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A macrorestriction map representing the complete physical map of the Rhodobacter sphaeroides 2.4.1
chromosomes has been constructed by ordering the chromosomal DNA fragments from total genomic DNA
digested with the restriction endonucleases Asel, Spel, Dral, and SraBl. Junction fragments and multiple
restriction endonuclease digestions of the chromosomal DNAs derived from wild-type and various mutant
strains, in conjunction with $outhern hybridization analysis, have been used to order all of the chromosomal
DNA fragments. Qur results indicate that R. sphaeroides 2.4.1 carries two different circular chromosomes of
3,046 = 95 and 914 * 17 kilobases (kb). Both chromosome I (3,046 kb) and chromosome II (914 kb) contain
rRNA cistrons. It appears thiat only a single copy of the rRNA genes is contained on chromosome I (rrnd) and
that two copies are present on chromosome 11 (rrnB, rrnC). Additionally, genes for glyceraldehyde 3-phosphate
dehydrogenase (gapB) and -aminolevulinic acid synthase (hemT) are found on chromosome II. In each
instance, there appears to be a second copy of each of these genes on chromosome I, but the extent of the DNA
homology is very low. Genes giving rise to enzymes involved in CO, fixation and linked to the gene encoding
the form I enzyme (i.e., the Jorm I region) are on chromosome I, whereas those genes representing the form
II region are on chromosom: II. The complete physical and partial genetic maps for each chromosome are

presented.

Rhodobacter sphaeroides has contributed significantly to
our understanding of the molecular genetics of photosynthe-
sis. In addition, many important obse vations made with this
organism have contributed to our understanding at the
molecular level of numerous biolcgical and biophysical

. phenomena, such as photosynthetic membrane biogenesis

(25, 26, 34), carbon dioxide fixation 145), the light reactions
of photosynthesis (10, 40), pigment biosynthesis (9), and the
crystallization of the phototrap (12, 31). To bring these
biological and molecular studies to a common biological
reference, we have attempted to provide a complete physical
and genetic map of this organism. In the accompanying
paper, we have demonstrated that the total genome size of
this bacterium is about 4,400 kilobases (kb), which com-
prises the chromosomal DNA (3,960 £ 112 kb) and the five
endogenous plasmid DNAs (approximately 450 kb) (43). A
number of genes have been localized to the chromosomal
DNA fragments derived from an Asel digest of total genomic
DNA, and the location, relative diste nce, and orientation of
certain genes and/or gene clusters have also been established
(43). The depth of our understandirg of only a handful of
procaryotic systems has, with rare exceptions, not been
accompanied by an extensive and broad analysis of the total
microbial gene pool. We show here t1at not only is this gene
pool varied but also its analysis is likely to be crucial to our
exploitation of important biological phenomena.

Genomic mapping can be performed at the level of chro-
mosomal DNA itself (physical mapping) or by following the

~ pattern in which portions of the genome are passed to the

progeny (genetic linkage mapping). In bacteria, genetic
linkage maps are usually constructed through the use of
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plasmids which can mobilize the chromosome over long
distances (17, 23). Escherichia coli, Sdlmonella typhimu-
rium, Bacillus subtilis, and Pseudomonas aeruginosa are the
bacteria with the most extensive and best studied genetic
linkage maps (2, 23, 36, 39).

Physical maps specify the distances between landmarks
along a chromosome. Ideally, the distances are measured in
base pairs, so that the map provides a direct and accurate

~description of the chromosomal DNA molecule itself. The

most important landmarks in physical mapping (as routinely
used in plasmid mapping) are the cleavage sites resulting
from the treatment with restriction endonucleases. The
enzymes useful for genomic analysis of a particular bacterial
genome can be, to a first approximation, predicted from the
mole percent G+C of its genomic DNA (35).

The first and largest DNA molecule that has been mapped
with rare-cutting restriction enzymes is the single chromo-
some of E. coli (circular, approximately 4,700 kb) (41).
Recently, this map has been extended to a higher degree of
resolution (Kohara physical map) (30, 44).

