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A plasmid of 45 kb, designated pNOBS, was found in high copy number in a new heterotrophic Sulfolobus
isolate, NOB8H2, from Japan. Dissemination of the plasmid occurred in six cultures of nine different Sulfolobus
strains when small amounts of the donor were added. These mixed cultures exhibited a high average copy
number of the plasmid, between 20 and 40 per chromosome, and showed a marked growth retardation.
Horizontal transfer of pPNOBS8 was proved by isolating transcipients from mating mixtures via single colonies.
In these isolates, the copy number of the plasmid appeared to be subject to a control mechanism. Cell-free
filtrates of donor cultures did not transmit the plasmid, and plating of the donor on lawns of recipients did not
result in plaque formation, suggesting that the transfer was not mediated by a virus. Rapid formation of
cell-to-cell contacts between differently stained donor and recipient partners was demonstrated after the two
strains were mixed. Electron microscopic analysis of mating mixtures revealed many cell aggregates made up
of 2 to 30 cells and intercellular cytoplasmic bridges connecting two or more cells. Cells that had been
transformed with purified plasmid DNA as well as transcipients isolated from mating mixtures were shown to
serve as donors for further transmission of pNOBS. The plasmid undergoes extensive genetic variations, since
deletions and insertions were frequently observed in plasmid preparations from the donor strain and from
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mating mixtures.

In contrast to other processes of horizontal gene transfer,
such as phage transduction and natural transformation, conju-
gation effects gene transfer between bacteria via specific, phys-
ical contacts between donor and recipient cells. There is an
increasing appreciation for the role of conjugation in the hor-
izontal spread of genes (e.g., antibiotic resistance genes [4])
and in the evolution of genomes, as it has been demonstrated
to occur even between widely divergent bacterial species (1, 11,
21) and, more recently, also between bacteria and eucaryotes
(8, 19). DNA transfer is usually mediated by large conjugative
plasmids that are mobilized at a high frequency and that may
also cotransfer chromosomal genes or smaller, nonconjugative
plasmids (for reviews, see references 3, 22, and 23). Conjuga-
tive plasmids have been detected in a variety of gram-negative
and gram-positive bacteria. Different types encode quite dis-
similar mating systems, diverging, for example, in breadth of
host range and in the mechanism of cell-to-cell contact forma-
tion between donor and recipient. However, there is increasing
evidence that the mechanism of genetic transfer from even
very divergent conjugative plasmids is conserved (reference 6
and references therein), including Ti plasmid-mediated DNA
transfer to plant cells (10).

Our knowledge about horizontal gene transmission in the
domain Archaea (24) (formerly Archaebacteria) is very limited.
A transducing phage has been detected in a methanogen (12),
and Mevarech and Werczberger (13) have described a mating
system in the archaeon Haloferax volcanii: cells growing on
solid surfaces exchange genetic material, which results in a
recombinant chromosomal genotype of the conjugation prog-
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eny as scored by using different auxotrophic mutants as paren-
tal types. This system differs from classical bacterial conjuga-
tion in that it is bidirectional and seems to work via
intercellular cytoplasmic bridges (15). Pairs of cells connected
by one or more bridges and even networks of cells connected
by intercellular bridges in mating mixtures have been directly
documented by scanning electron microscopy. Recombinant
selectable plasmids were also shown to be mobilized between
H. volcanii cells as well as from H. volcanii to the related
Haloferax mediterranei (20).

Here, we present the first description of an archaeal plasmid
that can be transmitted horizontally. It propagates efficiently in
liquid cultures of strains of the extreme thermophile Sulfolobus
via a cell-to-cell contact-dependent transfer mechanism. The
plasmid is quite unusual in that it can replicate up to very high
copy numbers in its original host strain and in mating mixtures,
thereby greatly affecting cell growth. In addition, we show that
when propagated under laboratory conditions, this plasmid
appears to undergo extensive genetic variation.

MATERIALS AND METHODS

Sampling and isolation of Sulfolobus strains. Samples were taken from differ-
ent hot springs and mud holes at Hakone and in Hokkaido, Japan, as described
by Zillig et al. (25). The isolation of heterotrophic Sulfolobus strains from en-
richment cultures was also done as described previously (25).

Sulfolobus strains and culture conditions. All Sulfolobus strains used are listed
in Table 1. The salt base of the medium was made either by the method of Brock
et al. (2) or by the method of Zillig et al. (25). The medium was supplemented
with 0.2% tryptone as a carbon source and adjusted to pH 3 with sulfuric acid.
Fifty-milliliter liquid cultures were incubated in long-necked Erlenmeyer flasks
at 80°C under moderate shaking. Plating of single colonies on Gelrite (Kelco,
San Diego, Calif.) plates and the plaque assay using a soft layer have been
described previously (17). The plates were incubated at 80°C, and colonies were
scored after 5 to 10 days.

