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The genome of Sulfolobus solfataricus P2 carries a larger number of transposable elements than any other
sequenced genome from an archaeon or bacterium and, as a consequence, may be particularly susceptible to
rearrangement and change. In order to gain more insight into the natures and frequencies of different types
of mutation and possible rearrangements that can occur in the genome, the pyrEF locus was examined for
mutations that were isolated after selection with 5-fluoroorotic acid. About two-thirds of the 130 mutations
resulted from insertions of mobile elements, including insertion sequence (IS) elements and a single nonau-
tonomous mobile element, SM2. For each of these, the element was identified and shown to be present at its
original genomic position, consistent with a progressive increase in the copy numbers of the mobile elements.
In addition, several base pair substitutions, as well as small deletions, insertions, and a duplication, were
observed, and about one-fifth of the mutations occurred elsewhere in the genome, possibly in an orotate
transporter gene. One mutant exhibited a 5-kb genomic rearrangement at the pyrEF locus involving a two-step
IS element-dependent reaction, and its boundaries were defined using a specially developed “in vitro library”
strategy. Moreover, while searching for the donor mobile elements, evidence was found for two major changes
that had occurred in the genome of strain P2, one constituting a single deletion of about 4% of the total genome
(124 kb), while the other involved the inversion of a 25-kb region. Both were bordered by IS elements and were
inferred to have arisen through recombination events. The results underline the caution required in working
experimentally with an organism such as S. solfataricus with a continually changing genome.

Studies of members of the genus Sulfolobus, which frequent
terrestrial acidic hot springs (�80°C and pH �2 to 3), have
provided many new insights into the basic molecular processes
of both crenarchaea and the Archaea in general. One of the
organisms that has received particular attention is Sulfolobus
solfataricus P2, for which the genome sequence is available
(24). The genome is exceptional in that it contains a large
number of potentially mobile elements, including over 200
copies of intact insertion sequence (IS) elements of at least 25
different types and more than 140 copies of miniature inverted-
repeat transposable elements (MITEs), which have been
grouped into four main classes (SM1 to SM4), as well as
numerous fragmented elements (4, 5, 22, 24). Some types of IS
elements and MITEs are present in multiple copies of identical
or near-identical sequence, consistent with their having re-
cently transposed within the genome (4, 22). In total, they
constitute more than 11% of the 3.0-Mb S. solfataricus genome
and are more prevalent than in any other sequenced archaeal
or bacterial genome (4, 7).

Each of the IS elements of S. solfataricus P2 encodes a
transposase, and many carry inverted terminal repeats to which
the transposase attaches, while MITEs lack a transposase gene
but exhibit inverted terminal repeats similar to those of an IS
element (4, 22). The latter similarity is probably sufficient to

ensure that the MITEs are mobilized by the corresponding IS
element-encoded transposase. However, the internal se-
quences of the S. solfataricus P2 MITEs (type II) are different
from those of the corresponding IS elements, suggesting that
they evolved convergently (14, 21, 22).

The detailed transpositional mechanisms of the Sulfolobus
elements, and those from other archaea, have received little
attention experimentally, and they have generally been consid-
ered to be similar to those of their bacterial or eukaryal coun-
terparts (4, 17). For the last two, transposition generally in-
volves a double-strand excision from a given genomic position,
with a subsequent nucleophilic attack by both 3� ends at an-
other target site, which results in the insertion of the element,
all catalyzed by the encoded transposase, which binds as a
multimer to the inverted terminal repeats. Attack on the two
DNA strands often occurs a few base pairs apart and thereby
produces a direct repeat (DR), constituting a short (2- to
�14-bp) duplication of the target site, which borders the newly
inserted element (17).

Genome comparison studies have suggested that S. solfatari-
cus P2 readily undergoes genomic rearrangements (5). More-
over, since it carries substantially more IS elements and MITEs
than Sulfolobus tokodaii, or than Sulfolobus acidocaldarius,
which probably lacks active mobile elements (4, 9, 11), it was
proposed that the genomic rearrangements are driven primar-
ily by mobile-element-dependent mechanisms (5). This pro-
posal complements the earlier hypothesis that the megaplas-
mid pNRC100 of the euryarchaeon Halobacterium halobium
arose via a multistep IS element-mediated process (10, 20).

The circumstantial evidence for high transpositional activity,
and the possibility of mobile-element-induced genomic rear-
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rangements occurring in S. solfataricus P2, raises the question
as to how the organism remains viable. The complexity of this
issue is compounded by the observation that a large number of
IS element fragments are present in the genome, including
some element types which are not present as intact copies. This
suggests that they are difficult to delete cleanly (3, 4). However,
although they are hard to remove, it was recently proposed that
expression of the transposases is rigorously regulated via anti-
sense RNAs (26), and several small putative antisense RNAs
were detected in cell extracts of S. solfataricus using different
experimental approaches (26, 27). Such a regulatory mecha-
nism has also been shown to operate for some bacterial IS
elements of the IS4 family, to which some of the Sulfolobus
elements also belong (4, 25).

