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In Sulfolobus acidocaldarius conjugation assays, recombinant frequency was relatively constant for marker
separations from 1,154 bp down to about 50 bp and readily detectable at 10 bp. Three-factor crosses revealed
little, if any, genetic linkage over distances of 500 to 600 bp, and large deletion mutants were good donors but
poor recipients in matings. The results indicate that most intragenic recombination events occur at one of the

mutations, not in the interval between them.

The conjugational mechanism of marker exchange (ME) in
Sulfolobus acidocaldarius (8) is so far the only system in which
natural exchange and recombination of chromosomal DNA in
a hyperthermophilic archaeon can be quantified by genetic
selection. This phenomenon occurs between virtually isogenic
strains, is not mediated by culture supernatants, is not inhib-
ited by extracellular DNase, and may account for the infectivity
of homing introns that have been introduced into S. acidocal-
darius cells by electroporation (1, 7, 8). ME appears to differ
from bacterial Hfr conjugation with respect to both the re-
quirements of DNA transfer and the manifestation of genetic
linkage. Most examples of bacterial conjugation require a self-
transmissible plasmid in the donor and no plasmid in the re-
cipient, but in S. acidocaldarius, as in the halophilic archaeon
Haloferax volcanii (17), all strains appear equally capable of
serving as donor and recipient (8). In addition, ME-promoted
recombination yields readily detectable recombination (repre-
senting a level of about 5% of the maximal value, for example)
for mutations separated by only 28 bp (21), whereas in bacte-
rial Hfr conjugation, recombination at 5% of the maximal fre-
quency usually requires about 25 kbp between markers (16). In
the present study, we systematically analyzed the effect of
marker separation on the frequency of recombination and
related molecular properties of ME to gain insight into its
mechanism.

Genetic analyses. Double mutant strains DG228 and DG229
were spontaneous fluoroorotic acid-resistant derivatives of
strain DG64 (9). All other mutants were isolated as spontane-
ous fluoroorotic acid-resistant derivatives of wild-type strain
ATCC 33909. The identity of the pyrE mutation in each strain
was determined by PCR amplification and dye terminator se-
quencing (10, 21). Recombination, reversion, and effects of
and UV radiation were quantified by determining appropriate
plate counts (7, 8, 21, 22).
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Recombination frequency as a function of marker separa-
tion. The first set of experiments examined 52 strain pairs
defining marker separations of 0 to 1,154 bp. Matings were
performed in four to seven independent experiments for each
pair, and the median frequencies of recombination were plot-
ted as a function of marker separation (Fig. 1A). Nearly all of
the median values fell within a factor of 3 of the average of all
medians (Fig. 1A) and were thus more uniform than those for
Escherichia coli lacl point mutations (4, 19). Linear regression
of the entire set of points yielded a large, negative x-axis in-
tercept, indicating that recombination was not proportional to
marker separation over this interval. Indeed, frequencies of
recombination fell to consistently low values only for marker
separations of less than about 35 bp, which represents less than
3% of the range of marker separations analyzed (Fig. 1A).
Similar results were obtained with a slightly different set of
mutant pairs defining marker separations of 360 bp or less
(Fig. 1B). This second set was further evaluated for the effect
of 50 J/m* UV-C radiation, which was accompanied by an
eightfold UV stimulation of ME. As shown in Fig. 1, these
experiments yielded similar frequency-versus-distance behav-
iors, indicating that the characteristics evident in Fig. 1A are
not due to the markers chosen or to a fortuitous distribution of
initiation sites for normal (i.e., nonstimulated) recombination.

For comparison to other models of homologous recombina-
tion, plots of the Sulfolobus data were superimposed on cor-
responding plots of published data for bacteriophage T4 (26),
E. coli (25), Lactobacillus sake (15), and hamster cells (23).
Logarithmic plots (Fig. 2A) showed that S. acidocaldarius ME
exhibited unusually low dependence on distance compared to
that of the other systems. Arithmetic plots (Fig. 2B) confirmed
the contrast between S. acidocaldarius ME, which gave no evi-
dence of a threshold or “minimal” efficient processing segment
(MEPS) (25), and the other recombination systems. Linear
regressions to zero recombination confirm thresholds of 40 to
60 bp for T4 and E. coli, whereas the S. acidocaldarius data
indicate no positive x-axis intercept (Fig. 2B). Alternatively,
MEPSs can be seen in logarithmic plots as breakpoints be-
tween regions of two different slopes (6, 25). In Fig. 2A, these
occur at about 50 and 60 bp for T4 and E. coli, respectively,
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FIG. 1. Recombination frequency in ME as a function of the dis-
tance between markers. A. Marker separations of 0 to 1,154 bp. Fre-
quencies are numbers of Pyr" recombinants per cell plated, represent-
ing median values from four to seven independent determinations (the
horizontal line marks the average of all medians); error bars indicate
standard deviations. B. Effect of DNA damage. Washed cell suspen-
sions were divided in half, and one half received 50 J/m? of UV-C
radiation before the mating. Mean numbers of recombinants per CFU
and standard deviations (error bars) were normalized to the average of
all values for each treatment. Solid symbols, untreated; open symbols,
UV irradiated.