DNA analysis. The preparation of DNA from Sulfolobus cells has been de-
scribed previously (25). After cell lysis and phenolization, the DNA was first
banded in a CsCl gradient in the presence of small amounts of ethidium bromide
(5 pg/ml), yielding total DNA, i.e., chromosomal and plasmid DNAs. A second
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TABLE 1. Strains used

Propagation

Strain(s)” Origin Reference of pNOBS
Sulfolobus sp. strains NOBSH2 and NOBSH3" Noboribetsu, Japan This study None (host)
S. solfataricus P1, DSM 1616 Pisciarelli, Italy 26 +
S. solfataricus (SSV1) 17 +
S. solfataricus PH1¢ 18 +
S. islandicus KVEM10H1¢ Kverkfjoll, Iceland 25 +
S. islandicus REN1H1(pRN1, pRN2) Reykjanes, Iceland 25 +
S. islandicus HENTH2(pHE7) Hengill, Iceland 25 +
Sulfolobus sp. strain DAI2H2* Daisetzusan, Japan This study +
S. shibatae (SSV1) DSM 5389 Beppu, Japan 7 -
S. acidocaldarius DSM 639 Yellowstone National Park 2 -
Sulfolobus sp. strain 59/2 Ketatahi, New Zealand Unpublished -

¢ All strains are heterotrophic isolates of Sulfolobus. Plasmids or viruses harbored by the strains are indicated in parentheses.
> Two new isolates from Japan in which plasmid pNOBS has been detected (Fig. 1).

¢ B-Galactosidase mutant of S. solfataricus P1.
@ Host for virus SIRV (25).

¢ New isolate from Japan, clearly distinct from NOB8H2 and NOB8H3 as judged by comparison of DNA restriction fragment patterns.

/New isolate harboring plasmid p59/2.

gradient using 1 mg of ethidium bromide per ml was used to separate covalently
closed circular DNA (cccDNA) from chromosomal DNA plus open circular and
linearized plasmid forms. For electrophoretic analysis, 2 pg of chromosomal or
total DNA or 1 pg of cccDNA was cut with the appropriate restriction enzyme
(Boehringer Mannheim) and separated on a 1% agarose gel (16). Southern
hybridizations with [a->’P]ATP-labelled DNA probes (5) were performed by
standard procedures (16). The filters were washed under stringent conditions.
The copy number of the pNOBS plasmid was determined by loading total DNA
onto a 0.7% agarose gel in order to separate the chromosomal DNA from the
main fraction (open circular form) of the plasmid. After the gel was stained with
ethidium bromide, the DNA bands were quantitated. For calculation, the Sul-
folobus chromosome was taken as 2.7 Mb (9). Since the fraction of sheared
plasmid DNA was not separated from chromosomal DNA, the approximate copy
number of pNOBS determined by this method is an underestimate.

To test the stability of free DNA under the growth conditions of Sulfolobus
cells, 5 pg of total DNA of strain NOBS8H2 was incubated at 80°C in 100 pl of
growth medium and in water as a control. After 1, 2, and 5 h, samples were
removed, phenolized, precipitated, and analyzed on a 1% agarose gel.

Mating procedure. Mating mixtures were set up from logarithmically growing
cultures of donor and recipient strains (usually 10° cells per ml) whose density
was exactly determined by cell counting of aliquots in the light microscope prior
to the making of the mixture. Mixtures (donor/recipient cell ratio, 1:1,000 or 1:1)
were made in fresh medium to give a cell concentration of 107/ml and were
subsequently incubated under moderate shaking, as is standard. Samples were
removed at the times indicated below and were either plated or used for prep-
arations of total DNA and for determination of the optical density.

To investigate the possibility of phage-mediated plasmid transfer, cell-free
filtrates of donor cultures were prepared by low-speed centrifugation of a grow-
ing culture and subsequent filtration of the supernatant through a membrane
filter (0.45-pwm pore size; Millipore). Samples (1 and 3 ml) of the filtrate were
mixed with recipient cells (107/ml) and treated as described for mating mixtures.

Staining of Sulfolobus cells with fluorescent dyes. Logarithmically growing cells
of donor and recipient strains were concentrated by centrifugation and subse-
quent resuspension in growth medium to a density of 2 X 10® cells per ml.
Fluorescent dye (Chromomycin A3 or Hoechst no. 33258; Sigma) was added to
a final concentration of 5 pg/ml, and the cells were incubated for 45 min at 80°C.
After two washes with growth medium, they were resuspended in fresh medium
in the original volume and mixed in a 1:1 ratio (1 or 2 ml, final volume). The
mating mixture was incubated at 80°C, and samples were taken at different times.
For microscopic analysis, 20-ul aliquots were mixed with 10 ul of hot, dissolved
agarose and poured onto the mount. The staining was visualized by fluorescence
microscopy in a Zeiss axiophot microscope.