In order to gain a clearer picture of the transpositional
events and mobile-element-induced genomic rearrangements,
as well as other types of mutational change that occur in S.
solfataricus P2, we performed a comprehensive mutational
study of the pyrEF locus under selective conditions. Mutants
were generated which were resistant to 5-fluoroorotic acid
(FOA), which is converted into the toxic compound 5-fluoro-
UMP by the gene products of pyrE and pyrF (16). Earlier
studies, using a similar approach, detected only a few IS ele-
ment insertions, mainly in the pyrE gene or the promoter
region for the related strain Sulfolobus solfataricus P1 (18),
while for the more distantly related S. acidocaldarius, only
point mutations, small insertions, and deletions were observed
at this locus (11).

The large number of spontaneous knockout mutants iso-
lated for S. solfataricus P2 were analyzed using a combination
of PCR amplification and sequencing. For those mutations
which involved transpositions, the donor site of the transposed
element was always examined. Furthermore, the locations and
sizes of genomic rearrangements were identified using a

method developed specifically for determining the sequences
beyond the junctions of the rearranged region.

MATERIALS AND METHODS

Isolation of mutant strains. The Sulfolobus medium contained 25 mM
(NH4)2SO4, 3 mM K2SO4, 1.5 mM KCl, 20 mM glycine, 4.0 �M MnCl2, 10.4 �M
Na2B4O7, 0.38 �M ZnSO4, 0.13 �M CuSO4, 62 nM Na2MoO4, 59 nM VOSO4,
18 nM CoSO4, 19 nM NiSO4, 0.72 �M FeSO4, and 0.1 mM HCl. It was adjusted
to pH 3 to 3.5 with H2SO4.

S. solfataricus P2 was grown at 80°C in liquid culture for 2 days to an optical
density at 600 nm (OD600) of 0.19 to 0.67 in medium supplemented with 2 g/liter
Tryptone Peptone (Difco, Sparks, MD). The culture was then diluted to an
OD600 of 0.0004 to 0.005 with fresh liquid medium, and 400-�l aliquots were
spread onto Gelrite plates (8 g/liter; Kelco, San Diego, CA) containing the
Sulfolobus medium and 1 mM MgCl2, 0.3 mM Ca(NO3)2, 50 mg/liter 5-fluoro-
orotic acid (Apollo, Whaley Bridge, United Kingdom), and 20 mg/liter uracil
(Sigma, St. Louis, MO). Control samples were diluted to an OD600 of 2 � 10�7

to 1 � 10�6 and plated onto nonselective Gelrite plates. After 6 to 8 days at 75°C,
the colonies were counted, and from each selective plate, 30 to 60 were streaked
onto selective solid medium. After 2 to 3 days, the surviving strains were trans-
ferred to 5 ml selective medium and grown for 2 days at 80°C. Strains that failed
to grow were discarded. One milliliter of the final culture was stored at �80°C,
and 20 �l of the liquid culture was added to 400 �l buffer (10 mM Tris-HCl, pH
8, 1 mM EDTA) and mixed thoroughly on a vortex before being used as a
template for PCR amplification.

PCR amplification. Primers were designed with pDRAW32 (ACACLONE
Software) and Oligo Analyzer 1.0.2 (Teemu Kuulasma; see the primer list in the
supplemental materials; software is available at http://molbiol-tools.ca/molecular
_biology_freeware.htm). Fifteen microliters of reaction mixture contained 1 �M
of each primer, 2 �l template, 1.5 �l 10� ThermoPol buffer (New England
Biolabs), 1 mM deoxynucleoside triphosphates, 1.25 mM MgCl2, and 1 unit Taq
DNA polymerase (New England Biolabs). Reactions were generally performed
in a TRIO-thermoblock (Biometra, Goettingen, Germany) for 5 min at 96°C;
45 s at 96°C, 45 s at 50°C, and 4 min at 72°C for 35 cycles; and 5 min at 72°C, and
then maintained at 4°C. For pyrEF locus amplification, four sets of PCR primers
were used: Pf and Pr, Ef and Er, F1f and F1r, and F2f and F2r (Fig. 1).

Three microliters of each PCR product was checked for homogeneity and size
on an agarose gel; 12 �l of the products was purified with a QIAquick PCR
Purification kit (QIAGEN, Westburg, Germany), according to the protocol but
with an extra washing step with 500 �l PE buffer (QIAGEN), and then eluted

FIG. 1. (A) The 1,600-bp pyrEF locus, with pyrE and pyrF denoted by arrows. The PCR coverage (lower lines, P, E, F1, and F2) and
mobile-element insertion sites (triangles) are shown. The numbers adjacent to the triangles indicate the total number of insertions observed at each
site. The primer pairs Pf-Pr, Ef-Er, F1f-F1r, and F2f-F2r are indicated by small arrows. Boxed P, 162, and 171 mark the promoter region, the
deletion in mutant P2A-162, and the duplication in P2A-171, respectively. (B) Sequence of the promoter region, with the TATA-like box and the
pyrE start codon indicated in boldface; the bracket indicates the 9 bp deleted from strain P2A-003. Lines below and above the sequence denote
the DR of the ISC1058s inserted at positions 535912 and 535914, respectively. The double line indicates the DR of ISC1359 (P2A-003, -102, -150,
and -177).
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with 30 �l elution buffer after 1 min of incubation. Sometimes, when possible
donor mobile-element copies were examined, multiple bands were visible on the
agarose gel, and then each band was excised from the gel and extracted with the
QIAquick gel extraction kit (QIAGEN) according to the protocol, but using the
optional step of an extra wash with buffer QG (QIAGEN), an extra washing step
with 700 �l buffer PE incubated for 2 min, and elution in 30 �l elution buffer
after a 1-min incubation.