In this paper, we describe the strategy used to link the
restriction enzyme-generated fragment DNAs derived from
the R. sphaeroides 2.4.1 chromosomes into two complete
physical maps. In addition, we provide compelling evidence
for the existence of two unique chromosomes in this bacte-
rium.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains, plas-
mids, and DNA fragments, as well as growth conditions, are
described in the accompanying paper (43). To screen for
junction fragments we used a cosmid library of R. sphaer-
oides 2.4.1 total genomic DNA. This cosmid library was
constructed by S. Dryden and S. Kaplan (unpublished
results) by using cosmid vector pLLA2917 (1). '
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Screening for junction fragments from the cosmid library.
The cosmid vector is 21.5 kb long and has two Dral
restriction endonuclease sites of approximately 0.5 kb flank-
ing the Bglll site, the site of insertion of R. sphaeroides
DNA (Dral-Bglll-Dral). Since the cosmid vector does not
possess an Asel site, we screened for cosmids containing an
Asel site(s) in their insert DNA (R. sphaeroides 2.4.1) as
follows. Cosmid DNA was isolated by tte alkaline lysis
method (7) and digested with Dral and Dral-Asel in a double
digest, and the restriction endonuclease digests were elec-
trophoresed side by side by nonpulsed horizontal gel elec-
trophoresis (0.7% [wt/vol] gel). If the insert DNA contains
an Asel site, the Dral-Asel double digest will generate more
DNA fragments than the single Dral dig:stion will. We
chose Dral as a secondary enzyme to detect the Asel sites
because Dral is also a rare cutter for R. sphaeroides 2.4.1
DNA, yielding only a small number of D'NA fragments,
whose pattern can be easily compared with that obtained
from the Dral-Asel double digestion. The R. sphaeroides
2.4.1 DNA fragments containing an Asel site(s) were desig-
nated Asel junction fragments (42); they were ultimately
used as probes of the Asel-digested total genomic DNA to
determine which DNA fragments are adjacent to one an-
other.

Isolation of the 214-kb Asel-generated fragyment DNAs for
restriction digest analysis. We electrophoresed an Asel digest
of total genomic DNA in two lanes of a trar sverse alternat-
ing field electrophoresis (TAFE) gel (0.75% SeaKem GTG
agarose [FMC Corp.]; stage 2: 23-s pulse ‘or 18 h). After
electrophoresis, but before staining with ettidium bromide,
we removed one lane of the agarose gel anc saved it at 4°C
while we stained the other lane with ethidium bromide.
Having located the 214-kb Asel DNA fragment from the
ethidium bromide-stained gel, we then excised the 214-kb
fragment from the gel slice. The excised gel fragment was
placed in 1x TE (10 mM Tris hydrochlorid:, 1 mM EDTA
[pH 8.0]) at 4°C, held overnight, and processed for digestion
as described in the accompanying paper («43). The 214-kb
DNA fragment was digested with 30 U of EzoRI for 5 h. In
addition, we loaded A DNA, treated identica ly to the 214-kb
Asel fragment used as a control to monitor the completeness
of the EcoRI digestion, into the other lanes »f the same gel.

The separation and isolation of DNA fragments, as well as
all other molecular biological techniques, are described in
the accompanying paper (43).

Materials. Complete details of the materials used are given
in the accompanying paper (43).

RESULTS

Junction fragment analysis. We screened 350 cosmids for
the presence of Asel junction fragments from a total of 800
cosmids in the pLLA2917 cosmid library. We identified six
cosmids containing Asel restriction endonuclease sites;
however, only two of these (cos662 and cos449) gave true
junction fragment signals following Southern hybridization
analysis. The DNA inserts from the other cosmids hybrid-
ized to more than two bands in the Asel digest of total
genomic DNA. Two. of these four cosmid-identified DNA
fragments were derived from the endogenous plasmids. We
did not characterize these four Asel-containing cosmids
further. I

The DNA from cos662, which contains i junction frag-
ment, hybridized only to two unique Asel-generated frrg-
ments (244- and 18-kb fragments) (Fig. 1A, lane 2). o
determine whether this is a *‘true’” junction f-agment or o ly
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FIG. 1. Junction fragment analysis. (A) The R. sphaeroides 2.4.1
DNA fragment from cos662 is a junction fragment joining the 244-
and 18-kb Asel fragments. Lanes: 1, ethidium bromide-stained gel of
Asel digest of total genomic DNA (TAFE run with a 23-s pulse for
16 h); 2, autoradiogram of lane 1 with whole cos662 DNA as a probe;
3, autoradiogram as in lane 2 with a small portion of R. sphaeroides
insert DNA from co0s662 as a probe. (B) R. sphaeroides 2.4.1 DNA
fragment present in cos440 is a junction fragment between the 73-
and 910-kb Asel fragments. Lanes: 1, EtBr-stained gel (TAFE run
with a 55-s pulse for 18 h); 2, autoradiogram of lane 1 with whole
c0s440 as a probe,

an artifact derived from a repetitive DNA sequence (should
such be present in R. sphaeroides), we isolated a subclone of
the insert DNA from cos662 and used that as a probe of the
Asel digest of total genomic DNA. This subclone of cos662
hybridized only to the 244-kb Asel fragment (Fig. 1A, lane
3). This result unambiguously demonstrated that cos662
contains a true junction fragment which links the 18- and
244-kb Asel fragments. The linkage between the 18- and
244-kb Asel fragments was additionally confirmed by using
Spel and Dral as described below. Figure 1B demonstrates
the existence of a second junction fragment (cos440), which
linked the 73- and 910-kb Asel fragments.

Previous experiments indicated that the 18- and 73-kb
Asel fragments are linked and that these two fragments
contain many of the genes associated with the photosyn-
thetic spectral complexes (43). Therefore, we were able to
show that the four Asel fragments are linked to each other in
the order 244, 18, 73, and 910 kb, or G-J-I-B (43).