Electron microscopy. Cells were visualized in a Zeiss 109 electron microscope
after negative staining with 1 to 2% uranyl acetate.

Transformation of Sulfolobus cells by electroporation. A 200- or 300-ng sample
of plasmid DNA was used for transformation of S. solfataricus P1 as described
elsewhere (17). After electroporation, the cells were grown in liquid culture, and
samples were removed for plating or for preparation of total DNA at the times
indicated below.

RESULTS

Isolation of plasmid pNOBS8. Samples taken from acidic hot
springs and mud holes of different solfataric fields at Hakone

and in Hokkaido, both in Japan, were enriched in liquid cul-
ture and plated. A total of 46 Sulfolobus strains were isolated
from single colonies, representing about 14 different types dis-
tinguished from each other and from known Sulfolobus species
by restriction fragment patterns of their chromosomal DNAs
(not shown). The total DNAs of two of these isolates (NOBS8
H2 and NOBS8H3), belonging to the same type and originating
from the same source, each yielded a set of additional restric-
tion fragments in high copy number compared with the frag-
ments derived from the chromosome (Fig. 1; lanes a show
EcoRI cuts of total DNAs). These fragments could be assigned
to an extrachromosomal genetic element (pNOBS) that was
isolated as cccDNA by rebanding the total DNAs in CsCl
gradients in the presence of 1 mg of ethidium bromide per ml.
Figure 1, lanes c, shows EcoRI cuts of the purified plasmid
DNAs; lanes b show the corresponding cuts of the DNAs of
lower density from the same gradient which contained the
chromosomal DNAs plus the open circular and the linear
forms of the plasmids. Restriction of the plasmid DNA from
strain NOB8SH?2 yielded a regular pattern of fragments in an
equimolar ratio (H2 lane e). The sum of the sizes of these
fragments was about 45 kb. The pattern for NOBSH3 was
slightly different, showing an additional, substoichiometric
fragment, apparently at the expense of a smaller fragment by
an insertion of about 1.5 kb (Fig. 1, H3 lane e, arrows). South-
ern analysis proved that these two fragments do indeed share
homologous sequences (not shown). The copy number of
pNOBS in these cultures was determined to be around 20 per
chromosome. The generation time of the host that was used
for all following experiments, NOB8H2, was 16 h. This is at
least twice as long as the generation times of other known
Sulfolobus strains (between 4 and 8 h). Because of its size and
high copy number, we considered the possibility that pNOBS
might represent the DNA of a virus. However, careful inspec-
tion of the culture in the electron microscope did not reveal
any extracellular particles resembling virus (or phage) parti-
cles. Even specific enrichment for putative particles, i.e., poly-
ethylene glycol precipitation and CsCl gradient centrifugation,
did not yield virus-like structures.

Dissemination of pNOBS in cultures of different Sulfolobus
strains. Attempts to infect various Sulfolobus strains with fil-
tered culture supernatants of NOB8H2 failed completely, as
expected from our inability to visualize virus-like particles. A
control, with small amounts of NOB8H2 cells added, however,
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FIG. 1. DNAs isolated from NOB8H2 (H2) and NOB8H3 (H3). Lanes a,
total DNA; lanes b, upper band of second CsCl gradient containing chromo-
somal DNA plus open circular and linearized DNAs of the plasmid; lanes c to e,
lower band of the same gradient containing cccDNA of plasmid pNOBS. DNAs
were cut with EcoRI (lanes a to ¢), uncut (lanes d), or cut with BamHI (lanes ).
Lane M, size marker (\ cut with EcoRI and HindIIl). An additional, substoi-
chiometric fragment and a smaller fragment at whose expense it apparently was
created are indicated (H3 lane e, arrows).

led to strong propagation of the plasmid in cultures of many
Sulfolobus strains. In the experiments whose results are shown
in Fig. 2, one cell of NOB8H2 was added per 1,000 recipient
cells. Total DNAs of the cultures as well as of controls from the
donor and recipients were prepared after 2 days of growth. In
six of nine of such mixed cultures, we observed strong produc-
tion of plasmid pNOBS (Table 1 and Fig. 2, lanes 1+ through
4+4+) and a marked growth retardation compared with the
growth of the controls (not shown). In the three cases in which
no propagation of the plasmid was observed (Table 1 and Fig.
2,lane 5+, for S. shibatae), growth of the strains was unaffected
(not shown). In all positive cases, the plasmid DNA was found
in large amounts, with an average copy number as high as or
sometimes even exceeding that of the original donor strain
(between 20 and 40 per chromosome). In some cases, however,
variants of the plasmid appeared in the donor strain that was
grown as a control in parallel (Fig. 2, lane K2) as well as in the
corresponding mating mixtures (Fig. 2, lane 4+; see “Variants
of pNOBS” below).

