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We present the first complete map of the Haemophilus influenzae genome, consisting of a detailed restriction
map with a number of genetic loci. All of the ApaI, SmaI, and RsrII restriction sites (total of 45 sites) were
mapped by Southern blot hybridization analysis of fragments separated by pulsed-field gel electrophoresis.
Cloned genes were placed on the restriction map by Southern hybridization, and antibiotic resistance loci were
also located by transformation with purified restriction fragments. The attachment site of the HP1 prophage
was mapped. In addition, the number, locations, and orientations of the six rRNA operons in the H. influenzae
chromosome were determined. The positions of conserved restriction sites in these rrn operons confirm that the
direction of transcription is 16S to 23S, as in most other bacteria. The widely used strain BC200 appears to
contain an unexpected 45-kilobase duplication.

A major impediment to genetic analysis of the bacterium
Haemophilus influenzae Rd has been the lack of a good
genetic map. Although several partial genetic maps have
been constructed by using cotransformation frequencies,
they include only a small number of markers (about eight
antibiotic resistances, an equal number of auxotrophic mark-
ers, and a few loci involved in recombination and DNA
repair), and the maps are not without discrepancies (19, 34,
45). Progress in mapping has been impaired for two principal
reasons. The first problem is the lack of genetic markers
suitable for mapping. H. influenzae is a fastidious microor-
ganism with many growth requirements; as a result, nutri-
tional mutants cannot easily be isolated and characterized.
The second problem is that conjugational and transductional
mapping, so useful for Escherichia coli and Salmonella
typhimurium genetics, has not been well developed for H.
influenzae. spp. The natural transformation system of H.
influenzae is efficient for mapping closely linked markers,
but it is not suitable for large-scale mapping, and cotransfor-
mation frequencies depend on the fragment size of the DNA
preparation used. Therefore, although a number of genes
from H. influenzae have been identified and some have been
cloned (see Table 3 for a partial list), it has not been possible
to develop ideas about the overall genetic organization of
this bacterium.
However, within the last few years the development of

pulsed-field gel electrophoresis (42) has allowed very large
DNA fragments to be separated and physical maps of several
bacterial genomes to be constructed (4, 12, 44, 50). Here we
present a detailed physical map of the H. influenzae Rd
genome, constructed by Southern blot analysis of restriction
fragments separated in pulsed-field gels.

MATERIALS AND METHODS

Strains and culture conditions. The H. influenzae strains
used are listed in Table 1. Cells were grown in brain heart
infusion broth (Difco Laboratories, Detroit, Mich.) supple-
mented with hemin (10 ,ug/ml) and NAD (2 ,ug/ml) (sBHI)
with gentle shaking at 37°C or on sBHI plates containing
1.5% agar. Cells were made competent by the MIV proce-
dure of Herriott et al. (20). Antibiotics were used in plates at
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the following concentrations (micrograms per milliliter):
viomycin, 150; nalidixic acid, 3; novobiocin, 2.5; streptomy-
cin, 250; kanamycin, 7; and spectinomycin, 20. Viomycin
was obtained from Pfizer Inc. (New York, N.Y.); all other
antibiotics were from Sigma Chemical Co. (St. Louis, Mo.).
DNA preparation and restriction digests. Preparation and

restriction of high-molecular-weight genomic DNA embed-
ded in agarose have been described by Lee and Smith (27).
Conventional DNA preparation was done by the method of
Maniatis et al. (31), omitting the lysozyme digestion. RsrII
was purchased from New England BioLabs (Beverly, Mass.)
and used as recommended by the supplier.

Isolation and labeling of rRNA. Strain KW22 was grown in
250 ml of sBHI to an optical density at 650 nm of 0.3. Cells
were pelleted at 5,000 x g for 15 min at 4°C and suspended
in 5 ml of 30mM Tris (pH 8.0)-20 mM EDTA-100 mM NaCl.
Sodium dodecyl sulfate and proteinase K were added to
concentrations of 1% and 100 pug/ml, respectively, and the
suspension was incubated at 37°C for 1 h. After extraction
with phenol and phenol-chloroform (1:1), samples were
electrophoresed in a 1% low-melting-point agarose gel (Sea-
Plaque). The gel was stained with ethidium bromide, and the
distinct 16S and 23S rRNA bands were excised. 32P-labeled
cDNAs to these RNAs were synthesized in agarose by a
reverse transcriptase reaction (31).

Gel electrophoresis. Both OFAGE (orthogonal field alter-
nation gel electrophoresis [8]) and CHEF (contour-clamped
homogeneous field electrophoresis [10]) systems were used.
OFAGE was preferred for Southern blot analysis because in
our hands it gave sharper band resolution. Both systems
used 1% agarose gels in 0.5x TBE (31) buffer at 0.5 to 5°C.
OFAGE gels were run at 280 V for 12 h with pulse times
ranging from 1 to 36 s, depending on the resolution range
desired. CHEF gels were run at 195 V for 24 h with pulse
times ranging from 6 to 80 s. Conventional gels (1.0%
agarose) were run in TAE (31). Size standards for OFAGE
and CHEF gels were lambda DNA concatemers generated in
a standard ligation reaction (31). A 1-kilobase (kb) ladder and
lambda DNA digested with Hindlll (both from Bethesda
Research Laboratories, Inc., Gaithersburg, Md.) were also
used as size standards.
Most mapping was done by hybridizing gel-purified ge-

nomic restriction fragments, generated by one of the five
restriction enzymes used, to sets of four Nytran filters
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TABLE 1. H. influenzae strains used

