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Cosmids from a library containing Rhodobacter
capsulatus DNA fragments were previously ordered in
two contigs: one corresponding to the chromosome and
one to a 134 kb plasmid. This map contained 40 regions
connected only by colony hybridization. To confirm
the linkage and correct the map, the actual sizes of the
overlaps were determined by blot-hybridization with
Rhodobacter chromosomal DNA and by mapping of
additional cosmids. Several revisions of the earlier
map include single cosmid shifts and inversions. One
additional gap in a cosmid contig was also found,
raising the possibility that the chromosome is not a
contiguous circle. About 2500 additional EcoRI, BamHI
and HindlIl restriction sites were added to the 560
EcoRV sites previously mapped onto the Rhodobacter
chromosome, increasing the resolution of the physical
map to the size of individual genes. Twenty-five new
markers were located on the genetic map. The 48
markers now mapped represent nearly 300 genes and
ORFs cloned from different species of Rhodobacter.
The orientation of transcription of the four rrn operons
was established using 16S rRNA- and 23S rRNA-
specific probes and digestion with the rare-cutting
enzyme, Ceul. Gel blots of 192 cosmids of the miniset
of R.capsulatus digested with EcoRV were prepared.
Such a hybridization template represents the whole
genome cut into 560 DNA fragments varying in size
from 0.4 to 25 kb. This template was used for high-
resolution mapping of single genes, analysis of total
genomic DNAs from related Rhodobacter strains and
differentially expressed RNAs.
Key words: cosmid encyclopedia/genome mapping/
hybridization templatelRhodobacter capsulatus

Introduction
Rhodobacter capsulatus is a purple, non-sulfur photo-
synthetic bacterium. The biochemical versatility to choose
between photo- and heterotrophic growth and to fix
nitrogen is packed into a genome that is smaller than that
of Escherichia coli. Simplicity of plating and generation
of mutations, together with the availability of convenient
systems for cloning and genetic analysis (Yen and Marrs,
1976; Yen et al., 1979; Marrs, 1981; Johnson et al.,

1986), summarized in Donohue and Kaplan (1991), make
R.capsulatus a popular model system for studies of the
photosynthetic apparatus and nitrogen fixation. About 200
genes involved in these processes have been identified
and sequenced. More than 150 GenBank entries associated
with this organism and the closely related R.sphaeroides
can be fused in -50 clusters ranging from a few base
pairs to 45 kb long.

Genetic mapping becomes an essential tool when pro-
cesses like photosynthesis and nitrogen fixation, involving
hundreds of genes with often indistinguishable phenotypes,
are studied. Mobilization of the bacterial chromosome by
integrated R' factors produced the current genetic map of
R.capsulatus (Willison et al., 1985; Willison, 1993).

Physical mapping of bacterial genomes, begun with
E.coli (Smith et al., 1987), has been applied successfully
to nearly a hundred different microorganisms (M.Fonstein
and R.Haselkorn, submitted). Blot-hybridization of cloned
probes in order to localize them on a restriction map
has become an easier alternative then traditional genetic
mapping. Physical mapping using 'genome encyclopedias'
was first demonstrated in the ordering of a set of X clones
of E.coli (Kohara et al., 1987). The successful use of
the gene encyclopedia in studies of E.coli [-300 new
genes added to 1400 genetically mapped (Riley, 1993)]
encouraged other studies. Encyclopedias of Mycoplasma
pneumonia (Wenzel and Herrmann, 1989), Myxococcus
xanthus (Kuspa et al., 1989), Haloferax volcanii
(Charlebois et al., 1991), Bacillus subtilis (Azevedo et al.,
1993), Mycobacterium leprae (Eiglmeier et al., 1993),
Helicobacter pilory (Bukanov and Berg, 1994) and of
several E.coli strains, have been constructed.
A gene encyclopedia of R.capsulatus SB1003 DNA

fragments in cosmid Lorist 6 has been assembled (Fonstein
and Haselkorn, 1993). One hundred ninety two cosmid
clones of this encyclopedia cover the 3.7 Mb chromosome
of R.capsulatus and its 130 kb plasmid. Twenty-three
cloned genes and eight groups of repeated sequences were
located on 560 EcoRV fragments comprising the entire
genome. This resolution, however, was not sufficient for
many applications of the encyclopedia, for example, for
the mapping of differentially expressed transcripts. In
addition, 40 areas remained where overlapping cosmids
did not have common restriction fragments.