We regarded these results as a strong suggestion that the
plasmid is transmitted to different Sulfolobus strains in a cell-
to-cell contact-dependent mechanism. The possibility that the
donor strain simply overgrew the recipient seemed unlikely
because of the low growth rate of the former and could be
excluded in those cases in which other indigenous extrachro-
mosomal elements present in the recipient were clearly visible
in the DNA preparation of the mixed culture. This can be seen
in the mixed culture with strain REN1HI1 (Fig. 2, lanes 4— and
4+), which harbors plasmids pRN1 and pRN2, seen as three
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FIG. 2. Total DNAs from cultures of different Sulfolobus strains that have
(+) or have not (—) been mixed with donor strain NOB8H2 in a donor/recipient
cell ratio of 1:1,000. The DNAs were prepared after 2 days, and 2 pg of each was
cut with BamHI. Lanes: 1, S. solfataricus P1; 2, S. islandicus KVEM10H1; 3,
Sulfolobus sp. strain DAI2H2; 4, S. islandicus REN1H1, with plasmids pRN1 and
pRN?2 visible as three overstoichiometric fragments; 5, S. shibatae; K1 and K2,
preparations of total DNAs from different cultures of donor strain NOBSH2.

BamHI fragments occurring in much higher copy number than
chromosomal bands.

To further check the possibility of involvement of a virus in
the transmission of the plasmid DNA, the mixed cultures of
donor and recipients in which strong propagation of pNOBS§
had been observed were inspected in the electron microscope,
but again no virus particles could be identified. Furthermore,
we observed no plaque formation when cells or culture super-
natants of NOBS8H2 were plated on lawns of different recipient
strains.

In order to find out whether transmission of the plasmid by
natural transformation is possible, we examined the stability of
free DNA under the growth conditions of Sulfolobus cells, i.e.,
80°C and a growth medium pH of 3. DNA incubated under
these conditions was found to be completely degraded within 1
h. Furthermore, the mere addition of purified pNOB8 DNA to
growing cultures of a recipient did not result in spread of the
plasmid.

Isolation of transcipients. In order to prove transfer of
pNOBS into other Sulfolobus strains, we isolated transcipients
(recipients containing transmitted plasmid) by plating mixed
cultures of S. solfataricus X NOB8H2 and of S. islandicus
HEN7H2 (harboring plasmid pHE7) X NOBS8H2. Whereas
the plating efficiency of either recipient alone was almost 100%
and the colonies were large (approximately 2 to 5 mm in
diameter), as usual, plating of the donor strain NOBSH2 alone
was inefficient (<10%), yielding much smaller colonies. Even
less efficient was the plating of mating mixtures 2 days after
growth in liquid culture, yielding only tiny, sometimes hardly
visible colonies (<1 mm). We picked single colonies from the
mating mixtures under a binocular microscope and grew them
in liquid culture. As shown in Fig. 3A, BamHI digests of total
DNAs from these clones each exhibited the restriction frag-
ment pattern typical for chromosomal DNA of S. solfataricus
(lanes 4 and 5) and for chromosomal and plasmid DNAs from
S. islandicus (lanes 1 to 3), respectively, and in addition frag-
ment patterns characteristic for pNOBS or variants thereof
(compare the authentic pNOBS pattern in control lane K1).
Figure 3B shows a Southern hybridization of the same gel
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FIG. 3. BamHI digests of total DNAs (A) and corresponding Southern analysis with randomly labelled pPNOBS plasmid used as a probe (B). The DNAs were
prepared from independent isolates that were recovered by plating mating mixtures. Lanes: K1, NOB8H2 control; K2, S. islandicus HEN7H2 (containing plasmid pHE?7,
visible as three overstoichiometric fragments) control; 1 to 3, transcipients of S. islandicus HENTH2; K3, S. solfataricus PH1 control; 4 and 5, transcipients of S.
solfataricus PH1; 6 to 8, single isolates of donor strain NOB8H2 isolated by the same procedure. Two BamHI fragments missing in the HEN7H2 transcipients are

indicated (panel B, arrows).

using randomly labelled pNOBS as a probe. In about half of
the transcipients analyzed, all of the BamHI fragments of the
plasmid were detected (Fig. 3B, lanes 4 and 5, although not all
fragments are visible on the exposure shown), whereas in the
other cases, the restriction pattern varied from that observed in
the host strain, mainly by lacking two BamHI fragments (lanes
1 to 3, arrows). This deletion and other variants of the plasmid
were found in several plasmid preparations from cultures of
strain NOBSH?2 and from mating experiments (see below).

In all the transcipients and also in the isolates of the original
donor strain NOB8H?2 that were obtained by plating the con-
jugation mixtures (Fig. 3, lanes 6 to 8), the copy number of
pNOBS8 was much lower than those observed in mating mix-
tures and in the cultures of NOB8H2 grown from glycerol
conserves, i.e., around 2 to 5 instead of more than 20 per
chromosome (compare with plasmid band intensities in Fig. 1
and 2). The copy number of the indigenous plasmid pHE?7 in
the transcipients of strain HEN7H?2 (Fig. 3, lanes K2, showing
four fragments of pHE7 in high copy number) was equally
reduced (Fig. 3, lanes 1 to 3), though the plasmid was still
detectable in Southern analysis (not shown).