Strain Sero- Comment Source or

type reference

KW20 Rd H. Smith (labora-
tory strain)

KW22 Rd Eryr Strr H. Smith (labora-
tory strain)

MAP7a Rd Stvr Strr Vior Nalr Spcr 9
Novr Kanr

L-10 Rd HP1 lysogen 48
BC200 Rd Does not express defec- 2

tive prophage
TX100 a Clinical isolate E. Hansenb
DL42 b Clinical isolate 18
TX101 c Clinical isolate E. Hansenb
TX102 d Clinical isolate E. Hansenb
CH205 f Clinical isolate E. Hansenc

a Erys derivative of MAP.
b Texas State Public Health Department, Austin.
' Childrens Memorial Hospital, Chicago, Ill.

(Schleicher & Schuell, Inc., Keene, N.H.). Each filter in a
set was a Southern blot of a gel containing ApaI, EagI, NaeI,
and SmaI digests of KW22 DNA, run at a pulse time that
would maximize resolution of a particular size range of
fragments. The four pulse times used were as follows:
OFAGE gel, 9-s cycle (best resolution of fragments, >150
kb); OFAGE gel, 3-s cycle (50 to 150 kb); OFAGE gel, 1-s
cycle (5 to 50kb); and conventional gel, 1% agarose (<10
kb).

Southern hybridization. DNA was transferred onto Nytran
membranes and then baked, prehybridized, hybridized,
washed, exposed, and eluted under conditions recom-

mended by the supplier. DNAs were labeled by the random-
oligonucleotide priming method (13). Most genomic DNA
fragments were labeled directly in agarose, but some small
fragments were first concentrated by using GeneClean
(BiolOl).

Transformational mapping. To map antibiotic resistance
genes, bands containing the restriction fragments of strain
MAP7 were excised from a low-melting-point agarose gel
under long-wave UV illumination. The gel slices were
melted at 65°C, and 2 ,ul was added to 0.2 ml of competent
KW20 cells. After 30 min of incubation, 2 ml of sBHI was

added, and the cells were grown for 1 h before dilution and
plating with and without the antibiotic to be mapped.

RESULTS

Lee and Smith (27) demonstrated that the four restriction
enzymes ApaI (5'-GGGCCC), EagI (5'-CGGCCG), NaeI
(5'-GCCGGC), and SmaI (5'-CCCGGG) cut the DNA of H.
influenzae Rd KW22 into restriction fragments suitable for
mapping. Subsequently, we found that RsrII (5'-CGG'CCG)
cuts KW22 DNA at only four sites. We have now deter-
mined, by using both OFAGE and CHEF separation sys-
tems, the sizes of all restriction fragments generated by these
enzymes; our current best estimates are given in Table 2.
Except for several new small NaeI fragments, only minor
size changes have been made from the previously published
values (27). Reconstruction experiments with HindIII-di-
gested lambda DNA indicated that in our gels, we could
reliably detect a band containing 0.5 ng of a 500-base-pair
(bp) fragment (equivalent to a single-copy band from 2 ,ug of
H. influenzae genomic DNA). Since we ran 5 ,ug of DNA in
our conventional gels, we are fairly confident that we have

TABLE 2. Sizes of restriction fragments of H. influenzae
Rd KW22 DNA

Frag- Fragment size (kb)
ment ApaI EagI NaeI Smal RsrII

A 305 345 295 380 630
B 290 255 A95 260 610
C 240 240 175 230 420
D 215 125 140 220 230
E 120 105 135 190
F 100 95 110 160
G 90 75 105 135
H 83 65 100 90
1 78 60 100 75
J 70 58 80 45
K 54 57 70 34
L 47 54 65 24
M 39 52 55 21
N 38 41 45 13
0 32 40 31 9.5
P 32 39 28 6.2
Q 21 34 23
R 18 26 20
S 2.9 25 19
T 1.75a 23 17
U 1.5a 20 16.5
V 16.5 15
W 13.5 14
X 13 10.5
Y 10 8.0
Z 3.35( 6.0
AA 3.1a 5.3
BB 0.6 5.3
CC 3.3
DD 3.2
EE 3.1
FF 2.5
GG 2.3
HH 0.77
II 0.74
JJ 0.64

Total 1,885 1,907 1,905 1,893 1,890
" The ApaI-T and -U and Eagl-Z and -AA bands are actually each three

fragments of identical sizes derived from the six rRNA operons (see text).
This has been taken into account in calculating the totals.

not overlooked any fragments larger than 500 bp. The
fragments listed in Table 2 sum to genome sizes of between
1,885 and 1,907 kb; for mapping, we have assumed a genome
size of 1,900 kb.
We compared the ApaI and SmaI patterns of KW22 with

those of the other H. influenzae strains listed in Table 1.
Figure 1 shows the SmaI patterns of five clinical isolates of
different serotypes. The clinical serotype d isolate TX102
(lane 4) was identical to KW22 (27); the patterns of the other
serotypes (lanes 1, 2, 3, and 5) differed from that of Rd and
from each other at most positions. Strains KW20 and MAP7
(not shown) had patterns identical to that of KW22 for all
enzymes used; we have occasionally used them in place of
KW22 for Southern blots and probes. Strains L-10 and
BC200 are discussed below.