DNA sequencing. Most sequencing reactions consisted of 4 �l DYEnamic ET
Dye Terminator reagent premix (Amersham Biosciences, Little Chalfont, United
Kingdom), 1 �l 10 pM primer, and 5 �l purified PCR product. The Peltier
Thermal Cycler PTC-225 (MJ Research) was set to 2 min at 94°C; 30 s at 93°C,
30 s at 50°C, 1 min at 60°C for 30 cycles; then 30 s at 93°C, 30 min at 50°C, and
2 s at 60°C; and 10 min at 60°C, and then maintained at 4°C. The sequence
reaction products were then purified with Sephadex G50 and sequenced with a
MegaBACE 1000 (Amersham Biosciences). The remaining sequences were per-
formed on an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster City,
CA), where 10 �l of sequencing reaction mixture consisted of 3 to 5 �l purified
PCR product, 1.6 pM primer, and a 2-�l BigDye Terminator v. 1.1 cycle-se-
quencing kit (Applied Biosystems). The reaction was run on a TRIO-thermob-
lock (Biometra) (30 s at 96°C, 15 s at 50°C, 4 min at 60°C for 25 cycles, and then
maintained at 4°C), after which it was ethanol precipitated and redissolved in
12.5 �l Template Suppressing Reagent (Applied Biosystems). The sequences
were analyzed with Sequencher (Gene Codes, Ann Arbor, MI); BLAST searches
used the Sulfolobus Database (http://dac.molbio.ku.dk/dbs/Sulfolobus/cbin/mutagen
.pl), and sequence visualizations and manipulations were carried out with
pDRAW32 (ACACLONE Software).

“In vitro library” with NlaIII. Genomic DNA was isolated with a DNeasy
Tissue Kit (QIAGEN) using the bacterial protocol. A palindromic 42-bp library
template oligonucleotide (300 pmol) in 20 �l H2O was heated to 98°C for 5 min
and then cooled slowly to room temperature. To this was added 20 units NlaIII,
1� NEB4 restriction buffer, 0.01% bovine serum albumin (all from New England
Biolabs), and 2�16 mol (400 ng) genomic DNA (corresponding to approximately
2.6 � 10�12 mol cut 3� overhangs) in a 60-�l final volume, which was maintained
for 3 h at 37°C. NlaIII was heat inactivated for 20 min at 65°C; 3 �l 20 mM ATP
and 1,000 units T4 DNA ligase (New England Biolabs) were added and incu-
bated at 16°C overnight. The ligase was heat inactivated for 25 min at 65°C, and
a QIAquick PCR purification kit (QIAGEN) (wash, two times with 700 �l;
elution, 50 �l elution buffer after 1 min of incubation) was used to remove excess
cut (and uncut) oligonucleotides, as well as ligations to small NlaIII fragments.
The library was used as a template in 30 cycles of PCR (50°C annealing) with 1
�M library primer, together with 1 �M homing primer, and the relevant bands
were excised from an agarose gel and sequenced using the homing primer. The
library template was as follows (the NlaIII site is underlined): CGCCCGTCCG
CTCCTGTCCCATGGGACAGGAGCGGACGGGCG; the library primer was
as follows: CGCCCGTCCGCTCCTGTCC.

RESULTS

Characterization of mutations. Mutants of S. solfataricus P2
that were resistant to FOA were isolated as colonies on Gelrite
plates containing FOA and uracil. In order to limit overrepre-
sentation of mutations that may have occurred in liquid cul-
ture, before plating the bacteria onto selective medium, three
independent experiments were performed. The experiments
yielded on average 0.00013 mutants per plated CFU.

The pyrEF locus was examined by PCR for 130 FOA-resis-
tant mutants. Four primer sets were designed to cover a region
extending from 371 bp upstream of the pyrE start codon to 14
bp downstream from the pyrF stop codon (genome positions
535561 to 537188) (Fig. 1). If any of the E, F1, or F2 PCR
products (Fig. 1) migrated differently from the control PCR
product on an agarose gel, they were sequenced. When no size
change was detected, all three PCR products were sequenced,
and if no mutation was detected, then the P PCR product,
covering the sequence upstream of the promoter region, was
generated and sequenced (Fig. 1). The identified mutations are
presented schematically (Fig. 1) and summarized (Tables 1 and 2).

(Details of each mutant are given in the supplemental mate-
rials.)

Frameshifts, deletions, and point mutations. Eight mutant
strains carried a frameshift or a stop codon in either pyrE or
pyrF, and of these, two exhibited deletions of 2 bp and 44 bp
and one showed a 62-bp sequence duplication. Eight others
exhibited an altered amino acid in one of the protein products,
which because of the nature of the assay should have resulted
in reduced, or no, enzymatic activity (Table 2). Each base pair
substitution was G-C to A-T, and a further bias was observed
for the five identical Gly117Arg mutations, at least two of
which arose independently in two mutant isolation experi-
ments (Fig. 2A and Table 2).