Two other Asel fragments, which were also linked by
using a junction fragment analysis, are the 214- and 340-kb
Asel fragments. When we used the 5.8-kb EcoRI fragment
(fragment a), which contains a single Asel site as a probe of
the Asel digest of total genomic DNA, we saw a hybridiza-
tion signal with three of the DNA fragments instead of just
two of the fragments, we would normally be expected for a
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FIG. 2. Joining of the 340- and

214-kb .isel fragments. Lanes: 1, EtBr-stained gel (TAFE run with a 16-s pulse for 17 h); 2, autoradiogram

of lane 1 with an EcoRI-EcoRI fragment (fragment a) as a probe; 3, autoradiogram as in lane 2 with a PvuIl-HindIlI fragment (fragment b)
as a probe; 4, autoradiogram as in lane 2 with an EcoRI-Pst] fragment (fragment c) as a probe; A, autoradiogram of EcoRI-digested total
genomic DNA probed with fragment a; B, autoradiogram of EcoRI-digested 214-kb Asel fragment probed with fragment a.

true junction fragment (Fig. 2, lane 2). The sizes of these
Asel fragments are 410, 340, and 214 kb. To confirm which of
the DNA fragments were, in fact, the true neighboring
fragments, we isolated the upstream (Pvull-HindIIl; frag-
ment b) and the downstream (EcoRI-Ps/I; fragment c) DNA
fragments relative to the Asel site (Fig. 2). Fragment b
(upstream) hybridized only to the 410- and 214-kb Asel
fragments, and fragment ¢ (downstre am) hybridized only to
the 340-kb Asel fragment (Fig. 2, lanes 3 and 4, respective-
ly). These results clearly demonstrated that the true junction
fragment should lie between either the 340- and 214-kb
fragments or the 340- and 410-kb fraginents, but not between
the 214- and 410-kb fragments.

Therefore, it became imperative t5 distinguish which of
the 214- or 410-kb fragments were linked to the 340-kb
fragment. This was accomplished as follows. The 5.8-kb
EcoRI fragment was isolated (Dryden and Kaplan, unpub-
lished) from one of three unique hybridization signals (these
correspond to the rRNA cistrons) from an EcoRI digest of
total genomic DNA. Second, we isolated the 214-kb Asel
fragment and digested it with EcoRI as described in Materi-
als and Methods. The digest was electrophoresed in a
nonpulsed 1% agarose gel side by side with EcoRI-digested
total genomic DNA. Southern hybriclization analysis, using
the 5.8-kb EcoRI fragment (Fig. 2, fraigment a) as a probe of
these EcoRlI digests, is shown in Fig. !, lanes A and B. There
were two unique EcoRlI signals residing on the 214-kb Asel
fragment (Fig. 2, lane B), and one of these is the 5.8-kb
EcoRI fragment, which was approx mately 500 base pairs
smaller than the corresponding 5.8-kt EcoRI fragment (frag-
ment a) observed in the digest of total genomic DNA (Fig. 2,
lane A). This 5.8-kb EcoRI fragment, which is derived from
the 214-kb Asel fragment, should be upproximately 500 base

. pairs smaller than fragment a because an Asel site is located

approximately 500 base pairs upstream of the EcoRI restric-
tion site located at the right end of fragment a (see the
restriction map in Fig. 2). Thus, we were able to conclude
that the 214- and 340-kb Asel fragments are linked and that
the 214-kb Asel fragment should contain two of the three
unique EcoRI signals (rrnB and rrnC operons) observed in
the EcoRlI digest of total genomic DNA (Dryden and Kaplan,
unpublished).

The relative orientation of the 214- and 340-kb Asel
fragments was determined. In a PRKB™ strain (43), the
340-kb Asel fragment could be digested into 280- and 60-kb
Asel fragments because of the presence of a spectinomycin-
streptomycin resistance cartridge in this fragment (43; see
Fig. 7C). Southern hybridization analysis was performed by
using the EcoRI-Ps:I fragment (Fig. 2, fragment c) as a probe
of the Asel-digested total genomic DNA derived from the
PRKB™ strain. The results indicated that fragment ¢ was
located in the 280-kb Asel fragment (data not shown), which
means that the junction between the 214- and 340-kb Asel
fragment is located 280 kb upstream of prkB (43; see Fig.
70).