In order to determine whether a transcipient containing
pNOBS in low copy number can in turn serve as a donor, we
mated the transcipient HEN7H2(pNOBS) with HEN7H2 as
the recipient. Figure 4 compares the growth of the mating
mixture (donor/recipient cell ratio, 1:1,000) with that of the
donor and recipient strains alone, with the growth of the high-
copy-number donor, NOB8H2, and with the growth of the
mating mixture of this strain with the same recipient (Fig. 4).
Whereas the generation time of the low-copy-number donor
strain was about the same as that of the recipient, mixing the
two strains led to growth retardation similar to that observed in

conjugation mixtures containing the original high-copy-num-
ber donor, NOB8H2. Accordingly, the plasmid was strongly
amplified in the mating mixture (Fig. 5, lane 4), whereas its
copy number remained low in the donor strain by itself (Fig. 5,
lanes 2 and 3). The average copy number fell again after
several passages, though not quite to the low level of the donor
(lanes 5 and 6 versus lane 3). These results indicate that the
growth retardation of mating mixtures and high-copy-number
donors is due to the burden imposed by the high plasmid copy
number. Conjugation appears to cause strong amplification,
whereas growth on a solid support seems to select for a low-
copy-number state, as found in the transcipients isolated from
mating mixtures.

Kinetics of the mating process. To be able to distinguish
donor and recipient colonies derived from mating mixtures, we
used as the recipient S. solfataricus PH1, a stable B-galactosi-
dase mutant which is negative in the X-Gal blue reaction (18).
Donor NOB8H?2, in contrast, exhibits B-galactosidase activity
and therefore turns deep blue when incubated with X-Gal.
Samples of a mating mixture containing these two strains in a
1:1 ratio were taken at different times within 24 h and plated.
As expected, we obtained small white or blue colonies and
large white colonies. As judged by DNA analysis of several
representatives, all clones derived from the smaller colonies
harbored the plasmid and were either S. solfataricus transcipi-
ents or the donor NOB8H2, whereas almost all of the larger
white colonies were S. solfataricus cells not containing pNOB8
(not shown). Because of the low plating efficiency of the donor
strain and the transcipients (<10%; see also above), we could
only estimate the frequency and the kinetics of the transfer
process by monitoring the fate of the nonconjugated recipient
cells, i.e., by counting the large white colonies. Already within
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FIG. 4. Growth of recipient strain S. islandicus HEN7H2 and donor strains containing the pNOBS plasmid in different amounts [HEN7H2(pNOBS), low-copy-
number donor; NOB8H2(pNOBS), high-copy-number donor| compared with growth of corresponding mating mixtures (donor/recipient cell ratio, 1:1,000). OD, optical

density.

the first 3 h a decrease in the number of these colonies was
observed, and after 24 h <10% of the original count was
recovered on the plate (Fig. 6). Assuming that all cells survive,
this would mean that under the conditions chosen around 90%
of the recipients had been involved in the mating process
within 24 h.

Microscopic analysis of the mating process. In order to
better understand the nature of the process that mediates
dissemination of pNOBS in liquid culture, mixtures of donor
and recipient cells were analyzed under the light microscope.
Since the cells of different Sulfolobus strains cannot easily be
distinguished by size and/or morphology, we marked them with

2 345 6

FIG. 5. BamHI digest of total DNAs of S. islandicus HEN7H2 (lane 1),
HEN7H2(pNOBS) (lanes 2 and 3), and the corresponding mating mixture whose
growth is shown in Fig. 4 (lanes 4 to 6). The DNAs were prepared after 2 (lanes
1, 2, and 4), 5 (lane 5), and 7 (lanes 3 and 6) days of cultivation.

different DNA-intercalating fluorescent dyes prior to mixing.
In the experiments whose results are shown in Fig. 7, the donor
strain, NOB8H2, had been stained with Chromomycin A3 (or-
ange-brown) and the recipient, S. islandicus HEN7H2, had
been stained with Hoechst 33258 (green-blue) prior to mating
of the two strains in a 1:1 ratio. The staining was stable for at
least 1 h under the growth conditions; however, analysis with
the fluorescence microscope had to be performed quickly,
since exposure to UV light resulted in rapid bleaching, espe-
cially of Chromomycin A3.

Two minutes after the two strains were mixed, we already
observed pairs and larger aggregates of differently stained cells
that were easily distinguishable from lumps or pairs of cells of
a single kind, probably intermediates of cell division, by their
difference in color (Fig. 7). Mating pairs were either in close
contact or attached to each other, as manifested by the fact
that they moved as a pair under the influence of Brownian
motion when they had not been fixed in an agarose bed. Such
mating pairs and groups of differently stained cells were found
in rising numbers over the observation period.