MITE-based mutations. A single SM2 MITE insertion was
detected at position 536303 in pyrE (Fig. 1). Although each of
the four MITE classes (SM1 to -4) exists in multiple copies in
the S. solfataricus P2 genome, there are minor sequence dif-
ferences between most copies, so that the origin of the trans-
posed element could be located. The inserted SM2 MITE was
shown by PCR to be still present at the original genomic site
(position 1980139) in the mutant (data not shown).

IS element-based mutations. About two-thirds of all the
mutations were caused by IS element insertions, and their
locations and properties are summarized in Fig. 1 and Table 3.
Many of them were caused by the IS element ISC1058, and the
insertions of this element were concentrated at three different
sites, 9 in pyrE and 20 and 37 insertions at sites separated by
only 2 bp within the promoter region (Fig. 1). At least 24 of
these insertions did not correspond to preselection mutations
because they (i) were isolated in different experiments, (ii)
occurred in both orientations, and (iii) derived from different
donor IS element copies (see below and Table 3). Similarly, for
ISC1225, all three observed insertions occurred at one posi-
tion, but they (i) originated from different donor copies, (ii)
were present in different orientations, and (iii) exhibited two
different DR sizes (Table 3). Since this target site shows se-
quence similarity to the inverted repeats of ISC1225 (Fig. 2B),
the conserved sequence probably facilitates transposase recog-
nition. A broader target specificity was observed for the seven
ISC1439 mutants, but the six different target sites (Fig. 1) still
exhibited high pairwise sequence similarity (Table 3).

Each potential donor element identified in the genome se-
quence was examined by PCR, even when several identical
potential donor copies were identified (Table 3). The terminal

TABLE 1. Overview of mutations

Mutation No. Location Type

Rearrangement 1 (2)a Promotor, SSO0620,
(SSO1367, SSO1466,
SSO6050, SSO0549)a

Transposase catalyzed
(homologous
recombination)a

MITE 1 pyrE SM2
IS element 93 Promotor, pyrE, pyrF ISC1058, ISC1078,

ISC1217b, ISC1225b,
ISC1359b, ISC1439b

Base substitution 9 pyrE, pyrF All G-C to A-T
Insertion 2 pyrF 1 bp
Deletion 4 pyrE 1, 2, and 44 bp
Duplication 1 pyrE 62 bp

a Parentheses indicate rearrangements that had occurred prior to FOA selec-
tion.

b IS elements in this study for which antisense RNAs were detected (26, 27).
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region of one of each type of PCR product was sequenced in
order to establish that the PCR products indeed contained the
putative donor and that the junctions remained unaltered. All
were located in the parent P2 strain in accordance with the
published sequence, except for two sets of mutants with in-
serted ISC1359 and ISC1439 elements, and they are consid-
ered separately below.

First, the ISC1359 copy at position 1300529 was the only
exact match to elements inserted in two of the mutants (strains
P2A-003 and -102). However, this putative donor was not PCR
amplifiable from either the mutant strains or the parent P2
strain. Further investigation showed that a large region, con-
stituting about 4% of the published genome and extending
from positions 1201319 to 1325406, was absent. In the pub-

lished genome sequence, the region is bordered by two almost
identical copies of ISC1439, which were reduced to one copy in
the parent strain. Therefore, it was inferred that a deletion had
occurred as a result of an intramolecular recombination be-
tween the two ISC1439s (Fig. 3A). Since the large deletion
demonstrated a radical difference between the S. solfataricus
P2 stock used for genome sequencing and that used for mutant
isolation, we refer subsequently to the latter as strain P2A.

In order to identify the actual donor ISC1359 copy that had
transposed into the two mutants (strains P2A-003 and -102), an
“in vitro library” strategy (see Materials and Methods and
below for details) was employed using a homing primer with a
3� base unique to ISC1359 at position 1300529. This enabled us
to locate the donor copy at position 1671315, and subsequent
PCR amplification and sequencing revealed that it differed at
eight positions from the published genome sequence but was
instead identical to the transposed elements in the two mutant
strains.

Second, the ISC1439 copies inserted into mutant strains
P2A–121, –147, and –165 were identical, but this sequence was
absent from the published genome sequence. Therefore, we
assumed that either a more recent mutation had occurred in a
genomic ISC1439 copy or there was an error in the genome
sequence. In order to locate the donor element, one end
(about 500 bp) was PCR amplified and sequenced for 22 of the
33 genomic copies of ISC1439 that exhibited the sequences
most similar to the element inserted in the three mutants.
None of the sequences obtained matched perfectly, and more-
over, two of the 22 copies and their DRs were absent from the
mutant and parent P2A strains (Fig. 2C). It was then discov-
ered that the interrupted ISC1439 copy at position 454065 and
the full-length copy at 480919 had apparently recombined (or
had possibly been misassembled in the genome sequence) to
produce two different ISC1439 copies, one of which was iden-
tical to the donor copy for all three mutants. This was con-
firmed by sequencing PCR products generated across the junc-
tions of the rearranged region (Fig. 3B).