In the present work, the maps of these 40 regions
have been verified and corrected by blot-hybridization.
Restriction sites for three enzymes, EcoRI, BamHI and
HindIll, and 25 new genetic markers were added to the
map. Finally, applications of a blot of the miniset of
digested cosmids, termed 'high-resolution hybridization
template' (HRHT), for gene mapping, strain comparisons
and studies of the global regulatory network (Chuang
et al., 1993) are illustrated.
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Fig. 1. Linking of 'ambiguous' cosmids by blot-hybridization. (A) Cosmid lA12 DNA, chromosomal DNA of R.capsulatus and cosmid lB I DNA
digested by EcoRV. (B) Blot-hybridization of these DNAs with a probe generated by SP6 RNA polymerase on the IA12 template. (C) Cosmid IDI
DNA, chromosomal DNA of R.capsulatus and cosmid ID2 DNA digested by EcoRV; (D) Blot-hybridization of these DNAs with a probe generated
by SP6 RNA polymerase on the 1D2 template (lanes are reversed compared with C). (E and F) EcoRV maps of the overlapping regions: black
rectangles represent fragments revealed by hybridization, numbers above the lanes and at the arrows represent the fragment sizes and wavy lines
with arrows represent SP6-specific transcripts.

Results
Stapling of the cosmid overlaps
To generate sufficiently random insert ends, Sau3A was

used for digestion of the Rhodobacter chromosome in the
construction of the original Lorist 6 library (Fonstein
et al., 1992). As a consequence, 40 junctions in the map
were linked by cosmids that did not have common

EcoRV fragments in overlapping regions. This factor
added uncertainty to the map due to possible 'slipping'
in such places. The sum of the maximum possible shifts
was -150 kb. Blot-hybridizations of the cosmids and
chromosomal DNA probed with SP6- or T7-specific
transcripts generated from the ends of the inserts of the
ambiguous cosmids were used to determine a precise map
in these overlapping regions. The results of a typical
experiment are shown in Figure 1. Cosmids in Figure 1A,
B and E share a common EcoRV site, as in 20 of the
overlaps tested. Cosmids in Figure 1C, D and F do not
have such a site. However, the fact that similar fragments
were identified in reciprocal hybridizations both in cosmids
and in chromosomal DNA provided evidence of linkage
in such cases. When no common EcoRV site was found
in the overlapping region, the size of the fragment revealed

by blot-hybridization in the digest of the chromosomal
DNA was used for a final map. Adjustments were required
in four regions of the earlier map. In the case of the
linkage between cosmids 1G6-lG7, this discrepancy was

due to a mistake in the earlier restriction mapping that
resulted in the inversion of cosmid 1G6 with respect to
its real position. In two other cases, lBlO-1B8 and 2G7-
2G6, additional screening of the primary cosmid library
and mapping of additional cosmids had to be done to
close small gaps. In the case of 1D8-1D9 linkage, their
cross-hybridization was due to internal repeats (data not
shown), and no really linking clones were found in
additional experiments among 1800 new cosmids tested.
Finally two gaps, ID8-ID9 and IA1-2A12 (the latter
linked by hybridization with PFGE-generated fragments
AseI-7 and XbaI-8 (Fonstein et al., 1992) remained
after these analyses. Since the gap between 1A and 2A 12
can be covered by a single PFGE fragment, the absence
of this region from the cosmid and X libraries suggests
that it contains an unclonable sequence. The gap between
1D8 and 1D, on the other hand, may be due to the real
absence of a continuity, i.e. that these cosmids contain the
ends of a linear chromosome.
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Gene mapping
To extend the genetic map of R.capsulatus, 25 new genes,
listed in Table I, were located on its physical map
(Figure 2) using a two-stage scheme described previously
(Fonstein and Haselkom, 1993). Half of them had already
been placed with the accuracy of the EcoRV restriction
map. The resolution of mapping was increased when the
four-enzyme map (EcoRV, EcoRI, BamHI and HindlIl)
was constructed. Several probes were kindly provided by
R.Tabita, F.Daldal and M.Pollich, or derived from genes
cloned in our laboratory. Fifteen probes used in the
study were synthesized by PCR using genomic DNA of
R.capsulatus SB 1003 as template. Oligos for PCR were
designed according to GenBank entries for different
species of Rhodobacter. Precise positions of the amplified
fragments relative to the beginnings of GenBank entries
are listed in Table I. We failed to achieve single PCR
products for five genes. Technical errors aside, this could
be due to sequence divergence between species. The use
of homologous DNA (e.g. R.sphaeroides) as PCR template
should solve this problem.