Characterization of the H. influenzae rRNA operon repeats.
Lee and Smith (27) reported that the EagI 3.35- and 3.1-kb
bands (Z and AA) each contained at least two comigrating
DNA fragments. Inspection of ApaI and SacII digests
showed that these enzymes also produced pairs of multiple-
copy bands differing in size by 0.25 kb (ApaI bands T and U
of 1.75 and 1.5 kb and unnamed SacIl bands of 3.8 and 3.55
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FIG. 1. SmaI digestion patterns of examples of different H.
influenzae serotypes. OFAGE gel was run with a 9-s pulse time.
Lanes: 1, TX100 (serotype a); 2, DL42 (serotype b); 3, TX101
(serotype c); 4, TX102 (serotype d); 5, CH205 (serotype f). The
flanking lanes contain lambda concatemers.

Oi,p -

kb; Fig. 2A, lanes 1, 3, and 5). Densitometer scanning
indicated that these bands each contained three or possibly
four times as much DNA as expected for single-copy frag-
ments. This can be seen by comparing the intensities of the
ApaI bands T and U in Fig. 2A with that of the single-copy
ApaI band S above them. We therefore thought that the
DNA in these bands might come from within two repetitive
elements in the genome. The hybridizations described below
showed that these bands were derived from the six copies of
the rRNA operon present in H. influenzae.

Southern analysis using the filter sets described in Mate-
rials and Methods initially demonstrated that the ApaI and
EagI multiple-copy fragments (ApaI-T and -U and EagI-Z
and -AA) all had sequences in common. When each fragment
was used as a probe, it hybridized strongly to all four bands.
Three further observations led us to preliminary maps of the
repeated sequences in these bands. (i) ApaI-T and -U probes
each hybridized with equal intensity to both ApaI-T and -U.
Similarly, the EagI-Z and -AA probes each hybridized
equally to both EagI-Z and -AA. This suggested that the
pairs of fragments were almost entirely homologous. (ii) The
ApaI-T and -U probes hybridized to many different bands in
NaeI and SmaI digests but only to the multicopy bands in
ApaI and EagI digests. This suggested that the ApaI frag-
ments T and U were internal subfragments of the EagI
fragments Z and AA. (iii) All four of the multicopy probes
gave the same pattern of hybridization to NaeI and SmaI
digests. In the SmaI digest, each hybridized strongly to the
C, G, J, K, L, and M bands and weakly to the A, H, I, N,
and 0 bands. Unlike the ApaI multicopy probes, which
hybridized only to the multicopy bands in EagI digests, the
EagI-Z and -AA probes hybridized weakly to five or six
additional, single-copy bands in ApaI digests (C, E, K, O/P,

io -M - 'L
- P-A

FIG. 2. (A) Small multiple-copy fragments containing rRNA
sequences. Lanes: 1, 3, and 5, ethidium-stained gel; 2, 4, and 6,
Southern blot hybridized with 32P-labeled cDNA to 23S rRNA; 1
and 2, ApaI; 3 and 4, EagI; 5 and 6, SacIl. (B and C) Demonstration
that 23S cDNA and a subfragment of the repeated element hybridize
to the same fragments. (B) 2.6-kb NaeI-SmaI genomic subfragment
probe (see Fig. 3); (C) 23S cDNA probe. Lanes: 1, ApaI; 2, EagI; 3,
NaeI; 4, SmaI. The OFAGE gels used in panels B and C were not
identical; each was run for approximately 12 h with a 3-s pulse. ApaI
bands detected by the probes are labeled on the left; SmaI bands are

labeled on the right.

and S). These observations suggested that the ApaI frag-
ments T and U (1.75 and 1.5 kb) and the EagI fragments Z
and AA (3.35 and 3.1 kb) might be derived from copies of a

single type of repetitive element that was present in two size
classes, one 0.25 kb bigger than the other. The elements
would contain two ApaI sites internal to two EagI sites, and
the 0.25-kb length polymorphism would be internal to the
ApaI sites. Southern blot analysis of the small fragments
produced by double digestions confirmed this hypothesis,
giving the more detailed map shown in Fig. 3.
The concentration of G+C-rich restriction sites in these

repeated elements relative to the H. influenzae genome,
which is only 37% G+C (40), suggested that these elements
might be rRNA operons. This was confirmed by probing
with an E. coli rrnB plasmid (6) and with 32P-labeled cDNAs
to 16S and 23S rRNAs isolated from H. influenzae. The E.
coli rrnB probe hybridized weakly to all bands we had
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FIG. 3. Restriction maps of two size classes of rRNA operons.