For controls, we mixed two differently stained aliquots of
cells of each of the two strains (i.e., donor X donor and recip-
ient X recipient) in order to find out whether they also form
pairs under these conditions and how often pseudo-mating
pairs might be seen by chance when two cells lie close together.
Table 2 shows a quantitative analysis of cell pairs (larger ag-
gregates were not considered) observed 35 min after the two
differently stained partners were mixed. Whereas pairs of one
kind were not formed or found only in negligible numbers in
recipient mixtures (S. islandicus HENTH2 or S. solfataricus
PH1), strains which harbor the pNOBS plasmid, i.e., NOBS8H2
and HEN7H2(pNOBS), seemed to be able to form such cell
pairs, although significantly less frequently than donor-recipi-
ent mixtures.
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FIG. 6. CFU of recipient strain S. solfataricus PH1 (solid circles) obtained from a conjugation mixture (1:1) with NOBS8H2 as the donor. Results for a plating control
from half of the culture not mixed with the donor are also shown (open circles). - - - -, growth of the corresponding cultures and of donor NOB8H2. OD, optical density.

Electron microscopy of the donor strain (NOBS8H2) showed
that many of the cells contain cellular appendages probably
still covered by the S-layer, which have never been observed in
the recipient strains (Fig. 8) and which are likely to belong to
the conjugation apparatus. Similar appendages were also ob-
served by scanning electron microscopy (Fig. 9). Because of
their dimensions and their irregular appearance, these struc-
tures were judged to be neither pili nor flagella. In scanning
electron micrographs of conjugation mixtures taken 10 and 30
min after the start of mating, many aggregates of up to about
30 cells were found, sometimes exceeding the number of re-
maining single cells. In some of these aggregates, intercellular
bridges clearly connected two or more cells (Fig. 9).

Variants of pNOBS8. We often observed a variation in the
restriction fragment pattern of plasmid preparations from cul-
tures of mating mixtures as well as from the original donor
strain (Fig. 10). In most of these cases, the original, or wild-
type (wt), pattern of pNOBS8 was still present, but several
fragments occurred in substoichiometric amounts, as if dele-
tion variants were frequently formed (Fig. 10, lanes 2, 3, 6 to §,
10, and 11). Sometimes new fragments appeared, usually at the
expense of others (Fig. 10, lanes 4 and 9; Fig. 1, H3 lane e; and
Fig. 2, lanes 4+ and K2). These additional fragments cross-
reacted in Southern analysis with the wt pNOB8 DNA (not
shown). One type of deletion variant found in several trans-
cipients lacked at least two BamHI fragments, i.e., around 8 kb
in total (Fig. 3, lanes 1 and 3, and Fig. 10, lanes 2 and 3). From
further analysis of this variant using different restriction digests
and suitable Southern hybridizations, we conclude that the
missing two BamHI fragments are neighboring in the wt plas-
mid. The fact that two BamHI bands disappeared without a

concomitant shift of other bands suggested that the deletion
covered the two neighboring fragments quite accurately. This
was confirmed by comparing the pattern of the deletion variant
with that of the wt plasmid after cutting with different restric-
tion enzymes. When plasmids were cut with EcoRV or HindIII,
shifts and losses of fragments resulting from a loss of approx-
imately 8 kb in the plasmid variant were observed (not shown).
Since this deletion variant was shown to propagate in conju-
gation mixtures (Fig. 4 and 5), we assume that the region
comprising these two BamHI fragments is not essential for
replication and/or conjugative transfer of the plasmid.
Transformation of pNOBS8. Another means of showing
spreading of the conjugative plasmid in a culture was to trans-
form S. solfataricus with the purified plasmid. Conditions for
DNA uptake via electroporation had been established for this
strain by transfecting it with the DNA of virus SSV1 (17). Two
preparations of pPNOBS were used, one showing the original wt
pattern (Fig. 11A, lane 1) and the other apparently a mixture
of the wt plasmid and an insertion variant, since an additional
fragment appeared substoichiometrically at the expense of a
smaller fragment of the wt pattern (Fig. 11B, lane 1). After
electroporation, the cells were grown for 30 h and total DNA
was prepared and analyzed. In both cases, the plasmid was
found in very high average copy numbers in the cells that had
been subjected to transformation (lanes 2 in Fig. 11 represent
total DNA). Since the frequency of transformation determined
in the transfection experiments with SSV1 DNA is only 10~ to
107>, the relatively few transformants obtained by electropo-
ration must have served as donors for further spread of the
plasmid via conjugation. Accordingly, total DNA prepared
shortly after transformation, i.e., before the conjugative
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FIG. 7. Mating pairs and cell aggregates observed in a mating mixture (1:1)
of NOB8H2 (donor), stained with Chromomycin A3 (orange-brown), and S.
islandicus HENTH2 (recipient), stained with Hoechst no. 33258 (green-blue).
The cells were viewed under fluorescent light (left panels) and with Numarsky
phase-contrast (right panels).