Orientation of transcription of the rrn operons
The position of the rrn operons and the orientation of
their transcription are important features of bacterial
genome architecture influencing, for example, genome
rearrangements (Hill and Gray, 1988; Fonstein et al.,
1994). There are four rrn operons located on the chromo-
some of R.capsulatus SB1003 (Fonstein and Haselkom,
1993). In many genera of microorganisms, the extremely
rare-cutting endonuclease CeuI digests rrn operons (Liu
et al., 1993) and usually these are the only cleavage sites
for the whole genome. As in many microorganisms, rrs
(16S rRNA) is the first gene in the rrn operons of
R.capsulatus. CeuI splits rrl (23S rRNA) near the middle
(Regensburger et al., 1988). Gel blots of cosmids carrying
rrn operons digested with EcoRV and EcoRV+ CeuI were
probed with PCR-generated fragments of 16S and 23S
RNAs. Primers for this amplification were kindly provided
by M.McClelland. The order of 16S- and 23S-specific
probes in the cosmids determined the orientation of
transcription of the operons (Figure 2).

Genome mapping of EcoRl, BamHI and Hindil!
sites
About 560 EcoRV restriction sites were positioned on the
3.7 Mb chromosome of R.capsulatus in the previous
version of the physical map. This resolution (one site per
6.5 kb) is not sufficient for the comparison of restriction
maps derived from sequencing data (usually 2-10 kb long)
with the genome map. Some other applications of the
genome encyclopedia, such as use as a hybridization
template, also depend on its resolution. Restriction sites
of EcoRI, BamHI and HindIII were therefore mapped in
all 192 cosmids comprising the encyclopedia. The mapping
was performed using X terminase cleavage and partial
digestion with each enzyme. The products of the partial
digestions were revealed using labeled oligos comple-
mentary to the cosL or cosR site (Figure 3A) and analyzed
(Figure 3B and D), as described in Materials and methods.
Restriction maps of individual cosmids were merged in
three uninterrupted stretches linked with one X clone and
PFGE mapping (Figure 2). More than 3000 restriction

sites were mapped. Two-thirds of them were located on
at least two overlapping cosmids. Two genome regions, a
9 kb fragment of the hup gene cluster (Colbeau et al.,
1993) and 17 kb from the photosynthetic gene cluster
merged from several GenBank entries, were chosen to
check the accuracy of the mapping (Figure 4). This
comparison revealed the loss of one 20 bp and one 200 bp
fragment and misplacement of two small fragments in the
EcoRI digest. Twenty-seven fragments of the 29 derived
from sequencing data correspond to the ones mapped by
terminase within 5% error.

Use of the cosmid set as a high-resolution
hybridization template
One hundred ninety two cosmids were digested with
EcoRV, separated in two agarose gels and transferred onto
two 20X25 cm nylon membranes (Figure 5). These blots,
called HRHT, are equivalent to Kohara's 'hybridization
membranes' of the Ecoli genome with the following
difference: the average EcoRV fragment size is 6.5 kb,
three times smaller than the inserts in the Kohara library.
Several types of probe were used in hybridizations with
this HRHT.
Two probes, one corresponding to the Q gene and the

other to the P gene of a permease operon, were used to
map this operon on the HRHT. The strong signals produced
with both probes positioned these genes in cosmid 2A3
(data not shown). However, -20 signals (10-20 times
weaker) were observed with other members of the cosmid
set even at high stringency of hybridization (Figure 6A
and B, cosmids 1-96) with both probes. These positive
cosmids formed two overlapping but different groups.
Presumably, the two probes revealed other operons hybrid-
izing either to the conserved permease domain (P), to its
ATP-binding protein (Q), or in some cases, to both.
Decreasing the detectable target for hybridization to a
unique restriction fragment increases the sensitivity of the
method and allows us to survey the whole genome for
the presence of multiple repeated elements in a single
experiment with the HRHT. The resolution of the HRHT
makes it possible to locate these elements on the map
with sufficient accuracy to start sequencing of the areas
of interest.

Total chromosomal DNA of Rhodobacter strain B1
was used as another probe against the HRHT. DNA of
R.capsulatus SB1003 served as control. Most of the
hybridization signals were proportional to the intensity of
the EtBr-stained fragments within 10% error limits. The
measurements were done using a Fuji phosphor-imager
and compared with the scanned photographs (data not
shown). About 10 fragments have 3-10 times higher
relative intensity and may correspond to yet unidentified
repeated elements. EcoRV fragments that carry cosmid
vector sequences can be considered as internal negative
controls. Only one 10 kb fragment (EcoRV-485) was not
detected by the B1 probe in repeated experiments. In a
more detailed comparative study of different Rhodobacter
strains (M.Fonstein et al., submitted), B1 was found to
be nearly identical to SB 1003, which explains our failure
to reveal many missing fragments.
RNA samples generated under different physiological

conditions were also used as probes against the HRHT,
an approach used in Trieselmann and Charlebois (1992).
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Only heat-shock-induced RNA produced a hybridization
pattern distinct from 'standard conditions' RNA. About a

dozen bands were found 3-10 times more intense than
the control (Figure 6D-only half of the HRHT shown).
The intensity of a given band should be compared with
the intensity of the surrounding unchanged bands. Heat
shock also repressed -20 areas strongly expressed in
standard conditions.