Abbreviations for restriction sites: R, EcoRI; Sc, SacIl; A, ApaI; E,
Eagl; N, NaeI; Sm, SmaI. The 250-bp length polymorphism is
indicated by a thick bar. It has been mapped only to within the
0.9/1.15-kb EcoRI-SmaI fragments.

identified as containing the repeated elements. Examples of
probing with 23S cDNA and with the 2.65-kb NaeI-SmaI
subfragment of the repeated element (gel purified from total
genomic DNA) are shown in Fig. 2. The 23S cDNA hybrid-
ized strongly to the ApaI, EagI, and SacII multicopy bands
(Fig. 2A, lanes 2, 4, and 6), to ApaI fragments C, E, K, O/P,
and S, and to SmaI fragments C, G, J, K, L, and M (Fig. 2B).
(Only some of these bands are resolved in Fig. 2.) These
were the same fragments detected by the 2.65-kb genomic
subfragment (Fig. 2B). The 16S cDNA probe similarly
hybridized to the ApaI and EagI multicopy bands, to ApaI
fragments A, E, H, I, and L, weakly to SmaI fragments C,
G, J, K, L, and M, and strongly to SmaI fragments A, H, I,

K, N, and 0. These are the same fragments detected by the
0.4-kb ApaI-SmaI subfragment of the repeated element. This

analysis also indicated that there were six copies of the
rRNA operons in the genome. We have mapped these loci
(Fig. 4) and named them rrnA, rrnB, etc., in clockwise order
around the genome.
We also examined the rDNA fragments of the clinical H.

influenzae isolates by probing with the 16S and 23S cDNA
probes from KW22 (data not shown). When digested with
EagI and SacII, all isolates gave small pairs of intensely
hybridizing bands separated by 250 bp. The bands of sero-
types a, f, and d were of the same size as those of KW22; the
bands of serotypes b and c were about 200 bp larger. When
cut with ApaI, only serotypes b and d showed pairs of small
bands (1.75 and 1.5 kb). The other serotypes therefore
appear to lack at least one of the ApaI sites present in Rd.
Mapping with RsrII. RsrII was the only restriction enzyme

we found that cut the genome into a workable number of
fragments (s35) but did not cut in the rrn operons. Because
ApaI, EagI, NaeI, and SmaI cut in the ribosomal repeats,
analysis using only these enzymes would have led to restric-
tion maps of six segments bounded by the ribosomal operons
but could not have established the relationships between the
segments. RsrII therefore provided an essential tool for
constructing a restriction map of the genome. In Fig. 4, we
present complete maps of the RsrII, ApaI, and SmaI sites of
strain KW22; because some of the EagI and NaeI fragments
were not well resolved in Southern blots, we have not yet
completed their maps. We present below only sufficient
evidence to establish the order of the fragments on the map
and do not in general discuss the corroborating evidence
from reciprocal hybridizations, double digests, or consider-
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FIG. 4. Restriction maps of the H. influenzae Rd genome. (A) RsrII fragment A; (B) RsrIl fragment B; (C) RsrII fragments C and D.
Locations of rRNA operons are indicated above the maps; those of other loci are shown below the maps.
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ations of fragment sizes. When fitting the fragments onto the
map in Fig. 4, we have allowed for errors of up to 5% in our

fragment size estimations; therefore, similar uncertainties
may be associated with the positions of the restriction sites
that flank each fragment.

Several factors had to be taken into account when map-
ping very large restriction fragments. Because the largest
fragments suffered the most from random breakage (com-
pare the intensities of the large and small fragments in Fig.
1), the relative intensities of hybridization of large and small
fragments did not always reflect the relative length of ho-
mology with the probe. Specifically, a probe that hybridized
more strongly to the smaller of two fragments did not
necessarily have more homology to that fragment. Another
consequence of random degradation (and possibly of gradual
release of DNA fragments trapped in the wells) was that
gel-purified genomic fragment probes usually contained
small amounts of randomly broken DNA from the rest of the
chromosome and therefore hybridized faintly to all frag-
ments. Although this background hybridization prevented us

from detecting any very short overlaps, it did allow us to
make more reliable fragment identifications in Southern
blots by examining overexposed films. We anticipated that
the presence of the rrn operons identified above on frag-
ments used as probes could confound our Southern analy-
sis, so we probed a filter of an RsrII digest with the 3.8-kb
SacII fragment (see Fig. 2) to determine how they were

distributed among the RsrII fragments. We found strongest
hybridization to RsrII-D, moderate hybridization to RsrII-A,
weak hybridization to RsrII-C, and no hybridization to
RsrII-B. We took this homology into account when probing
RsrII digests with fragments known to contain rRNA se-

quences.
The first step in mapping was to assign the ApaI and SmaI

fragments to specific RsrII fragments by hybridizing them to
filters of RsrII-cut KW22 DNA. Fragments hybridizing to
two RsrII fragments allowed us to link the RsrII fragments
into a simple circular map, onto which the remaining ApaI
and SmaI fragments could be mapped. ApaI-C hybridized to
RsrII-A and -B, ApaI-B hybridized to RsrII-B and -C,
ApaI-K hybridized to RsrII-C and -D, and ApaI-A hybrid-
ized to RsrII-A and -D. (ApaI-K also hybridized weakly to
RsrII-A; we think this was because it is a small fragment
containing 16S rDNA.) Double digests with ApaI plus RsrII
confirmed that these ApaI fragments each contained an RsrII
site. Similarly, SmaI-B, -D, and -A hybridized to RsrII
fragments A and B, B and C, and D and A, respectively
(SmaI-G hybridized strongly to RsrII-C and weakly to
fragments D and A); however, RsrII-SmaI double digests
showed degradation of large fragments and, although con-

sistent with the map order above, were not informative. The
ApaI and SmaI fragments thus linked the RsrII fragments
into a circular map with the order A-B-C-D. We have
numbered the map positions in kilobases from 0 at the start
of RsrII-A to 1,900 at the end of RsrII-D.