The dynamic complexity of the S. solfataricus P2 genome was
further emphasized by the finding that one of the three iden-

TABLE 2. Nontranspositional mutations

Position Type Effect Strain(s)

pyrE (535932–536519)
536116 G to A Gly66Glu 159
536265 G to A Asp112Asn 006
536280 G to A Gly117Arg 125, 132, 163,

166, 176
536281 G to A Gly117Glu 158
536282 �A Frameshift CAGGAGTAT 157
536392–536435 �44 bp Frameshift and deletion of amino acids

TTGGAAAAAC-�44bp-GATGAATTGT
162

536402–536463 �62 bp Frameshift and addition of amino acids 171

pyrF (536506–537174)
536838 �T Frameshift ACTTAGTT(�T)GCCGTAA 045
536898–536899 �AA Frameshift GTTATAAGAGAG 161
536956 C to T Gln151Stop(UAG) 019
536974 �G Frameshift GACTTCG(�G)AAAAAA 156
536976 �A Frameshift GACTTCGAAAAAAT 139
537044 G to A Gly180Glu 160

FIG. 2. (A) The sequence bordering the six mutations in codon 117
of pyrE (in boldface). Five G-to-A mutations are indicated, which
yielded four Gly117Arg and one Gly117Glu change. A single-base-pair
deletion is also underlined. (B) Sequence alignment showing the sim-
ilarity between the inverted terminal repeats of ISC1225 and its pre-
ferred target site in pyrF. Gray shading denotes identical bases, and the
4-bp and 5-bp DRs are indicated by lines above and below the se-
quence, respectively. (C) Empty target sites for ISC1078 at three po-
sitions and for ISC1439 at two positions. Nucleotides that produce the
DR in the published genome sequence are underlined.
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tical copies of the potential donor for the inserted ISC1078 in
strain P2A-009 was absent from S. solfataricus P2A, as were
two of the three possible donors for ISC1078 in strain P2A-
110. Sequencing revealed the absence of 2-bp DRs at the three
expected ISC1078 sites (positions 1088787, 1903184, 1959047),
and we infer, therefore, that the P2A strain never carried
ISC1078 copies at these positions (Fig. 2C). Thus, the inserted
copies of ISC1078 must have originated from the copies at
position 35310 or 2734629 for the P2A-009 strain and at
1711152 for the P2A-110 strain (Table 3).

In conclusion, the donor for each IS element inserted into
the pyrEF region could be accounted for, and each one was
maintained at its original position in the strain P2A genome.

Genomic rearrangement at the pyrEF locus. In a single
strain, P2A-003, no PCR products were obtained across the
pyrEF region with either Pf plus Pr or Ef plus Er primer pairs
(Fig. 1). PCR products of parental-strain length were obtained

when primer pairs were annealed upstream of position 535728
or downstream of position 536105, but a combination of these
primers yielded no product, and therefore, one could exclude
a simple deletion of the priming sites (Fig. 1 and 3C). It was
inferred that a genomic rearrangement had occurred, and by
using the novel “in vitro library” strategy, sequences across the
rearrangement junctions were obtained (see Materials and
Methods). The method was developed to determine the se-
quence of an unknown region of a genome, with the only
requirement being that it lie adjacent to a known sequence (in
this case, the upstream region of pyrE). The genome was di-
gested with NlaIII, and a 19-bp synthetic “library template”
was then ligated to each cohesive end, thereby tying a defined
19 bp to the restriction site (Fig. 4). PCR with a “library
primer” annealed to the library template and a “homing
primer” annealed (homed in) to the known sequence then
amplified the DNA between the homing primer and the closest

TABLE 3. Properties of mobile-element insertions

Mobile
element

Copy no. in
published
sequencea

No. of
mutants

Direct
repeats
(bp)a

Aligned target sequencesb Possible donating copies

SM2 25 1 6 148: ATAGAGAAAGCAACATTGGAGATTCTTAACGGTG 1980139

ISC1058 14 66 9 20 (9) � 535912: TAAATTCTTTTTCACAGAGTCTCTA Ah/Bh/2811580
37 (9) � 535914: AATTCTTTTTCACAGAGTCTCTACG A/B/2811580
9 (6) � 535952: ATAATTTCCTTTC-GAGTAAGACTTC ms A/B/2811580

ISC1078 8c 2 2 009: TTTCAGACGCACTAG-TAATCATAGATAGACAAG 35310/1088786 i/2734629
110: AATTTTACGATATAGTTAATCA-AGCTATA-AAGA 1711152/1903184 i/1960125 i

ISC1217 11 4 6 or 7 105: GTCAATTCTAG-ATTATTTGG 1892826
3 (1) � 536422: AGAATTTCT-GAAATTTTAAA ms 838162

P1: ATTAGAACTCG-ATGTAAAAGd �d

SM2: AAGA-ATCTCCAATGTTGCTT ms 1980139

ISC1225 11 3 4 or 5 101: CATAGTCTCTCCGGGTATGGGTAGTCAAGGTGGAe 1362900
104: CATAGTCTCTCCGGGTATGGGTAGTCAAGGTGGAe 2476985
154: CATAGTCTCTCCGGGTATGGGTAGTCAAGGTGGAe 1362900

ISC1359 10c 11 4 4 (4) � 535928: CAGAGTCTCTACGTATGAATTTCGf 445747/1300529 i/1671315
7 (5) � 536659: AATTTCCTCCACGTCTAAACCAAT ms 445747
003 at 539558: AATAGCTTCAACGT-TAAAACTTGA ms See the text and Fig. 3
P1 at 536969: TATAGGAGAGACTTCGAAAAAATGd � d