spread, showed a low average copy number of pNOBS, prob-
ably representing mainly the plasmid in the primary transfor-
mants (not shown). Furthermore, growth of the cells subjected
to electroporation with pNOBS was retarded for several days,
and plating of these cultures after 2 days gave rise to only tiny
colonies, as observed in cultures of conjugation mixtures, sug-
gesting that the plasmid had spread to all cells. In the experi-
ment whose results are shown in Fig. 11B, the stoichiometry of
the restriction fragments of the resulting plasmid has changed
compared with that of the input plasmid, as if a deletion vari-
ant resembling that described above plus a smaller amount of
a second variant had outcompeted the wt plasmid.

TABLE 2. Mating pairs observed after mixing of
differently stained partners

. No. of
Mixture pairs/field”

NOBSH2(pNOBS) X 8. islandicus HENTH2 .........ccccoovucuene 20
NOBSH2(pNOBS) X S. solfataricus PH1 . 14
NOBSH2(pNOB8) X NOb8H2(pNObS) 7
S. islandicus HENTH2(pNODS8) X S. islandicus

HENTH2(PNOBS)......coiierrieiericeeineeeereeeneseeseseneeseenennenes 3
S. islandicus HENTH2 X S. islandicus HEN7TH2 .. . 0
S. solfataricus PH1 X S. solfataricus PH1 ........ccccccovuvuvvuvununne. 2

“ Pairs of cells of different colors were counted 35 min after two strains were
mixed under culture conditions. Each result is the average for 10 analyzed
microscopic fields. (One cell per microscopic field = 2.7 X 10° cells per ml.)
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DISCUSSION

pNOBS is the first archaeal plasmid for which horizontal
spreading has been demonstrated. Despite its relatively large
size (45 kb), the plasmid replicates to unusually high copy
numbers both in the original donor strain and in mating mix-
tures in which different Sulfolobus species can act as recipients.
We have proved the transfer of the plasmid from the original
host, NOB8H2, to cells of S. solfataricus and S. islandicus by
isolating transcipients via single colonies. Although the exact
mechanism of this transfer is still unknown, several lines of
evidence support a conjugation-like process as follows.

(i) Transmission of the plasmid depended on the presence of
donor cells, whereas donor filtrates were inactive, suggesting
that the transfer does not involve a virus. Virus particles were
not observed with the electron microscope, nor were such
particles isolated from culture supernatants. Furthermore,
plating of donor cells or supernatants from donor cultures on
lawns of recipients did not yield plaques, although the spread
of the plasmid markedly retarded cell growth and although the
plaque assay works well for two different Sulfolobus viruses
(SSV1 of S. solfataricus [17] and SIRV1 of S. islandicus [25]).

(ii) Naked DNA is unstable under the growth conditions of
Sulfolobus cells, making a natural transformation involving free
DNA improbable.

(iii) The transfer appears to occur rapidly and/or at a high
frequency, since no recipient cells devoid of pNOBS were
recovered from mating mixtures (1:1,000) after 2 days. How-
ever, so far we have not attempted to determine the velocity
and frequency of the transfer process, because donor and trans-
cipient cells plate only with low efficiency.

(iv) Transformation of a recipient (S. solfataricus P1) with
purified plasmid DNA resulted in the spread of the plasmid
through the entire culture, suggesting that the relatively few
transformants obtained via electroporation must have served
as donors for further conjugative transfer of the plasmid.

(v) The ability of transcipients and transformants to serve as
donors for the spread of pNOBS strongly implies that the
conjugation system is encoded on the plasmid itself and not on
the chromosome of the donor strain.

(vi) In the fluorescence microscope, de novo cell-to-cell con-
tacts were observed to form rapidly after differently stained
donor and recipient partners were mixed, whereas almost no
such aggregates were seen in the absence of plasmid (i.e.,
recipient X recipient). Scanning electron micrographs of mat-
ing mixtures revealed many cell aggregates made up of 2 to 30
cells. Sometimes cytoplasmic bridges appeared to connect two
or more cells, whereas thinner connecting structures such as
pili were not observed.