(i) ApaI and SmaI fragments in RsrII-A. RsrII-A was

strongly hybridized to by ApaI fragments A, C, E, and I and
by SmaI fragments A, B, H, L, and M (Fig. 4A). ApaI-A and
SmaI-A also hybridized to RsrII-D, and ApaI-A was cut by
RsrII into fragments of 235 and 70 kb. We placed the 235-kb
subfragment in RsrII-A because it hybridized more strongly
to RsrII-A than to RsrII-D. Similarly, because ApaI-C
spanned RsrII-A and -B, was cut into 175- and 65-kb
fragments, and hybridized more strongly to RsrII-A than to
RsrII-B, we placed its 175-kb subfragment in RsrII-A. We
placed SmaI-B with ApaI-C because they hybridized to each

other and to RsrII-B. We used hybridizations of ApaI and
SmaI fragments to each other in the filter sets described in
Materials and Methods to map fragments within RsrII-A.
SmaI-A hybridized to ApaI-A and -I, and ApaI-I hybridized
only to SmaI-A. ApaI-E hybridized to SmaI-L and -H, and
ApaI-C hybridized to SmaI-B and -M. Because SmaI-L
contains 23S rRNA sequences and SmaI-H contains 16S
rRNA sequences, we placed them adjacent to SmaI-A (16S)
and SmaI-M (23S), respectively, where they would contrib-
ute to complete rrn operons.

(ii) ApaI and SmaI fragments in RsrII-B. RsrII-B was
hybridized to by ApaI fragments B, C, D, F, and M/N and by
SmaI fragments B, D, E, and F (Fig. 4B). Because ApaI-M
and -N could not be resolved in preparative gels, they were
used together as a mixed probe. However, they were often
well enough resolved in Southern blots that we have identi-
fied the bands in RsrII-B as ApaI-N and that in RsrII-C as
ApaI-M. ApaI-B and SmaI-D also hybridized to RsrII-C and
to each other, and ApaI-B was cut by RsrII into fragments of
200 and 80 kb. ApaI-D hybridized to SmaI-B and -E, SmaI-E
hybridized to ApaI-D and -N, and SmaI-F hybridized to
ApaI-N, -F, and -B.

(iii) ApaI and SmaI fragments in RsrII-C. RsrII-C was
hybridized to by ApaI fragments B, G, H, K, N, O/P, Q, and
R and by SmaI fragments C, D, G, 0, and P (Fig. 4C).
ApaI-0 and -P comigrated, so we have designated the 31-kb
ApaI fragment in RsrII-C as P and the one in RsrII-D as 0.
ApaI-K and SmaI-G hybridized strongly to each other and
weakly to RsrII-D, so we placed them at the right end of
RsrII-C. SmaI-0 hybridized strongly to ApaI-H and weakly
to all 16S rDNA fragments (including RsrII-A and -D).
At the left end of RsrII-C, ApaI-B hybridized to SmaI
fragments F, D, P, and C, and ApaI fragments R, Q, and G
hybridized only to SmaI-C. SmaI-P hybridized only to
ApaI-B. An ApaI-M/N probe hybridized to SmaI-C and to
SmaI-E and -F (both in RsrII-B), whereas an ApaI-O/P
probe hybridized strongly to SmaI-C and to SmaI-K (in
RsrII-D) and weakly to fragments containing 16S or 23S
rDNA (more strongly to those with 23S). Because ApaI-P
was the only ApaI fragment in RsrII-C that contained 23S
rRNA sequences, we placed it next to the 16S-containing
fragments Apal-H and SmaI-0. ApaI fragments R, Q, M,
and G were ordered by hybridization with EagI and NaeI
probes. NaeI-J hybridized to SmaI-C and -P and to ApaI
fragments M/N, Q, R, and (weakly) B. NaeI-D hybridized to
SmaI-C and to ApaI fragments G, M/N, and O/P. We placed
ApaI-Q to the right of ApaI-R because EagI-H hybridized
strongly to ApaI fragments M/N and Q but only weakly to
fragment R.