ISC1439 32c 7 9 121: TACATAATGAAAAGCATAGTTGAAAGATTATCT 454065-480919 j

129: AGAATGTTGAAAAGTAGAGT---AATATTAGCAATg 2595886
170: TGAAGAGTGATAAACTTAAGGATAATGAAAAGAAG 2595886

2 (2) � 536523: GAAAA--GTAGAGTAATATTAGCAATGGATAAACC 670424/1418678/2903467
147: TAAATTTTTAGAGT-TTGC-ATCAAGATATCTTTT ms 454065-480919 j

165: CTGCATTATAAATACTTCTTCCAATGATTTC-AT ms 454065-480919 j

P1: ATTCATC-TA-GAATTTCTG-AAAT--TTTAAATAd ms �d

a This study and reference 3.
b The sequences duplicated to form direct repeats are underlined. With single insertions at a site, the mutant strain number is shown, and with multiple insertions,

the number of insertions at each position is given, with the minimum number of independent insertions in parentheses. Bases that are identical in more than 66% of
the target sites are in italics, except for ISC1439, where the italics are for pairwise identity. ms, the minus strand is used for the alignment.

c An IS element copy was missing from one or more of the sites (see the text).
d Insertions in pyrEF of S. solfataricus P1, where donor information is unavailable (from reference 16).
e All three insertions at the same position, and the 4-bp and 5-bp DRs, are shown with double and single underlining, respectively.
f The pyrE start codon is marked in boldface.
g The pyrF start codon is marked in boldface.
h Groups of identical ISC1058 copies: A, 1663758/1703044/1847493/2968643; B, 1042703/1050863.
i This IS element copy is not present in the S. solfataricus P2A strain (see the text).
j The donating copy is probably a recombination product of ISC1439 at positions 454065 and 480919 (see the text).
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NlaIII restriction site (Fig. 4). Sequencing of the product using
the homing primer then yielded the sequence of the unknown
region (Fig. 4).

The sequence obtained using Pf and Ef as homing primers
corresponded to that of the published genome sequence until
position 535919, and further along, it was identical to the
sequence on the opposite strand from position 539561. This
indicated that an inversion event had occurred. Subsequent
PCR amplification and sequencing confirmed the occurrence
of an �5-kb inversion that exhibited a copy of ISC1359 at the

“downstream” end and a 9-bp deletion (positions 535919 to
535927) in the “upstream” region (Fig. 3C).

Undetected mutations. Nineteen mutant strains showed no
sequence changes within the pyrEF locus for any of the PCR
products (Fig. 1 and Table 1). Thus, the phenotype must result
from a mutation in another genomic region. Each of these
strains was streaked onto selective medium to confirm its mu-
tant phenotype. In contrast to the strain P2A control, each of
them grew and exhibited an FOA-resistant phenotype (data
not shown). Since all 19 strains were from the same isolation
experiment, one cannot readily estimate the mutation fre-
quency. However, if they are independent, then the high num-
ber suggests a gene-size target, possibly that of an unidentified
orotate transporter.

DISCUSSION

The assay used in this study produces a bias toward trans-
positional mutations because it identifies only knockout mu-
tants in pyrE and/or pyrF and it would fail to pick up, for
example, most base pair substitutions occurring in the codons
of nonessential amino acids. Nevertheless, single-base-pair
changes, including 10 substitutions, 2 insertions, and 2 dele-
tions, were observed, as well as a sequence duplication and two
larger deletions (Table 2). The deletion mutants, in particular,
could prove useful for developing genetic systems for S. solfa-
taricus P2 (15). Furthermore, about one-seventh of the muta-
tions occurred elsewhere in the genome. These results contrast
with earlier studies on the lacS and pyrEF loci in S. solfataricus
P1, which exclusively detected IS element insertions (18, 23).

The identified nontranspositional mutations show some sim-
ilarities to mutations observed in S. acidocaldarius, which prob-
ably lacks active mobile elements (9). For example, the 44-bp
deletion had no recognizable direct repeats, inverted repeats,
or secondary DNA structure at the endpoints, consistent with
the deletions observed in S. acidocaldarius (12). Moreover, we
observed two �1-bp mutations in runs of single bases (T3 and
A6 in strains P2A-045 and -139, respectively) (Table 2), al-
though there was no strong preference for �1 bp mutations in
long runs of the same base, as occurs in S. acidocaldarius,
which is richer in homopolynucleotide sequences (11). How-
ever, in contrast to the pyrE bias observed for mutations in the
pyrEF region of S. acidocaldarius (11), mutations were distrib-
uted fairly evenly throughout the region (Table 2).

FIG. 3. Genome rearrangements. Lines indicate PCR products ob-
tained using strain P2A DNA as a template, and small arrows with
labels indicate annealing sites for PCR primers. (A) The 124-kb region
of S. solfataricus P2, bordered by ISC1439 elements, which has been
deleted in strain P2A as a result of recombination at the two tandemly
arranged elements. The black arrow indicates the deleted copy of
ISC1359 at position 1300529. (B) Putative rearrangement that has
occurred between positions 454065 and 480919. The upper line corre-
sponds to the published genome sequence (8), while the lower line
corresponds to strain P2A. The two ISC1439 copies are indicated by
horizontal lines (shown in black and light gray). The lower-right copy
(480919) is identical to the one inserted in pyrEF in strains P2A-121,
-147, and -165. This copy exhibits only 2 bp difference (encircled)
compared to the published 480919 copy (upper right), whereas the
other ISC1439 (in black) contains numerous mismatches and a 208-bp
insertion (black box) compared with this copy. The two 277-bp regions
in which recombination (or misassembly) occurred are indicated by
intermediate shading. (C) Rearrangement at the pyrEF locus in strain
P2A-003 with the relevant genes indicated by arrows. The upper line
shows the organization of the parent P2A strain (identical to the
published sequence), and the lower part shows the changes found in
strain P2A-003, where SSO0620 is partitioned and the arrow on the
boxed ISC1359 indicates the direction of the transpose gene. The
structure was confirmed by generating PCR products using primer
pairs Pf-SSO0620r and Er-SSO0620f (dotted lines) on P2A-003 tem-
plate DNA.