Joining of the 910- and 410-kb Asel fragments. Spel-
digested total genomic DNA revealed a single large (1,645-
kb) Spel fragment (43). Southern hybridization analysis of
Spel-digested total genomic DNA with pufBA, nifHDK, and
€0s662 (244- and 18-kb Asel junction fragment) as probes
showed that all of these DNA fragments were located within
the 1,645-kb Spel fragment. An Spel-Asel double digestion
of total genomic DNA revealed that the 244-, 18-, 73-, and
910-kb fragments corresponded precisely to the identical
DNA fragments observed for an Asel digest of total genomic
DNA (data not shown) and, hence, that these four fragments
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FIG. 3. Joining of the 910- and 410-kb Asel Frégments. (A) Ethidium bromide-stained gel of 2.4.1 total genomic DNA digested with Spel
(lane 1), Spel-Asel (lane 2), Dral (lane 3), Spel-Dral (lane 4), or Dral-Asel (lane 5). TAFE was run with a 45-s pulse for 9 h (stage 2), a 23-s
pulse for 7 h (stage 3), and a 7-s pulse for 8 h (stage 4). (B) Autoradiogram of panel A with rbcL as a probe. (C) Schematic representation of

the data.

»

must not contain an Spel restriction site. Therefore, we were
able to directly demonstrate that the 2¢4-, 18-, 73-, and
910-kb Asel fragments must reside withir: the large (1,645-

kb) Spel fragment. In addition, these clata also directly-

confirmed the validity -of the junction iragment analysis
described previously which linked the 244-, 18-, 73-, and
910-kb Asel fragments. o

Furthermore, Southern hybridization analysis indicated
that rbeL was also located on the 1,645-kb Spel fragment
(Fig. 3A and B, lanes 1). Since rbcL is a unique marker for
the 410-kb Asel fragment (43; see Fig. 4), the 410-kb Asel
fragment must be located at one end of “he 1,645-kb Spel
fragment, i.e., linked to either the 910- or 244-kb Asel
fragment. Figure 3A and B, lanes 2, show that rbcL can be
assigned to a 370-kb Spel-Asel fragment, which unambig-
uously reveals that one end of the 1,645-kb Spel fragment
contains the 370-kb Asel-Spel fragment derived from the
410-kb Asel fragment, which, in.turn, contains the rbel
gene. To determine whether the 410-kb Asel fragment is
linked to either the 244- or the 910-kb Asel fragment, we
performed the following experiments. rocl was used to
probe the Dral, Dral-Spel, and Dral-Asel digests of total
genomic DNA (Fig. 3A, lanes 3 to 5). Hybridization signals
were observed to the 800-kb Dral and Dral-Spel fragments
(Fig. 3B, lanes 3 and 4) as well as to the 150-kb Dral-Asel
fragment (Fig. 3B, lane 5). Other results (data not. shown)
indicated that the 635-kb Dral fragment encompasses the
244-, 18-, and 73-kb (G, J, and 1, respectively) Asel frag-
ments as well as a 290-kb portion of the 910-kb Asel
fragment. The electrophoretic banding pattern revealed that
the 635-kb Dral fragment remained intact following double
digestion of total genomic DNA with Dral-Spel (data not

shown). Thus, the 635-kb Dral fragment must lie within the
1,645-kb Spel fragment and should carry nifHDK and pufBA
(43). In addition, the 800-kb Dral fragment also remained
intact following Dral-Spel double digestion (Fig. 3A, lane 4).
Therefore, the 800-kb Dral fragment must also lie within the
1,645-kb Spel fragment and hence contains rbcL (Fig. 3B,
lanes 3 and 4). Interpretation of these results are simplified in
Fig. 3C. Notice the positions of Asel, Dral, and Spel.
Taking these data together, we were able to demonstrate that
the 410-kb Asel fragment (fragment C) is linked to the 910-kb
Asel fragment (fragment B) with the orientation shown in
Fig. 3C.

Intermediate physical map and the position of the two
largest SnaBI fragments. Using similar approaches to those
described above for the joining of the 410- and 910-kb Asel
fragments, as well as comparison of the electrophoretic
banding patterns of several mutant strains with that of the
wild-type strain, we were able to order all of the Asel-
generated chromosomal fragments into two linear linkage
groups, i.e., D-E-H and G-J-I-B-C-F-A-K. Assuming that
the chromosome of R. sphaeroides is circular, the position of
D-E-H would have to be between G and K, as shown in the
intermediate physical map in Fig. 4, with the relative orien-

.- tation being either D-E-H or H-E-D relative to G and K.

Spel digested the two largest SnaBI fragments (1,225 and
1200 kb) into 900-kb, 800-kb, and smaller SnaBI-Spel frag-
ments. The 900- and 800-kb SnaBI-Spel fragments must be
derived from the 1,225- and the 1,200-kb SnaBI fragments.
The only Spel fragment which is large enough to yield both
a 900- and an 800-kb SnaB'-Spel fragment is the largest
(1,645-kb) Spel fragment, :ince the second-largest Spel
fragment is only 735 kb. Th s means that there is a single
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FIG. 4. Intermediate physical map of R. sphaeroides chromo-
somes to show the only possible location of the D-E-H Asel
fragments relative to the other Asel chro nosomal fragments. The
outer circle represents the Asel map, the middle circle represents
the Spel map, and the inner circle is for the Dral map. The
thickened line between the Asel and Spel restriction maps repre-
sents the position of the two largest SnaBI fragments,

