeated DNA
sequence derived from family 1 reassociated with an excess

of unlabeled total DNA (Fig. 6). A comparison of the CoT112
value of the repeated DNA fragment (CoT112 = 0.18) with that
of a single-copy fragment in the same experiment (CoT112 =

6) provides an estimate of 33 for its reiteration frequency.
This is in good agreement with the estimate of 26 derived
from inspection of Southern blots.

Three pieces of circumstantial evidence indicate that
family 1 and 2 repeated sequences are dispersed throughout
the genome and are not organized in a block of tandemly
repeated sequences. First, a wide variety of sizes exist in the
bands produced by probes specific for family 1 or 2 in
Southern blots. For the family 1 repeated sequences, the
StuI digest in Fig. 2A and the AvaI-PstI double digest in Fig.
7A produced many different-sized fragments that hybridize
to the probe even though these enzymes cut within the
repeated sequence. If these sequences were tandemly re-

peated, one would expect to find one very intense band in
the autoradiogram. Similarly, the HindIlI digest in Fig. 3A
and the KpnI-ClaI double digest in Fig. 7B produce frag-
ments of various sizes that bind probes specific for family 2,
a result that argues against tandem repetition of these
sequences. Finally, the autoradiogram shown in Fig. 5
clearly demonstrates that one member of family 1 is flanked
on both sides by single-copy DNA sequences.

Although the majority of repetitive elements are inter-
spersed with single-copy sequences, it is not known whether
they are localized to a portion of the chromosome or are

dispersed around it, nor is there evidence concerning the
relative locations of the two families with respect to each other.

An estimate of the minimal size of the family 1 and 2
members can be derived from the data we have presented.
Inspection of the restriction maps in Fig. 4A and B (with the
associated cross-hybridization blots [data not shown]) and
the sizes of the conserved fragments in Fig. 7 indicates that
the minimum size for the members of family 1 and 2 is about
1,000 bp.
There was no hybridization between family 1 and family 2

repeated sequences (data not shown), and the two families
are presumably not related at the nucleotide level.
The restriction maps and Southern blots can be used to

address the question of sequence conservation within the
members of family 1 or 2. The restriction maps in Fig. 4A
and B and the results of experiments shown in Fig. 7 clearly
show that several restriction sites are conserved in both
members of family 1 and 2 repeats. However, since only a
limited number of restriction enzyme sites were analyzed,
the possibility remains that there are regions of more marked
sequence divergence between the restriction enzyme sites
that were analyzed. To address this point, a comparison was
made between the thermal melting profiles of a repeated
sequence belonging to family 1 reassociated with other
members of family 1 or, as a control, reassociated with itself.
Sequence divergence is characterized by a reduction in the
temperature of the midpoint of base-pair dissociation and in
an increase in the breadth of the thermal melting transition of
base pairs (11). A mismatch of 1% is generally thought to
result in a depression of the Tm by about 1TC (11). Our
melting curves were determined by measuring the midpoint
of strand dissociation (Td) and by measuring the breadth of
the transition of strand disassociation. The effect of mis-
match of Td is not well characterized, so that it is not
possible to derive a quantitative estimate of mismatch from
our data. However, qualitatively, both the Tds and the
breadth of transition of the repetitive sequence reassociated
either with other members of family 1 or with itself are very
similar. This is strong circumstantial evidence for sequence
homogeneity among members of family 1 repeated DNA
sequences. Confirmation of this would require a comparison
of the nucleotide sequence of several members of family 1.
The function of these two families of repeated sequences

is not known. If our estimate of the minimum size is correct
(i.e., about 1,000 bp), then they would be similar in size to
insertion sequences (6). Alternatively, this size is similar to
that of the terminal modules of compound transposable
elements (2). Experiments are now under way to determine
the entire nucleotide sequence of a family 2 member so that
it can be compared with other known repeated elements.
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