FIG. 4. The “in vitro library” strategy. The restriction-digested ge-
nome (thin lines) is ligated to a synthetic library template (thick lines
and boldfac restriction sequence). The library primer (black arrows; L)
anneals to all of the ligation products, but only one type of fragment
contains the known sequence (gray shading) to which the homing
primer (gray arrow; H) can anneal. The desired fragment was ampli-
fied using primers H and L (dotted line) and yielded the unknown
sequence (encircled) when sequenced using the homing primer.
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Transposition of mobile elements. Although there is some
bias, especially for ISC1058, in the frequency of transposition,
the low transpositional activities observed for some classes of
IS element may partly reflect the limited availability of se-
quence-specific sites for transposition in the pyrEF region.
However, the discovery of putative antisense RNAs comple-
mentary to transposase mRNAs in S. solfataricus (26, 27)
may also contribute to the relatively low number of trans-

positions observed for ISC1217, ISC1225, ISC1359, and
ISC1439 (Table 1).

Surprisingly, given the large number of MITEs present in
the strain P2 chromosome (140 copies), only one MITE trans-
position was observed. This MITE was predicted to be mobi-
lized by the transposase of ISC1217, which was also transposed
in this study, and both recognized the shared target site aanH
HcgDDwtt (capital letters indicate a higher degree of conser-
vation) (Table 3) (22). Although half of the mutants carried
ISC1058 insertions, none were observed for the multiple-copy
SM3 MITEs, which are considered to be mobilized by the
ISC1058-encoded transposase. Possibly, as has been proposed
for SM4, SM3 is an older, more degenerate element in strain
P2, at least within its inverted terminal repeat, in contrast to
SM1 and SM2 (22). Nevertheless, a Sulfolobus MITE which
was previously shown to be mobile in Sulfolobus strain Y99
9-19 was proposed to be mobilized by the transposase of
ISC1057, a close relative of ISC1058 (3). Although no genome
data are available for this strain, it reinforces the fact that the
SM3-like elements can be active.

Each of the mobile-element insertions observed in the pyrEF
locus could be correlated with a donor element within the
genome of S. solfataricus P2 (24). However, during our se-
quence analyses, we discovered examples of multicopy ele-
ments that are present in the published strain P2 genome
sequence but were absent from our parent strain P2A stock.
These included three copies of ISC1078 and two copies of
ISC1439 elements and their DRs. The most likely explanation
is that during assembly of the S. solfataricus P2 genome, occa-
sionally overlapping clones occurred, with or without an IS
element, and if most clones contained the element, it was
generally assembled into the genome sequence (24; Q. She,
personal communication). Thus, strain P2A corresponds to the
clones that lacked these IS elements.

Each transposition event observed in this study, except the
second transposition in strain P2A-003 (see below), resulted in
an increased copy number of the element. The mechanism
remains unclear. Bacterial-type replicative transposition can be
ruled out, as it involves the donor-carrying replicon inserting
between the two daughter IS elements (17), and this was not
observed in the present study, where each inserted element
was flanked by pyrEF sequences. Moreover, an earlier bacterial
study demonstrated that persistent genomic proliferation of
nonreplicative IS10 elements did not occur by “cut and paste”
from one replicon to another with the subsequent loss of the
donor replicon (1). They demonstrated instead that prolifera-
tion was most likely to occur by one of two possible mecha-
nisms involving homologous repair: (i) when transposition oc-
curs coincidentally with DNA replication and formation of
hemimethylated DNA or (ii) when two or more sister chromo-
somes coexist postreplication (1, 19).

For Sulfolobus species, which exhibit a G2 phase constituting
about 60% of the cell cycle (2), solution ii is the more likely,
involving homologous repair of the donor chromosome using
the sister chromosome as a template. However, to distinguish
definitively between these mechanisms would require more
sophisticated genetic tools than are currently available for Sul-
folobus.

