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Through hybridization of available probes, we have added nine genes to the macrorestriction map of the
Haloferax mediterranei chromosome and five genes to the contig map of Haloferax volcanii. Additionally, we
hybridized 17 of the mapped cosmid clones from H. volcanii to the H. mediterranei genome. The resulting
35-point chromosomal comparison revealed only two inversions and a few translocations. Forces known to
promote rearrangement, common in the haloarchaea, have been ineffective in changing global gene order
throughout the nearly 107 years of these species’ divergent evolution.

One of the most notable characteristics of extremely halo-
philic archaea is their genetic instability (4, 11, 12, 27). The
haloarchaea are rich in insertion sequences which can dis-
rupt genes at frequencies as high as 1072 in the case of Halo-
bacterium salinarium (32, 43). Most of the activity of these
insertion sequences is confined to plasmid DNA or to FII
DNA (which has a lower moles percent G+C content) (13,
28, 31), but chromosomal genes are not spared from disrup-
tion. The bop gene, for instance, is inactivated by at least
eight different types of insertion sequences (11, 27), result-
ing in a combined risk of about 10™* per generation (32).
H. salinarium is known to possess hundreds of insertion se-
quences, in dozens of families (35). The resulting transposi-
tional cost to the cell is compounded by the potential recom-
binational chaos mediated by interaction between members of
each insertion sequence family. It has been suggested that a
genomically pure clone of H. salinarium cannot be grown be-
cause of continual rearrangements which occur in plasmid
DNA (27, 30, 36).

The genus Haloferax is not as severely infested with insertion
sequences as is H. salinarium. Nevertheless, Haloferax volcanii
possesses at least 49 copies of the ISH51 family distributed
throughout the genome (8), and there is good evidence for the
existence of several other types of repeated sequences as well
(35, 37). Though H. volcanii is not as prone to genetic disrup-
tion as is H. salinarium, neither is it immune. Less is known
about the number or distribution of insertion sequences in
Haloferax mediterranei. Interestingly, the populous ISH51/27
family shared by H. volcanii and H. salinarium (29) is absent
from H. mediterranei (37). Regardless, repeated sequences
which can potentially facilitate genomic rearrangement are
present (1).

With physical and genetic maps available, we can now begin
to address genomic stability in the haloarchaea. The first re-
searchers to assess the degree of rearrangement in the halo-
archaeal chromosome by using a comprehensive comparative
mapping approach (15) found that much of the H. salinarium
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chromosome is conserved in structure among several strains,
despite different complements of repetitive sequences in their
genomes. Differences in the maps were observed to be con-
fined to a few discrete, hypervariable blocks. H. salinarium
NRC-1 and H. salinarium S9 maintain hundreds of insertion
sequences within their genomes, and yet gene order is pre-
served relative to that of H. salinariumm GRB, which contains
virtually no repetitive sequences. The work was a clear dem-
onstration of the existence of map inertia in the haloarchaea,
at least over the short period of time—evidenced by a high
level of conservation of restriction sites—since the strains di-
verged from one another.

Two other haloarchaeal genomic comparisons, spanning
larger time scales, are currently feasible. Comparison of the
H. salinarium GRB (40) and H. volcanii DS2 (6) contig maps
will help us to examine genomic structural divergence at the
genus level. Before undertaking this project, however, it was
useful to assess genomic stability at the species level. This
paper focuses on a comparison of the contig map of the H.
volcanii DS2 genome (6) and the chromosomal macrorestric-
tion map of H. mediterranei ATCC 33500 (1, 25), which we
have here supplemented with additional loci to facilitate align-
ment. Numerical taxonomy (41) and DNA hybridization stud-
ies (14) clearly categorize H. volcanii and H. mediterranei as
distinct species. A 98.4% similarity in 16S rRNA sequences
(18) implies a divergence time of about 80 million years (26).
We show here that despite sufficient opportunity for genomic
rearrangement, the chromosomal maps of H. volcanii and H.
mediterranei are chiefly congruent.