(iv) ApaI and SmaI fragments in RsrII-D. RsrII-D was
hybridized to by ApaI fragments A, J, K, L, and O/P and by
SmaI fragments A, G, I, J, K, and N (Fig. 4C). At the right
end of RsrII-D, ApaI-A hybridized to SmaI-N and -A, and
SmaI-N hybridized to ApaI-A and to other bands containing
16S rDNA. SmaI-K and ApaI-O/P hybridized strongly to
each other and weakly to all other rDNA-containing frag-
ments (ApaI-O/P also hybridized strongly to SmaI-C). ApaI-
J hybridized to SmaI-I and -J, and SmaI-I hybridized to
ApaI-L and -J and to the other bands containing 16S rDNA.
SmaI-J hybridized to ApaI-J and 23S-containing bands, and
ApaI-L hybridized to SmaI-I and 16S-containing bands. The
order of SmaI fragments (G-K-I-J-N rather than G-I-J-K-N)
was determined by analysis of SmaI partial digests; a 55-kb
partial-digestion fragment hybridizing to SmaI-K was diag-
nostic for this orientation. We were unable to map ApaI-S by
Southern analysis; it is only 2.9 kb long and hybridized more
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TABLE 3. Placing of genetic markers on the restriction map

Locus Fragment Source or
(plasmid) ApaI EagI NaeI Smal reference

Mapped by hybrid-
izationa

(pBL2) D B F E E. R. Moxon
(pJSK61)b D J/Kc F E E. R. Moxon
(pC94)b B NIO/Pc J C E. R. Moxon
(p710)b F I C F E. R. Moxon

PI (pRSM150) A A A A 36
rec-2 (pDM62) H G D/Ec G 32
strA (pKLT1) I T A A 33
nov-l (pNovl) I T A A 43
iga (pFG26) D B F E 17
rec (pGBH1) I S/TC A A G. Barcak
fec (pGBFR1) I T A A G. Barcak
hindIIIRM B C B D 30

Mapped by trans-
formationd

Strr I A MAP7
Kanr I A MAP7
Novr I A MAP7
Spcr C B MAP7
Nalr F F MAP7
Vior H G MAP7

a Fragments are those to which the probe hybridized.
b Locus involved in virulence expression, cloned from serotype b strains

(E. R. Moxon, personal communication). All other clones are from serotype d.
' Fragments could not be resolved in Southern blots.
d Fragments are those that efficiently transformed KW20 to antibiotic

resistance.

or less equally to all bands containing 23S rDNA. We have
placed it to the right of ApaI-J, which is on the 23S side of
the ApaI sites in rrnF but does not appear to contain the
expected 23S sequences.

Placement of genetic markers on the restriction map. We
used Southern hybridization to the filter sets to place a
number of cloned genes on the restriction map. The probes
used and the fragments they hybridized to are listed in Table
3. The map positions indicated by this analysis are shown
below the restriction maps in Fig. 4. We have placed the
cloned rec gene (la) at rrnA because it contains 16S rRNA
sequences and the corresponding EcoRI and SaclI restric-
tion sites (Fig. 3).
We also mapped six antibiotic resistance genes by trans-

formation with gel-purified restriction fragments of the mul-
tiple-antibiotic-resistant strain MAP7 (an erythromycin-sen-
sitive derivative of MAP [9]). The antibiotic-sensitive strain
KW20 was transformed with each of the SmaI fragments of
MAP7. For each marker, a single fragment gave a high
frequency of antibiotic-resistant transformants. These SmaI
fragments all contained ApaI sites, so the positions of the
resistance genes were narrowed by transformation of KW20
with the corresponding ApaI fragments of MAP7. The frag-
ments carrying these resistance genes are listed in Table 3,
and the resulting map positions are shown below the restric-
tion maps in Fig. 4.
The attachment site for the 32-kb H. influenzae bacterio-

phage HP1 (15) was also mapped. The ApaI and SmaI
restriction patterns of the HP1 lysogen L-10 were compared
with those of KW20 (not lysogenic for HP1). The ApaI-L
(47-kb) and SmaI-I (75-kb) fragments were missing in L-10
DNA, and in both digests there were single new bands (ApaI
[77 kb] and SmaI [105 kb]) that hybridized to an HP1 probe.

1 2 3
_v.It

-B'

--P
FIG. 5. SmaI digestion patterns of strains L-10 (lane 1), KW20

(lane 2), and BC200 (lane 3). The flanking lanes contain lambda
concatemers. The OFAGE gel was run with an 8-s pulse.

The SmaI patterns of L-10 and KW20 are shown in lanes 1
and 2 of Fig. 5; the novel 105-kb L-10 band is labeled G'.

Strain BC200 is an Rd derivative that has been widely used
because it does not express the defective prophage seen in
other Rd strains (3). We examined its ApaI, EagI, and SmaI
patterns, expecting to be able to map a site of prophage
excision by identifying fragments whose sizes had de-
creased. However, we found that the BC200 genome was
larger rather than smaller than that of other Rd strains. Lane
3 of Fig. 5 shows a SmaI digest of BC200 DNA. Comparison
with a digest of KW20 DNA (lane 2) shows that fragment D
(220 kb) is missing, fragment P (6.2 kb) is of double intensity,
and there are two new fragments of 245 kb (B', between B
and C) and 14 kb (M', just above N). In RsrII digests,
fragment C was increased from 420 to 465 kb; in ApaI
digests, fragment B (290 kb) was missing, fragment R was of
double intensity, and there were two new fragments of 240
(C') and 75 (I') kb (not shown).