SnaBl site approximately in the midd e of the 1,645-kb Spel
fragment, so that each of the two largest SnaBl fragments
extends beyond the ends of the 1,645-kb Spel fragment,
ultimately yielding the 900- and 80(-kb SnaBI-Spel frag-
ments (Fig. 4). Therefore, by using a specific probe, we can
casily determine which of the two largest SnaBI fragments
gives rise to each of the 900- and 80)-kb SnaBl-Spel frag-
ments. When nifHDK was used as i probe, it hybridized
only to the 900-kb SraBI-Spel fragme 1t, whereas when used
as a probe, rbcL hybridized uniquely to the 800-kb SnaBI-
Spel fragment as well as to the 1,200-kb $naBI fragment
(coxA hybridized to the 1,200-kb SraBI fragment). Thus,
coxA must lie within the 1,200-kb $1aBI fragment, which
also encompasses rbcL, yielding the §00- and 400-kb SnaBI-
Spel fragments upon double digesticn (Fig. 4). Therefore,
we were able to assign the 1,200-kb SnaBI fragment, which
carries the rbcL and coxA markers, to the position shown in
Fig. 4. The 900-kb SnaBI-Spel fragnent encoding nifHDK
must be derived from the 1,225-kb SnaBI fragment which
includes nifHDK as well as the Asel fragments designated I,
J, and G (Fig. 4).

The validity of the assignment of the locations of these
largest SnaBI fragments was confirmzd by SnaBI-Dral and
SnaBl-Asel double digestions in conjunction with Southern
hybridization analysis with specific p-obes assigned to each
fragment (data not shown). Thus, we 'vere able to assign and
locate unambiguously the two largest SnaBI fragments
shown in Fig. 4.

Are there two chromosomes? As described above, the
largest SnaBI fragment (1,225 kb) extended into approxi-
mately half of Asel fragment B and included in its entirety
Asel fragments I, J, and G (Fig. 4). "The size of the SnaBI-
Spel fragment covering these same Asel fragments is ap-
proximately 900 kb. Thus, if linkage group D-E-H is joined
to the larger linkage group, the other end of the 1,225-kb

J. BACTERIOL.
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FIG. 5. The evidence that the Asel fragments D-E-H are sepa-
rate from fragments G-J-I-B-C-F-A-K, leading to two circular chro-
mosomes in R. sphaeroides. (A) Ethidium bromide-stained gel of
2.4.1 total genomic DNA digested with SnaBl (lane 1), SnaBI-Dral
(lane 2), SnaBl-Asel (lane 3)ror SnaBl-Spel (lane 4). TAFE was run
with a 50-s pulse for 9 h (stage 2), a 23-s pulse for 7 h (stage 3), and
an 8-s pulse for 4 h (stage 4). (B) Autoradiogram of panel A with
hemA as a probe.

SnaBI fragment should be located somewhere in Asel frag-
ment D or E, so that the total SnaBI-SnaBI fragment length
of 1,225 kb was accommodated (Fig. 4). Hybridization
analysis indicated that the 784-kb SnaBI fragment resides in
its entirety within the three contiguous Asel fragments
D-E-H, whose total size is approximately 914 kb. This
means that approximately 130 kb of DNA is unaccounted for
(914 kb less 784 kb) and, accordingly, that this 130-kb
fragment must be part of the large (1,225-kb) SnaBI frag-
ment. Arithmetically, however, this is impossible, since the
900-kb SnaBI-Spel fragment must, at the very least, neigh-
bor a 300-kb DNA fragment to provide a total SnaBI
fragment length of 1,225 kb. This requirement cannot be met
with a 130-kb DNA fragment. This was the first substantial
evidence that the three Asel fragments, D, E, and H, could
not be joined to the other contiguous set of Asel fragments.
Hybridization analysis with hemA as a probe (Fig. 5) was
able to resolve this paradox.

The circularity of chromosome 1. Southern hybridization
analysis in Fig. 5, lanes 1, shows that hemA was located on
the largest (1,225-kb) SnaBl fragment, which means that
fragment G must be linked to fragment K (Fig. 4). This
conclusion was further confirmed by a hybridization analysis
involving a series of double digestions with SnaBl-Dral-,
SnaBl-Asel-, and SnaBI-Spel-, as well as SnaBI-Spel-di-
gested total genomic DNA from strain Ga. hemA is located
on the 330-kb SnaBI-Dral fragment and the 330-kb SnaBI-
Asel fragment (Fig. 5, lanes 2 and 3), as would be anticipated
if fragment G were joined to fragment K (Fig. 4); hemA also
resides on the 90-kb SnaBI-Spel-generated fragment (Fig. 5,
lane 4), which is consistent with the previous experiments
that hemA has also been located on the 90-kb Spel fragment,
which has been shown to reside entirely within fragment A
(data not shown). Thus, we were forced to conclude that the
three contiguous Asel fragments D-E-H were physically
separated from the second set of contiguous Asel fragments,
and at the same time, we demonstrated that the contiguous
fragments G-J-I-B-C-F-A-K were circular, with a total size
of 3,046 = 95 kb. The G-J-1-B-C-F-A-K fragments have been
designated chromosome I, and the D-E-H fragments (914 +
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FIG. 6. Southern hybridization analysis of electrophoresed un-
digested total genomic DNA. (A) Ethidium hromide-stained gel.
TAFE was run with a 50-s pulse for 21 h. Lane:;: 1, strain MS2 I1-6;
2, strain MS2-R. (B) Autoradiogram of panel A with Tn5 as a probe.