Comparison of the maps. Restriction maps are mutable, and
they reflect sequence divergence. The BamHI maps of the H.
volcanii and H. mediterranei chromosomes are consequently
dissimilar (Fig. 1), but this is not necessarily a result of genomic
rearrangement. In order to examine map stability, we had to
compare gene orders. Since we had only seven shared loci from
our previous mapping efforts (1, 6), it was necessary to aug-
ment the number of these loci in order to improve the resolu-
tion. We first elected to complete the mapping by hybridization
of available cloned genes as much as possible. With dot blots or
Southern blots (40) of H. volcanii cosmid clones, we hybridized
(24, 40) probes representing dps, gyrA, ileS, a myc-like gene,
and the S10 ribosomal operon. With pulsed-field gel blots (24)
of H. mediterranei genomic DNA, we hybridized (40) probes
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for dps, hisC, hmg, ileS, Ipd, rplAJL, rpo, trpCBA, and trpDFEG.
We thus added nine genetic loci to the H. mediterranei mac-
rorestriction map and five to the contig map of H. volcanii
(Table 1 and Fig. 1).

The ordered cosmid clone collection representing the H.
volcanii genome (6) supplied ideal physical markers to supple-
ment the limited number of genetic loci available. We chose 17
H. volcanii cosmid clones, spaced evenly around the chromo-
some, to hybridize (24) with H. mediterranei macrorestriction
fragments. These cosmids were not known to carry repeated
sequences (8), so that we might avoid extraneous cross hybrid-
ization. At high stringency, most of the cosmid probes pro-
duced a unique signal. The multiple signals produced by cos-
mids 686 and 464 (Fig. 2) arose either from transpositional
fragmentation of the sequences within these cosmids or from
events of duplicative transposition. Interestingly, the single-
copy csg locus from H. volcanii maps to three places on the H.
mediterranei chromosome (1). However, cosmid G86, which
includes csg, hybridizes convincingly to only one of csg’s H.
mediterranei residences. We interpret this to mean that the
lower-specific-activity whole cosmid probe requires more ex-
tensive lengths of sequence to hybridize visibly. Therefore, we
can conclude that there are three regions of the H. mediterranei
chromosome that have extensive homology with G86 and that
there are two other regions that have specific homology with
csg. Duplicative transposition of csg is apparent; we cannot rule
out other duplicative or nonduplicative transpositions involv-
ing short sequences such as those of single genes based on the
cosmid-to-chromosome hybridizations, though we can be sure
that the bulk of each cosmid’s homology has been accurately
mapped. Evidence for an event of nonduplicative transposition
was observed in the case of one of our gene probes, that for
dps.

An alignment of the enriched chromosomal maps, showing
all shared loci derived from this work and from previous work,
reveals an unexpected congruence (Fig. 1). When we found
multicopy loci, one copy always matched the corresponding
location on the other chromosome. Thus, apart from a large
inversion presumably at the pair of inverted (6) rrn loci, an-
other small inversion involving ileS and gyrAB, and a few trans-
positions, the chromosomes are colinear. Previously, during
mapping of the H. volcanii genome (5), a hybrid cosmid clone
which suggested recombination between the rrn loci was found
(3). This large inversion may therefore not be a stable differ-
ence between the chromosomes.

Forces affecting rearrangement. Insertion sequences are
known to cause frequent and extensive rearrangement of plas-
mid DNA in H. salinarium, and they can consequently alter
plasmid-encoded phenotypes (27, 32, 43). Most transpositional
activity is phenotypically invisible (36), however, which under-
scores the importance of insertion sequences in the evolution

FIG. 1. Comparison of the chromosomal maps of H. volcanii and H. medi-
terranei. Both chromosomes are circular and are of the same length, 2.9 Mbp. On
the left, the macrorestriction map of the H. mediterranei chromosome is shown,
with sites for Pacl (P), BamHI (B), and Swal (S). On the right, the BamHI map
of the H. volcanii chromosome is displayed. Dotted interruptions in this latter
map indicate regions unmapped for BamHI. Genes and H. volcanii cosmid clones
with unique positions in the H. mediterranei map are linked to the H. volcanii
map by dotted and solid lines, respectively. Genes and cosmid clones mapping to
several locations on the H. mediterranei chromosome—csg (o), rplAJL (B), cos-
mid G86 (y), and cosmid 464 (8)—are shown as symbols without connections
(see text). Genes were mapped to BamHI, Pacl, and Swal H. mediterranei
fragments, whereas cosmids were mapped only to BamHI and Swal fragments.
When loci could map anywhere within a restriction fragment, we traced lines to
the center of the fragment. Tick marks on the scale bar on the left are placed at
100-kbp increments.
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TABLE 1. Locations of genetic markers newly mapped in this study