We have found the plasmid in high copy number, between
20 and 40 per chromosome, in the original donor strain and in
mating mixtures, whereas isolates obtained by plating mating
mixtures exhibited copy numbers as low as 1 to 5. Since the
plating efficiency of transcipients from mating mixtures was low
(<10%), it seems possible that we have selected only the frac-
tion of the transcipients which contained the plasmid in lower
and thus less deleterious copy numbers. Another cryptic plas-
mid usually harbored in high copy number by one of the re-
cipient types (S. islandicus HENTH2) was found to be equally
reduced in such isolates. We have observed that the average
copy number of pNOBS in a mating mixture rises when we use
a low-copy-number transcipient as the donor and that it falls
again after several days (Fig. 5). The natural copy number of
the plasmid might therefore be low, and conjugation strongly
induces replication until the control system in the transcipients
is established. Consequently, it is possible that only that frac-


Acrobat Notes
Color plate(s) available.

Click on figure caption to view.


Downloaded from https://journals.asm.org/journal/jb on 08 June 2026 by 2a06:98c0:3600::103.

4424 SCHLEPER ET AL.

J. BACTERIOL.

FIG. 8. Electron micrograph of a cell of NOB8H2 exhibiting cellular appendages and protruding structures (pili are also seen). The cell was negatively stained with

uranyl acetate. Bar = 1 wm.

tion of the transcipient progeny in which the plasmid has al-
ready been downregulated might produce visible colonies on
the plate. However, this model does not explain why the copy
number in the original donor strain, NOB8H2, is very high,
whereas the progeny of this strain isolated from mating mix-
tures contain the plasmid in low copy number. Alternatively,
other, yet-unknown stimuli might trigger a strong replication of
the plasmid. In this regard, it is noteworthy that we have
observed a strong replication of pNOBS in cultures of low-
copy-number transcipients inoculated from glycerol stocks (not
shown).

The high copy number of the plasmid in mating mixtures and
the resulting growth retardation of these cultures suggest that
the mechanism of spread in certain respects may resemble that
of viruses more than that of known bacterial conjugative plas-
mids. The existence of appendages in the original host of
pNOBS and of intercellular bridges in mating mixtures which
might be formed by such appendages could be taken to indi-
cate that conjugation is mediated by some sort of fusion similar
to that suggested for the mating system of H. volcanii (20). In
that system, the gene transfer involves bidirectional exchange
of chromosomal genes and the cotransfer of selectable recom-
binant plasmids. The extent and direction of gene transfer in
the Sulfolobus system as well as the mechanisms by which
cell-to-cell contacts are formed and by which the DNA is
transferred await further investigation.

Sequence analysis of the plasmid might give further insight
into the factors involved in mating and their relation to those
of the bacterial systems. The large size of pNOBS suggests that
a rather complex system could be encoded on the plasmid.

An unusual feature of pNOBS is its extensive genetic vari-
ation, especially caused by formation of deletion variants. One
such variant that was grown from a single transcipient colony
was still able to propagate in mating mixtures. Other deletion
variants, however, could be only passively replicated and/or
transmitted via conjugation, since they were found in plasmid

FIG. 9. Scanning electron micrographs of donor strain NOB8H2 (upper left)
and 1:1 mating mixtures of NOB8H2 X . solfataricus, showing cellular append-
ages of the donor strain and cell aggregates and intercellular bridges in the
mating mixture.
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FIG. 10. Total DNAs (lanes 1 to 3 and 6 to 11) and cccDNAs (lanes 4 and 5)
obtained from different cultures of NOBS8H2 (lanes 4 to 6, 9, and 11) or from
conjugation mixtures (lanes 1 to 3, 7, 8, and 10) that show variation from the
original (wt) pattern (as seen in lanes 1 and 5).

preparations that still contained the wt plasmid. The high copy
number of pNOBS, which retards growth of its host, might
favor the formation of smaller, less deleterious derivatives. In
contrast, some other variants seem to be enlarged compared
with the original form of pNOBS. They could be forms that
have gained insertion elements (as found in S. solfataricus [18])
or prime plasmids containing parts of the host chromosome.
Whether pNOBS is capable of recombination with the chro-
mosome is still unknown, however.

Because of its efficient spread and relatively broad host

A B

] 2 2
FIG. 11. BamHI digest of input and output DNAs of two transformation
experiments (A and B) with pNOBS. Lanes 1, the plasmid preparations of which

200 ng each was used for electroporation of S. solfataricus P1; lanes 2, 2 pg of
total DNA prepared from the whole-cell mixture 30 h after electroporation.
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range, the pNOBS plasmid should prove useful for the devel-
opment of a genetic system for Sulfolobus spp. We and others
have previously demonstrated the uptake of viral and plasmid
DNAs by S. solfataricus via electroporation (17, 25). Recom-
binant derivatives of these genetic elements that are still able
to replicate or propagate autonomously have so far not been
identified. Preliminary experiments with pNOBS, however,
have shown that the plasmid can be manipulated at several
sites and that transformants are easily detectable even in the
absence of a selectable genetic marker because of the efficient
spread of the plasmid through the culture (unpublished data).
The plasmid should therefore prove useful for the construction
of transformation vectors that will be easily transferable to
various Sulfolobus strains by conjugation and that should serve
for efficient expression because of their high copy number.
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