17 kb) have been designated chromosome II, for the reasons
that are explained below.

The existence of chromosome II. There is additional evi-
dence which supports the presence of tw) chromosomes in
R. sphaeroides 2.4.1. Total undigested genomic DNA from
strains MS2 1I-6 (pigA) and MS2-R (Arg™) (43) were elec-

trophoresed side by side (Fig. 6A). Under these conditions, -

we were able to observe the conventional supercoiled endog-
enous plasmid regions designated C and D, the sharply
banded linearized form of chromosome II designated region
B, and the broad band of DNA fragments derived from
chromosome 1, indicated as region A. In this case (Fig. 6),
strain MS2 1I-6 yielded a very small amount of linearized
chromosomes I and 1I (Fig. 6A, lane 1) compared with that
observed for strain MS2-R (Fig. 6A, 'ane 2). Southern
hybridization with TnS as a probe showe 1 that Tn5 hybrid-
ized only to chromosome 1I derived from strain MS2 I1-6 and
only to chromosome I derived from strain MS2-R (Fig. 6B,
lanes 1 and 2, respectively). These results were not unex-
pected, since strain MS2 11-6 contains TnS$ in Asel fragment
D (i.e., in chromosome II), whereas strain MS2-R contains
TnS5 in Asel fragment A (i.e., in chromoscme I) (43) (Fig. 4).
The experiments reported here clearly show that chromo-
some I is not a concatemeric form of any of the endogenous
plasmids; i.e., it is a unique physical entity, since if it were
a concatemeric form of one or more cf the endogenous
plasmids, thz hybridization signal seen in Fig. 6B, lane 1,
wouid have been observed in the region of the endogenous
plasmids in addition to region B.

It is possible that chromosome II and :hromosome I can
form a cointegrate structure yielding one f 1sed chromosome,
and in this case, we would expect to see cross-hybridization
to region A as well as region B in Fig. 6. However, our
results show that there was no observable cross-hybridiza-
tion signal to region A (Fig. 6B, lane 1). This is also true for
the hybridization signal in region A, cross-hybridizing with
region B (Fig. 6B, lane 2). It is also conceivable that the
supercoiled form of chromosome II migrztes in a TAFE gel,
although this does not appear likely. F.owever, we must
postulate that the DNA fragment seen in region B (Fig. 6A)
is the linear form of chromosome II, on the basis of the
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following observations. The TAFE gel analysis as performed
in Fig. 6A showed that when DNA was derived from
log-phase cells, region B as well as region A was almost
undetectable and became progressively visible as the age of
the culture increased, well into the stationary phase (data not
shown). We would expect these conditions to lead to the
accumulation of double-strand DNA breaks, since nicked
circular DNA from such large molecules will not migrate
under the conditions used here. Topoisomerase I treatment
(43) showed that regions C and D were sensitive to relax-
ation, whereas regions B and A remained unaffected; more-
over, movement of regions B and A was pulse time depen-
dent (data not shown). Although we designated region A as
a linear form of chromosome I, for the same reasons as
described for chromosome II we cannot exclude the possi-
bility of the existence of supercoiled DNA, since both
topoisomerase I and pulse-time experiments may not work
as expected for such a large DN A molecule (18).
Hybridization analysis of total undigested DNA electro-
phoresed as described for Fig, 6 with several different probes
(puhA, nifHDK, fbc, rrn, hemT, and hemA) indicated that
only rrn and hemT hybridized to chromosome II (data not
shown). These markers reside on Asel fragments H and E,
respectively (43) (Fig. 4). Furthermore, in the PRKB ™ strain
(43), a probe composed of the spectinomycin-streptomycin
resistance cartridge also hybridized only to chromosome II
(data not shown). Finally, using a long pulse period (50 to 60
s), we were able to resolve the DNA fragments correspond-

- ing to either chromosome I or chromosome II (Fig. 6A, lane

2). These results, as well as those presented below, under-
line our reasoning for the existence of two unique chromo-
somal DNA species in R. sphaeroides 2.4.1.