Gene or operon Description is]r/sllg((l:)l‘f H. ?;Z;f;)’;tz‘rlleé Eﬁtgg)HI/ Reference
dps DPS family heat shock 456 and A210 B9b/S3/P3 39
grA DNA gyrase, subunit A 547 16
hisC Histidinol phosphate aminotransferase B2/S1/P3 9
hmg 3-hydroxy-3-methylglutaryl coenzyme A reductase B7/S7/P2 21
ileS Isoleucyl tRNA synthetase 5G7 BS8/S3/P3 10
Ipd Dihydrolipoamide dehydrogenase 126¢ B1/S11/P1 42
myc Protein homologous to myc product 460 2
plAJL Ribosomal protein A operon B2/S1/P4, B3/S1/P1, and 17

B6/S10/P2
p1V, rpmC, rpsC Ribosomal protein S10 operon D57 and 266 38
po RNA polymerase operon B1/S1/P1 23
trpCBA Tryptophan biosynthesis B3/S1/P1 20
trpDFEG Tryptophan biosynthesis B7/S5/P2 22

“ See reference 6.
b See reference 1.
¢ See reference 41a.

of haloarchaeal genome structure—there must be more under-
lying activity than we can observe through occasional pheno-
typic alterations. There is strong physical evidence for such
disruptive potential in Haloferax spp. as well (8, 35, 37). We
have discovered, though, that this destabilizing pressure has
been largely ineffective in changing chromosomal organization
in Haloferax spp. as far as the resolution of our comparison
could show. A few minor differences are all that distinguish the
current maps. The genetic core of the Haloferax genome, its
chromosome, is remarkably stable. Plasmids, which can vary
considerably (6, 24, 25, 34), remain the predominant seat of
haloarchaeal genomic diversity.

Powerful stabilizing forces must exist in the haloarchaeal
chromosome to maintain a particular gene order. We know
little about the significance of gene order in a replicon. A
catalog of genetic functions seems to be insufficient to describe
the genome of an organism, since a highly conserved genetic
map implies that the arrangement of genes is important as

G86 464

well. In Escherichia coli and Salmonella typhimurium, for which
the most data exist (7, 19, 33), chromosome structure seems to
be influenced by the distance and orientation of genes relative
to the origin of DNA replication, by the desirability of termi-
nating bidirectional replication 180° from the origin, by the
need to maintain a certain polarity of sequences near the
terminus of replication, and by a contextual sensitivity of gene
expression. We know nothing about gene orientation, nucleoid
structure, or the mechanics of chromosomal replication in the
haloarchaea, but it is likely that similar forces influence gene
location. In the haloarchaea, plasmid DNA seems to be less
constrained by the factors which control the structure of the
chromosome. Perhaps herein lie additional clues which will
help us to discover what shapes a genome.

This work was supported in Madrid by the Spanish Interministerial
Commission for Science and Technology (CICYT) and in Ottawa by
the Natural Sciences and Engineering Research Council (NSERC).
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FIG. 2. Southern hybridization of H. volcanii cosmid clones with genomic DNA from H. mediterranei. Clones G86, 464, 152, and 21 were among the 17 cosmids used
as probes in hybridizations with pulsed-field gel-fractionated Swal (S) and BamHI (B) genomic digests of H. mediterranei. G86 and 464 map to multiple chromosomal
locations, whereas all other cosmids, including 152 and 21, map to single locations. The contour-clamped homogeneous electric field gels shown were run for 40 h at
10 V/em, with a switching time of 10 s. As size standards, we used lambda concatemers and Saccharomyces cerevisiae YN295 chromosomes. Sizes shown on the left are

in kilobase pairs.
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