whereas the maximum estimate consistent with the S. acido-
caldarius data in Fig. 2B would be about 4 bp (Fig. 2A).
Tests of genetic linkage. In addition to demonstrating no
measurable MEPS, the S. acidocaldarius results further sug-
gested that the rate of recombination was not limited by
marker separation beyond about 50 bp, which would predict a
concomitant lack of genetic linkage over this and longer dis-
tances. To test this prediction, we used the method of 3-factor
crosses to evaluate recombination between pyrE and the neigh-
boring pyrB gene. The rationale of the experiment, outlined in
Fig. 3, is that reciprocal crossovers between a pyrB pyrE chro-
mosome and a pyrE chromosome yielding PyrE™ recombinants
should preferentially incorporate either the wild-type or the
mutant pyrB allele, depending on the relative orientation of
the pyrE mutations. We generated pyrB pyrE double mutants
DG228 and DG229 and identified the sites of pyrE mutation by
sequencing. When mated to a distinct pyrE strain (e.g., MR31),
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these strains allowed PyrE™* recombinants to be selected with-
out constraint on the pyrB allele by plating cells on medium
containing orotic acid as the sole pyrimidine source. To control
for the possibility of a weak selection biasing recovery of the
pyrB4 mutation among recombinants, this analysis was per-
formed for two double mutants in which the pyrE mutations lie
on opposite sides of the pyrE mutation in the reference strain.
In both cases, the Oro™ recombinants were then scored for the
pyrB allele by a form of replica plating.

Instead of the strong bias for the unselected (pyrB) marker
predicted by rare reciprocal events (i.e., crossing over), both
strain pairs yielded similar proportions of Pyr" and Pyr~ re-
combinants (Fig. 3). For comparison, analogous Hfr matings
with this arrangement of markers are expected to yield >99%
Pyr™ mutants in the first cross and <1% Pyr" mutants in the
second one (16).

Reciprocal versus nonreciprocal modes of homologous re-
combination. A negligible MEPS, an extremely short region of
proportionality to marker separation, and a lack of genetic link-
age over short distances are not characteristics of reciprocal
homologous recombination (25, 28). These features may, how-
ever, be accommodated by a nonreciprocal mode of recombi-
nation, reflecting the fact that such events occur at one of the
mutations, not in the interval between them (2, 4, 19, 20). This
observation prompted us to test S. acidocaldarius ME for other
special characteristics of nonreciprocal homologous recombi-
nation with a small patch size. For example, a large deletion in
a parental strain should impose an asymmetry on the crosses,
due to the fact that deletions larger than the average patch size
would lack the flanking complementarity needed to incorpo-
rate donor markers by a nonreciprocal mechanism, whereas
this would not pose a problem for reciprocal recombination.

A technical obstacle to testing this property is that S. acido-
caldarius ME lacks the natural donor-recipient directionality
imposed by most bacterial conjugation systems (8). However,
the organism is fully sensitive to y radiation (26). We therefore
used v irradiation of one of the two parental strains to prevent
it from serving as the recipient in matings but allow it to serve
as donor, at least for a brief period of time. Reversion controls
confirmed that spontaneous mutation was undetected and that
any mutagenic effect of the -y radiation (26) was masked by the
extremely low survival (Table 1). However, an irradiated de-
letion mutant mated to an untreated point mutant generated
recombinants at high frequencies, confirming that an irradi-
ated, and thus moribund, cell could successfully transfer DNA
to a recipient cell under these conditions. In contrast, no mat-
ing in which both parents had been irradiated yielded recom-
binants, confirming the inability of irradiated cells to serve as ME
recipients under these conditions. In the asymmetric crosses
between point mutant donors and deletion mutant recipients,
the yields of recombinants were consistently low (Table 1).
This effect could not be attributed simply to the failure of vy
radiation to stimulate recombination in these particular
crosses, as the recombinant frequencies were also lower than
those of the corresponding untreated strain pairs (Table 1).

The decreased yields of recombinants indicate that the de-
letion mutants could not serve as recipients in a significant
fraction of the intragenic recombination events normally ob-
served between two viable parental cells. This result could not
be attributed to an intrinsic inability of deletion mutants to
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FIG. 3. Tests for genetic linkage. Three-factor crosses used to eval-
uate genetic linkage by ME. The X’s symbolize point mutations,
whereas the open brackets represent the 18-bp deletion in strain
MR31. Predicted frequencies of Pyr" recombinants are based on cor-
responding distances in E. coli Hfr crosses (16).