The circularity of chromosome II. We conducted a series of
experiments to determine whether chromosome II is circu-
lar. A gel insert containing undigested total genomic DNA
was electrophoresed with a 50-s pulse for 18 h, and then the
insert was removed from the well, digested with Asel, and
electrophoresed a second time side by side with an Asel
digest of total genomic DNA which had not previously been
subjected to electrophoresis. Ethidium bromide staining of
each sample revealed that the band intensity of each corre-
sponding Asel fragment prior to digestion was similar to the
sample which had not been electrophoresed prior to diges-
tion (Fig. 7). If chromosome II were linear, it should have
completely traveled the gel during the initial electrophoretic
period conducted prior to digestion with Asel, and therefore
we should not have observed the 360-, 340-, and 214-kb Asel
fragments, i.e., fragments D, E, and H, respectively, making
up chromosome II. The fact that we observed similar band
intensities when comparing the 360-, 340-, and 214-kb Asel
fragments derived from each of the gel inserts indicated that
only a small portion of chromosome II was linearized during
the initial processing of the gel insert and therefore that most
of the population of chromosome II was in either the
open-circular or relaxed form, which initially failed to mi-
grate into the gel during the conditions of preelectrophoresis
(this must also be true for chromosome I). Therefore,
following digestion with Asel, the DNA fragments making
up chromosome II which were present in each gel insert
were resolved in a similar fashion and in similar amounts.

The circularity of chromosome Il was also directly sup-
ported by the following experiments. Southern hybridization
data revealed that pigB was located on the 214-kb Asel
fragment (fragment H) as well as on a 130-kb SnaBl fragment
(data not shown). Further analysis with Spel and Dral
facilitated the unambiguous location of the 130-kb SnaBI
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fragment relative to the other restriciion enzyme fragments
such that the 130-kb SnaBI fragment behaves as a Jjunction
fragment between Asel fragments H and D, which would
close the contiguous H-E-B into a circle. Proof that the
130-kb SnaBI fragment is a junction fragment between K and
D was confirmed as follows. The 130-k'b SnaBI fragment was
isolated from low-melting-point agarose and used as a probe
of the Asel-digested total genomic DNA. The results show
that the 130-kb SnaBI probe hybridized to both the 214- and
360-kb Asel fragments, indicating that the 130-kb SnaBI
fragment is a true Junction fragment be tween Asel fragments
Hand D, thereby further substantiating our conclusion that
fragments H-E-D are physically formed into a circle (data
not shown).

Together, these results allowed us to demonstrate the
existence of two unique circular chromosomes in R.
sphaeroides 2.4.1. Additionally, we have been able to con-
struct the complete macrorestriction maps for the Asel,
Spel, and SnaBl fragments corresponding to each of these
two chromosomes (Fig. 8), as well as 1 limited genetic map
of the genome of this bacterium.

DISCUSSION

Screening for junction fragments co ataining specific rare
restriction sites is basically simple and should be facilitated
by the construction of a library that is e. 1sily screened for the
presence of the restriction enzyme sites in question (37). In
addition, a true junction fragment will clearly designate the
two DNA fragments which should be linked to one another,
as has been described here. However, not €very potential
Jjunction fragment yields a satisfactory result, although the
DNA fragment contains the restriction :nzyme site of inter-
est. Occasionally, as described here, we find a junction
fragment which gives more than two hybridization signals
(Fig. 2). For the Jjunction fragment shown in Fig. 2, whose
DNA length has now been accurately mapped, we were able
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to resoive the problem by using several of the strategies
described above, such as using only a certain portion of the
DNA from the original fragment as a probe. However, a
resolution of the apparent ambiguity would be more labori-
ous if the junction fragment had not been fully characterized.
A second limitation of this approach is that the library tends
to have certain junction fragments as a higher proportion of
the theoretical total than might be anticipated, so that we
obtained the same Junction fragment more than once during
the screening process. Such apparent nonrandomness has
many underlying causes, and had we screened a second or
third independent library, we would most probably have
found most of the potential junction fragments we sought.
Nonetheless, four such fragments were used during these
studies.

Overlapping and double-digestion restriction enzyme anal-
ysis, in conjunction with Southern hybridizations with spe-
cific and well-characterized probes, was used to complete
the entire physical maps of the two R. sphaeroides chromo-
somes. Restriction enzyme. analysis also provided the addi-
tional advantage of being able to narrow the location of
certain genes. Finally, restriction enzyme analysis served as
an independent approach used to judge both the validity of
the junction fragment analysis and the physical linkage
ultimately constructed by the use of restriction enzymes
themselves. o