Discussion

A high-resolution physical map of the chromosome of
R.capsulatus SB 1003 was assembled into one contig
consisting of two stretches of cloned DNA fragments.

These two stretches are linked by the 7/8-AseI-XbaI
fragment (Fonstein et al., 1992) covering a 1-10 kb gap,

most likely due to the unclonability of a certain genetic
element. Such genes have been found in many organisms
(Birkenbihl and Vielmetter, 1989; Bukanov and Berg,
1994) and are known to be common obstacles in the
construction of gene encyclopedias. The nature of this
unclonable element can be further studied by PCR
amplification of the DNA fragment lacking from the
cosmid library and subsequent sequencing. Another gap
in the map, mistakenly linked earlier (Fonstein and
Haselkom, 1993), is thought to be due to telomere-type
structures recently found in Streptomyces species (Leblond
et al., 1993; Lin et al., 1993). The initial linkage of
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macrorestriction fragments that circularized the long-range
physical map of R.capsulatus between cosmids 1D8 and
lD9 (Fonstein et al., 1992) turned out to be due to repeated
DNA in these cosmids. Cross-hybridizing structures at
or near the ends of these cosmids may be responsible for
this phenomenon, but further study is needed. Even with

A B

EcoRV 21 0.4?15
>7.8 0.4

BatI 7.8 0.°5BamHI
7~8>6.7 2.4 >0.3

HindaII *35 , 8.5
3.5 >6

0.4 i1 30.2
EcoRI >1I21,30L=.6.5

1.2 3.0 1.3 >20
0.5 0.2

0.02

C

EcoRV 12.2 , 7.3 , 3.2
>7 7.3 0.2 <2.5

0.5

BamHI 6.4 3.3 1,12 7.1
_

4.1 2.0
3.301.1 7.1 4.0

0.9 1.0

Hindffl 14.02.0*° 3.3 , .5,, 4.0

4.1 2.0 1.5 3.20.4 1.6 >2

1.'0.7 0.9

EcoRI 11.5 II.3-7I 1. 6 7.4
2.0 1.3 3.8 1.2 >6

10 fragments
20 bp Eco RI lost
2.2 kb BamHI should be 2.4 kb
0.4 kb EcoRI should be 0.5 kb
7 matches

D

20 fragments
200 bp EcoRI lost
400 bp and 700 bp HindIII

fused in error
1.2 kb and 2.1 kbEcoRI
fragments misplaced
17 matches

Fig. 4. Comparison of mapping results with data derived from
sequencing. (A) 9 kb region of hup gene cluster compared with part of
cosmid 1G3 (experimental data are in bold); (C) 17 kb of the
photosynthetic gene cluster assembled from three GenBank entries
compared with part of cosmid lG9; (B) and (D) summaries of this
comparison.

these gaps, the genome of R.capsulatus SB 1003 consists
of one 3.7 Mb chromosome and a 130 kb plasmid,
differing from its close relative R.sphaeroides, which
carries two chromosomes (Suwanto and Kaplan, 1989).
The alignment of a cosmid encyclopedia of R.sphaeroides,
recently generated for its small chromosome (Choudhary
et al., 1994), along the physical map of R.capsulatus
would provide valuable information on continuity and
distribution of genetic material for these closely related
species.
The comparison of the restriction map of E.coli (Kohara

et al., 1987) with sequencing data (Churchill et al., 1990)
demonstrated that up to 5% of the closely spaced restriction
sites are missing from the physical map. This finding,
however, did not diminish the usefulness of this map. Our
comparison of a 30 kb piece of the restriction map of
R.capsulatus with sequencing data revealed the same
frequency of discrepancies. The accuracy in our data is
lower for the EcoRI sites, where the mean size of
the fragments is two times smaller, than for the other
enzymes used.
Chromosomal replication coincides with the direction

of transcription of the rrn operons in all microorganisms
studied. According to this principle, the replication Ori
should be located between the two closest rrn operons
that are transcribed in different directions, namely, on a
350 kb fragment between the rmnC and rmnD operons.
The use of HRHT for surveying total RNA pools was

demonstrated. It is possible to locate all genetic elements
related to a process studied in one experiment, if the level
of induction of their transcription exceeds 50%. However,
this factor can be masked by the large size of many of
the EcoRV fragments on the map. With the current