Southern blot analysis (not shown) suggested that BC200
carries the inverted duplication shown in Fig. 6. The double-
intensity SmaI-P and ApaI-R bands of BC200 hybridized
only to SmaI-P and ApaI-R sequences, respectively, in both
BC200 and KW22 DNAs, which suggested that the 43-kb
DNA segment containing these fragments was duplicated in
BC200. In SmaI digests, the BC200 B' fragment hybridized
to the B' and C fragments of BC200 and to the C and D
fragments of KW22; M' hybridized only to itself in BC200
digests and only to fragment D in KW22 digests. The KW22
ApaI-B fragment hybridized to BC200 ApaI bands of 240 (C
or C') and 75 (I or I') kb and to BC200 SmaI fragments B'
and N' (as well as faintly to the expected SmaI fragments C,
F, and P). The new BC200 Apal fragments (C' and I') could
not be separated from fragments C and I, so their hybridiza-
tion patterns were more complex; however, all of the hy-
bridization results were consistent with the inverted dupli-
cation shown in Fig. 6.
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Parental map:

A. Apal B \R Q MI G
Smal D #TNEC-
Rsrl B ffi>\g C

1250kb
1

400kb

BC200 map:

B. Apal
Smal
RsrIl

C. Apal
Smal
RsrlI

B~~~~~~~~
D H/?/E

\\\\\\
--

.4-
C IR I I I RI:QI M I G

PH PH C
FIG. 6. Map of the postulated inverted duplication in strain

BC200. (A) Structure of typical Rd strains in the 1,250- to 1,400-kb
region. The segment duplicated in BC200 is shaded. (B and C)
Identical maps of BC200 over the same region. In panel B, frag-
ments altered by the duplication are labeled with their previous
designations; duplicated regions are shaded. In panel C, altered
fragments are labeled as the new fragments they have become.

DISCUSSION

The restriction map of H. inflienzae Rd presented here is
one of the few complete bacterial restriction maps con-
structed entirely by physical methods (4, 26) and the first to
be determined entirely by Southern blot analysis of frag-
ments separated by pulsed-field gels. We were not able to
use cloned genes and genetic markers for construction of the
map, as was done for the large-fragment map of E. cOli K-12
(44). Rather, genes and other markers available for H.
influenzae were located after the physical restriction map
had been established.
The results presented here, although sufficient to justify

the map, are only a portion of the total evidence on which
the map is based. All of the Apal, EagI, NaeI, RsrII, and
SmaI fragments have been probed with every ApaI and
SmaI fragment and with many EagI and NaeI fragments.
Apal-Smal double digests have also been probed with a
number of fragments. All of this analysis is consistent with
the map in Fig. 4. Furthermore, although the relative posi-
tions of fragments were usually determined without refer-
ence to the placement of 16S and 23S rRNA sequences, they
yielded a map with complete rrn operons. We have esti-
mated fragment sizes with two different pulsed-field electro-
phoresis systems, and the resulting fragments fit into the
map to a tolerance of within 5%.
An independent clinically isolated serotype d strain,

TX102, gave a restriction pattern indistinguishable from that
of KW22 and other descendants of the original Rd strain of
Alexander and Leidy (1). This is consistent with the finding
by Musser et al. that type d H. influenzae strains form an

evolutionarily tight group (37). The restriction patterns of
different serotypes are very distinct and suggest that similar
comparisons might provide a useful additional method of
strain characterization. The patterns may be more diverse
than we have seen. We have examined only a single isolate
of types a, b, c, and f and no isolates of serotype e or of any
nontypable strains. Furthermore, strains of types a and b fall
into several distinct evolutionary groups whose cap loci

have related but distinct restriction patterns (37), and these
groups may have genomic restriction maps as different as
those of different serotypes. The different patterns of the
different serotypes need not mean that their genomes are
grossly dissimilar. Rather, many of the differences may be
due to restriction site polymorphisms, small insertions and
deletions, and chromosome rearrangements, as are seen
between E. coli and S. typhimiurium (39).

Before this study, nothing was known about the genes for
rRNA in H. inflienzae. We have identified and mapped six
rRNA operons and believe that this is the full complement
because (i) our mapping would have detected the ApaI and
SmaI sites of any other isolated copies and (ii) any other
tandem copies would have given rise to short telltale restric-
tion fragments. Six copies is about the middle of the range
seen in bacteria: Bacillus subtilis has ten (23), E. coli and S.
typhimuriumn each have seven (11, 28), Streptomyces coeli-
color has six (5), Caiilobacter crescentius (14), Anacystis
nidulans (47), and Mycoplasma capricolum (16) each have
two, and Halobacteriiim halobium has only one (21). The
number of copies of the rRNA operons does not correlate
well with genome size (for example, the ratio in H. influ-
enzae is more than twice that in E. coli) but has been
suggested to be directly related to generation time (14). In
rich medium, H. infliuenzae has a generation time of 29 min,
compared with 20 min for E. coli.
The chromosomal locations of rRNA operons have been