Genomic rearrangements. A model is proposed for the
mechanism of genomic rearrangement observed in strain P2A-

FIG. 5. Proposed model for the genomic rearrangement in strain
P2A-003 mediated by the ISC1359-encoded transposase. The scheme
shows a 3,643-bp section of the S. solfataricus P2 genome with the pyrE,
pyrF, and SSO0620 genes represented by arrows and the 9-bp segment
(boldface) deleted from strain P2A-003. (A) The multimeric trans-
posase (gray shaded) binds to the inverted terminal repeats of ISC1359
and catalyzes the nucleophillic attack of the 3� ends of ISC1359 on the
5� ends of the ACGT target site (dashed arrows), located between the
9-bp segment (boldface) and the pyrE gene. (B) The tetranucleotides
of the target site (underlined) are localized at each end of ISC1359,
and the resulting single-strand gaps are repaired by host enzymes
(small dotted arrows). (C) The transposase binds to one end of
ISC1359 and the sequence immediately adjacent to the 9-bp segment.
It then induces double-stranded cuts, which remove the 9-bp segment
and one copy of the duplicated 4-bp target site. The transposase then
catalyzes nucleophilic attack (dashed arrows) of the free 3� ends on the
ACGT target site in the SSO0620 locus. In effect, this turns the entire
genome (minus the excised 9 � 4 bp) into a transposon, which inserts
into itself. (D) The previous reaction produced (i) a second target site
duplication (double underlining), (ii) partitioning of the SSO0620 gene
into SSO0620-N and -C, and (iii) inversion of the 3,634-bp sequence
(plus the inserted ISC1359) between pyrE and the SSO0620 target site.
The resulting single-strand gaps are repaired by host enzymes (small
dotted arrows), leading to the sequence found in strain P2A-003.
(E) Sequence similarity between the proposed transposase binding site
in the pyrEF locus (boxed) and the 3� end of ISC1359. Identical bases
are shaded. The position of the 9-bp segment (boldface) that is lost
from strain P2A-003 is also shown.
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003 (Fig. 3C and 5). It involves two transposition steps. In the
first, ISC1359 is inserted at position 535928 just upstream from
pyrE, as also occurs in strains P2A-102 and -150 (Fig. 5A and
B). In the second step, the multimeric ISC1359-encoded trans-
posase binds to one terminal repeat of the inserted ISC1359
and to another similar sequence located just upstream of the
9-bp segment that is absent from strain P2A-003 (Fig. 5C). It
then catalyzes excision of the genome as a giant mobile ele-
ment. This results in the loss of the 9-bp segment, as well as
one of the 4-bp DRs, from the first ISC1359 insertion. The
genome-size mobile element then inserts into itself at position
539558, just 5 kb from the excision site, creating a second DR
(Fig. 5C). This mechanism produces the sequence found in
strain P2A-003 and accounts for the location of ISC1359 and
the inversion event, as well as the absence of the 9-bp segment
(Fig. 5D).

The model requires that the ISC1359 transposase be able
bind to the sequence adjacent to the deleted base pairs, which
resembles the transposase binding site (Fig. 5E). Support for
the occurrence of such an event derives from a study of the
bacterial IS10 transposase, also of the IS4 family, which was
shown to utilize element termini in any orientation, as well as
so-called pseudoends, for transposition even when the nor-
mal inverted terminal repeat was present (6). Furthermore,
the effect of base substitutions within the inverted terminal
repeats on transposition activity for IS10 elements showed
that (i) mutations at both terminal repeats depress activity
more than mutations at one end and (ii) the most important
base pairs are located at positions 6 to 13 of the 22-bp
inverted terminal repeat (13). In the model, only one trans-
poson binding site is different from the normal site, and the
most conserved region of that site is in the central region
(Fig. 5E) which corresponds approximately to base pairs 6 to
13 in the IS10 elements.

Two other genomic rearrangements were discovered during
this study. One was probably caused by homologous recombi-
nation between two almost identical copies of ISC1439 in the
same orientation, at positions 1201319 and 1325406, that pro-
duced a 124-kb deletion that included the ISC1359 copy at
position 1300529 (Fig. 3A). The deletion was traced back to
the plating of a culture of S. solfataricus P2 from which two
single colonies, A and B, were grown for retention as stock at
�80°C (Q. She, personal communication). Colony A had this
deletion, whereas colony B did not, indicating that rearrange-
ments occurred under normal laboratory conditions with no
known selection. The other 25-kb inversion (Fig. 3B) was
present in all S. solfataricus P2 strains available in our labora-
tory, all of which originated from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen, in contrast to the strain
P2 used for genome sequencing, which was obtained from
Wolfram Zillig.

Conclusion. The results show that IS elements can facilitate
large genomic changes in Sulfolobus both by transpositional
mechanisms catalyzed by their transposases and by providing
similar sequences for homologous recombination. Moreover,
the copy number increase by transposition observed for both IS
elements and MITEs continually creates new sites for potential
rearrangement and change. Thus, it is extremely important to
use mutation-minimizing strategies, such as purifying strains
through plating and avoiding long-term cultivation, when

working with S. solfataricus. Although in a natural environment
this genomic variability may be a disadvantage for an individual
cell, it does not seem to be a disadvantage for the cellular
population, albeit a continually changing one. This is illus-
trated by the fact that S. solfataricus strains, and the closely
related Sulfolobus islandicus, which is also rich in mobile ele-
ments (K. Brügger, personal communication), occur widely in
natural environments.
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Bachellerie, and A. Hüttenhofer. 2005. Identification of novel non-coding
RNAs as potential antisense regulators in the archaeon Sulfolobus solfataricus.
Mol. Microbiol. 55:469–481.

27. Zago, M. A., P. P. Dennis, and A. D. Omer. 2005. The expanding world of
small RNAs in the hyperthermophilic archaeon Sulfolobus solfataricus. Mol.
Microbiol. 55:1812–1828.

4206 REDDER AND GARRETT J. BACTERIOL.