serve as recipients in marker exchange, as crosses among un-
irradiated suspensions of deletion mutants JDS22, MR31,
MR123, and MR311 under similar conditions yielded frequen-
cies of 2 X 107°to 3 X 10~° Pyr" recombinants per CFU. The
differential effect of irradiating the point mutant versus the
deletion mutant therefore provides evidence that much of the
intragenic recombination in these crosses involved donor DNA
fragments shorter than about 300 bp. The dominant role of
these short donor fragments could not be attributed to chro-
mosome fragmentation by vy irradiation, since (i) these y-ray
doses introduce fewer than about 10 double-strand breaks per
S. acidocaldarius genome (22), (ii) the differential effect of the
choice of irradiated parent did not increase with radiation dose
(Table 2), and (iii) the magnitude of the effect was reproduc-
ibly greater for one strain pair than for the other.
Conclusions. Multiple, independent assays of 63 S. acidocal-
darius mutant pairs, defining a total of 56 intervals in the pyrEF
region ranging from 0 to 1,154 bp in length, revealed a repro-
ducible pattern of recombination versus distance that contrasts
dramatically with the systems of reciprocal recombination that
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FIG. 2. Comparison of S. acidocaldarius ME to other systems. A.
Logarithmic plot. Straight lines approximate linear regressions of the
surrounding points, with the following slopes: E. coli plasmid recom-
bining with bacteriophage \ (25), 1.0; bacteriophage T4 mutants (26),
2.0; plasmid integration into L. sake chromosome (15), 2.2; linear

DNA integrating into Chinese hamster ovary cell APRT gene (23), 3.5;
S. acidocaldarius conjugational crosses (data of Fig. 1A), 0.5. B. Arith-
metic plot. To facilitate comparison, the recombinant frequencies for
each system were normalized to the average value over the interval
shown. Data are corresponding subsets of those in Fig. 1A. Lines
approximate linear extrapolation of higher frequencies to zero recom-
bination.
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TABLE 1. Deletion mutants as recipients in ME
v-Ray A Parental strain irradiated” Relative Parental strain irradiated” Relative
dose vl “ieletion “ieletion
(kilorads) IDS10 MR311 Neither mutant JDS21 MR103 Neither mutant
100 68X 1074 0.77 =0.25"(8) 433 +2.46(10) 3.94 + 0.66 (2) 0.18 <0.007(8)  9.80 £4.22(6) 2.96*0.67(4)  <0.001
150 56X 107 1.34+097(8) 451*131(8) 299 +1.05(8) 0.30 0.007(8)  122x26(8) 0.71 = 0.45(4) 0.001
200 1.6 X107 0.81 £0.41(8) 2.58=264(8) 10.1x3.2(4) 0.31 022 £0.22(8) 70.1 =64.0(8) 4.64 =1.94(4) 0.003

“ Values are mean recombinant frequencies (numbers of Pyr™ colonies per 10° CFU) = standard deviations. Strains JDS10 and JDS21 are pyrE point mutants (10);

strains MR103 and MR311 are pyrE deletion mutants (11).
® Numbers in parentheses are numbers of replicates.

40, 70, 70, 250, and 2,000 bp, respectively (3, 12, 14, 25, 26), no
statistical support was seen for an MEPS in S. acidocaldarius
ME. Furthermore, recombinant frequency remains approxi-
mately proportional to marker separation up to at least 2 kbp
in bacteriophage T4, 20 kbp in E. coli, and 30 kbp in S. cerevi-
siae (16, 18, 26) but only to about 0.05 kbp for ME in S. acido-
caldarius. Thus, the distance-frequency parameters of recom-
binant formation by S. acidocaldarius ME fall well outside the
range established by assays of reciprocal recombination in bac-
teriophages, bacterial plasmids, bacterial chromosomes, and
eukaryotic chromosomes.

Our current hypothesis, that intragenic recombination by
ME is dominated by nonreciprocal events involving a small
average patch size, remains consistent with (i) the results
shown in Fig. 3, in which there is little evidence of genetic
linkage in 3-factor crosses over distances of 500 to 600 bp, and
(ii) the results shown in Table 1, which show that ME does not
incorporate donor DNA efficiently at deletions larger than
about 300 bp, despite no such impairment for deletions of 18 to
27 bp. It should be noted, however, that the average patch size
suggested by Fig. 1 is well below that observed for other mod-
els of nonreciprocal recombination (5, 13, 20), making it dif-
ficult to identify extensive quantitative similarities with these
systems. We also noted that the single-strand annealing mode
of double-strand break repair in S. cerevisiae increases sharply
in frequency with repeat length up to about 400 bp and remains
constant thereafter (27), similar to the behavior we observed
for S. acidocaldarius.

It must be emphasized that our results relate to the most
numerous events under these conditions and do not rule out all
reciprocal recombination in S. acidocaldarius. Figure 2A, for
example, suggests a slight dependence on marker separation
which may, in principle, reflect an increasing contribution from
reciprocal events over larger distances. It must also be empha-
sized that S. acidocaldarius ME measures the combined effects
of DNA transfer followed by homologous recombination, and
it has not been feasible to resolve these two processes exper-
imentally (24). However, both the high efficiency and small
patch size of intragenic recombination via ME indicated by our
analyses have important implications for the population genet-
ics of S. acidocaldarius and for the use of homologous recom-
bination to alter Sulfolobus genomes (29).
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