Several strains of gram-negative bacteria such as Rhizo-
bium, Agrobacterium, Alcaligenes, Pseudomonas, and
Paracoccus spp. harbor high-molecular-size plasmids of
sizes ranging from 400 to approximately 1,500 kb (3,19, 22).
Rhizobium meliloti carries two megaplasmids (pSym) of
approximately 1,500 kb each (3), and these plasmids have
been extensively studied for their role(s) in symbiotic nitro-
gen fixation and nodulation (4, 21, 24). Agrobacterium
tumefaciens C58. carries two endogenous plasmids, one
being the 200-kb Ti plasmid that is responsible for crown gall
tumor formation, and the other being a larger cryptic plas-
mid, pAtC58 (22, 46). In Alcaligenes eutrophus H16, the
megaplasmid pHG1 (450 kb) was found to encode both the
structural and the regulatory genes for the hydrogenase (14,
15, 20, 32). This organism also contains two sets each of
ribulose bisphosphate carboxylase (rbeL,S) and phosphorib-
ulokinase (prk) genes; one set is in the chromosome and the
other is in the megaplasmid (8, 29). Par coccus denitrificans
harbors a cryptic megaplasmid larger than 700 kb 19),
whereas some Pseudomonas plasmids encode enzymes for
aromatic degradation (13) as well as the biosynthesis of a
plant phytotoxin (6). Thus, the existence of very large
extrachromosomal DNA is widespread among these and,
doubtless, numerous other bacteria.

From the standpoint of DNA size, chromosome I of R.
sphaeroides 2.4.1 may be considered a somewhat large,
extrachromosomal DNA element, as described above. How-
ever, the fact that chromosome II carries rRNA cistrons
(rraB and rrnC) (Dryden and Kaplan, unpublished) as well as
the -gene for glyceraldehyde-3-phosphate dehydrogenase
(gapB) makes this R, sphaeroides 2.4.1 chromosome ex-
traordinary. The larger chromosome, chromosome I, ap-
pears to contain only a single rRNA cistron (Dryden and
Kaplan, unpublished). As far as we know, rrn and gap are
only found in the “‘chromosome”’ of procaryotic organisms
and are considered to be essential for normal growth. On the
basis of the distribution of rrn cistrons in R. sphaeroides (a
total of three [Dryden and Kaplan, unpublished]), we feel
obligated to designate the 914-kb DNA molecule a chromo-
some rather than a plasmid. It is also interesting that the
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FIG. 8. The entire physical and limited gen:tic maps of the two R. sphaeroides chromosomes. The number of Spel, Dral, and SnaBl
fragments and the lengths of each fragment (in }ilobases) are indicated. The asterisk near the 55-kb Dral fragment indicates that the location
of this fragment is somewhere between the 660- and 245-kb Dral fragments but must be inside the 735-kb Spel fragment.

nifHDK genes reside on chromosome I in R. sphaeroides,
whereas they are on the megaplasmid in R tizobium meliloti;
furthermore, as in Alcaligenes eutrophus, R. sphaeroides
carries one set of genes for carbon dioxide fixation in
chromosome I and the other set in chroinosome II. How-
ever, unlike Alcaligenes eutrophus, the tvo forms of ribu-
lose bisphosphate carboxylase in R. sp}aeroides are dif-
ferent (rbeL,S versus rbeR) (16).

We originally questioned whether chromosome II was
circular or linear, since a large linear plasmid (approximately
520 kb), designated the giant linear plasmid, has been
described for several Streptomyces strains (27, 28). flow-
ever, we have proven here that both of th: Rb. sphaeroides
2.4.1 chromosomes are circular.

The banding intensity of the ethidium bromide-stained gel
indicated that Asel fragments D, E, and H were of equal
intensity to essentially all of the other Asel fragments
derived from chromosome 1, and this wa; also true for the
DNA fragments generated by using the other restriction
enzymes. On the basis of this observation, we must infer that
chromosomes I and II are present in a 1:. ratio.

Furthermore, we have directly demonstrated, by using
probes specific for either chromosome I ¢r chromosome 11,
that these do not normally exist as a coint:grate structure in
an exponential culture of R. sphaeroides under aerobic or

photoheterotrophic conditions.. Whether these two chromo-
somes may transiently exist as a single chromosome is
unknown at present. However, such an existence cannot be
the normal state over much of the life cycle of R. sphaer-
oides.

The genomic organization of R. sphaeroides 2.4.1 pre-
sented here is one of the few complete bacterial restriction
maps constructed mainly by physical methods (5, 11, 30, 33,
38) and the second to be determined entirely by Southern
hybridization analysis of fragments separated by pulsed-field
gel electrophoresis (33). However, the results presented here
provide the first representation of a more complex overall
genomic architecture than for the other bacteria which have
been physically mapped. R. sphaeroides 2.4.1 carries two
different chromosomes and five endogenous plasmids, giving
a total of seven replicons and a total genome size of about
4,400 kb. In addition, more than 30 genetic markers have
been localized to the physical map of this bacterium, yielding
a partial genetic map. The strategy used here might be
applicable to the construction of physical and genetic maps
for other bacteria which have a relatively complex genomic
architecture, and it might facilitate genomic mapping for
organisms which are not amenable to conventional genetic-
linkage mapping.

The existence of two chromosomes and the dispersal of
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rra cistrons between the linkage groups is but an additional
indication of the versatility and complexity of the procary-
otic gene pool. This complexity, with regard to both R.
sphaeroides and the gene pool at large, warrants additional
study.
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