Fig. 5. EcoRV restriction patterns of all 192 cosmids from the minimal set, comprising the entire Rhodobacter genome.
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improvement of the resolution of the map, it is possible
to produce an HRHT with almost gene-size fragmentation
of the genome. Though many problems related to repro-
ducibility of the physiological component of these experi-
ments are not fully solved yet, this approach looks feasible
for the study of the global regulatory system of bacteria.
Other methods, such as RNA subtraction in solution or
different types of reporter fusion can be used to reveal
individual genes expressed under given conditions. How-
ever, to characterize different elements involved in a
global regulatory circuit of the cell, a laborious stage of
cis-trans testing (in vivo or in vitro) has to be added
after all these approaches. Not only induced genes, but
also genes that are repressed, could be visualized by the
proposed approach (Figure 6C and D). This property,
which is as important for an understanding of general
regulatory systems as positive regulation, often escapes
consideration due to the lack of a general detection scheme.

Materials and methods
Strains, plasmids and culture conditions
Cloned genes of Rhodobacter used for mapping are listed in Table 1.
Growth conditions for R.capsulatus and Ecoli were described in Fonstein
et al. (1992). Heat shock was performed by transfer of R.capsulatus
cells grown at 28°C in YT media at OD 0.2 to a water bath at 45°C for
10 min.

DNA preparation and enzymatic manipulations
Alkaline plasmid extractions for mapping and labeling and preparations
of chromosomal DNA were carried out as in Fonstein et al. (1992).
Restriction endonucleases and Klenow fragment of DNA polymerase
were purchased from New England BioLabs and used according to their
instructions. Enzymes for SP6 or T7 in vitro transcription were obtained
from Promega Corp and used according to their manual.

Terminase mapping
Terminase mapping of cosmids was done according the principles of
Rackwitz et al. (1985). Terminase for cos cleavage was obtained
from Takara Corp and used following the manufacturer's instructions.
Separation of products of partial digestions of cosmids was done in
0.35% agarose using 25 cm gels with a field strength of 3 V/cm. Gels
were analyzed using the 'GelSize' program developed by Buikema that
directly converted the positions of bands in partial digests into map
drafts (Figure 3). Data from full digestions of the corresponding cosmids
(calculated from two or more repeated experiments) were manually
incorporated into the drafts to increase the accuracy of the mapping.
The fragment sizes used to generate the restriction map of the genome
of R.capsulatus (Figure 2) are not results of subtractions of consequent
fragments from partial digestions, but precise values measured in
complete digests, fitting intervals roughly established in partial digests.
To achieve higher consistency between data for different enzymes,
samples of the same cosmid treated with different enzymes were
separated in neighboring lanes of the gel.

Hybridization analysis of cosmid library
A device was constructed that made it possible to print 96 Ecoli cultures
from each of nine microtiter plates on one 150 mm Petri dish in an
ordered way and to prepare six such plates at once (Fonstein et al.,
1992). After overnight growth on Colony Screen DuPont membranes,
colony replicas were picked up, processed according to the instructions
of the membrane manufacturer and hybridized with different DNA
probes. DNA fragments were transferred onto Gene Screen Plus nylon
membranes by the standard capillary procedure and hybridized with 0.5-
2x 106 c.p.m./ml of randomly labeled probe. The hybridization, washing
and removal of the probe were carried out according to the membrane
manufacturer's protocol. The only exception was the final 0.1xSSC
wash, performed at 65-75°C. Filters were exposed to Kodak X-ray film
for between 2 and 48 h. Whilst being kept wet, each filter was used for
between five and seven hybridizations, removing the previous probe by
incubation in 0.2 N NaOH for 40 min at 42°C.

RNA manipulations
Total RNA samples were extracted and labeled by reverse transcriptase
as in Chuang et al. (1993). Hybridizations were performed as with other
probes. Optimal temperature for hybridization under stringent conditions
was found to be 68-72°C.

PCR amplifications
PCR amplification was used to generate probes for mapping of several
genes cloned from Rhodobacter, listed in Table I. Oligos purchased from
Operon, Inc. were derived from GenBank sequencing data and in most
cases were selected to amplify 500 bp fragments in coding regions of
the chosen genes. Precise positions of the oligos in GenBank entries are
shown in Table I. Taq polymerase from Perkin-Elmer was used according
to the instructions of the manufacturer.
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