mapped in only a few bacterial species (B. subtilis [23], E.
coli [11], and S. typhimurium [28]). Comparison of the
restriction sites in the H. inflluenzae 16S region (Fig. 3) with
those seen to be highly conserved within other eubacterial
16S rRNA sequences (5'-SacII, EcoRI, ApaI, SmaI-3' [22])
shows that the H. influenzae rRNA operons, like those of
most other eubacteria, are transcribed from 16S to 23S. The
same comparison predicts that the 16S gene should begin
about 520 bp upstream of the left SacII site and end 160 bp
beyond the SmaI site. Similarly, comparison with the E. coli
rrnB map (5) suggests that the 23S sequences will extend
about 900 bp beyond the right SacII site.
The two size classes of rrn operons may differ in the

presence of tRNA genes in the spacers between 16S and 23S
sequences, as has been seen in other bacterial rRNA oper-
ons. In both E. coli (35) and S. typhimurium (28), four rrn
loci contain a single tRNAG"u gene, and the other three
contain genes for tRNAIIe and tRNAAla. B. subtilis, like H.
infliuenzae, has two size classes of rRNA operons, with
spacers differing by about 0.2 kb. There are no tRNA genes
in the smaller spacer and tRNAIIe and tRNAAla genes in at
least one of the large spacers (29). tRNAI"e and tRNAAla also
are found in the spacer of C. crescentus (14) and in the
chloroplast rRNA operon spacers of Zea mays, Euglena
gracilis, and Nicotiana tabacum (24, 25, 46). We expect that
they will also be found in the large copies of the H.
influenzae rRNA operons.

In E. coli and B. siubtilis, transcription of the ribosomal
operons is directly away from the origin of chromosomal
replication (11, 23); this is thought to minimize collisions
between DNA and RNA polymerases (7). The six H. influ-
enzae operons are all transcribed away from a common
region (Fig. 7), so the origin of replication may be found
between rrnF and rrnA.
Our experience with restriction sites in the rRNA operons

should provide a caution to others attempting to develop
restriction maps of bacterial genomes. It will be essential to
use at least one restriction enzyme that does not cut in the
rrn operons; otherwise, only the intervals between these
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FIG. 7. Locations and orientations of the rRNA operons around
the H. influenzae chromosome. RsrIl fragments are indicated.

repeats can be mapped. This will be a problem particularly
when mapping small A+T-rich genomes, when ApaI, EagI,
NaeI, SaclI, and SmaI might otherwise be the enzymes of
choice. Similar problems may arise whenever a genome

contains other repeated elements, especially any whose base
composition differs strongly from that of the rest of the
genome.
Our hybridizations did not detect any repeated elements

other than the rrn operons, but the sensitivity was limited
because the restriction fragments isolated from genomic

DNA contained small amounts of total DNA. We might not
have detected multiple copies of short sequences such as

insertion elements, especially if they were present only in
the large fragments.

This map is the first complete map of the H. influenzae
genome; like the maps for other bacteria, it is circular (Fig.
7). How does our placement of genetic markers compare

with the previously reported partial maps of H. influenzae
Rd (19, 34, 41, 45)? str, nov, and kan are closely linked
genetically and in our map (all on SmaI-A and ApaI-I), and
the gene order (str, nov, kan)-spc-nal-vio is also in agree-

ment with published maps. However, we place the HP1
attachment site between vio and (str, nov, kan) rather than
between nal and vio (45). Michalka and Goodgal estimated
the physical distances separating loci by the dependence of
cotransformation frequencies on the size of sheared prepa-

rations of transforming DNA (34). By this technique, kan
and nal were estimated to be about 450 kb apart. We place
kan between positions 250 and 330 and nal between 950 and
1050, giving a minimum separation of more than 600 kb. If
the same relationship holds over the entire map of Michalka
and Goodgal, the map should span about half of the H.
influenzae Rd genome.
The map presented here will greatly enhance capabilities

for both physical and genetic analyses of the H. influenzae
genome. To further improve its physical resolution, we are

completing the map of EagI and NaeI fragments and hope to
develop a set of mapped cosmid clones covering the entire
genome. We are also mapping more cloned genes by South-
ern hybridization. Even with a detailed restriction map,

genetic analysis in H. influenzae will still be limited by the
small number of selectable markers known. To remedy this,
we are preparing and mapping mini-Tn10 insertions around
the KW20 genome, using three different mini-TnJOs confer-
ring resistance to kanamycin, tetracycline, and chloram-
phenicol, respectively (49). These will then provide many

selectable markers distributed around the chromosome,
which will be valuable tools for strain construction and
genetic analysis.
The map is already providing unexpected information

about strains in use. Strain BC200 was thought to be deleted
for a defective prophage, but map analysis showed it to carry
instead an inverted duplication of 45 kb. Strain BC200 was
selected as a UV-resistant survivor after a high dose of UV
(2), and its duplication may be similar to those seen in
cryptic lysogens of E. coli, which arise when lambda lyso-
gens are given high doses of UV (38). We do not know
whether the putative prophage genome has been interrupted
or deleted by this duplication or whether the lack of pro-
phage expression results from undetectable changes else-
where in the genome. Because the duplication is in inverted
order, it will not readily be lost by recombination. BC200 has
been the strain of choice for many studies of repair and
recombination; at present, we have no reason to believe that
the unsuspected presence of the duplication has affected any
conclusions deriving from experiments with it.
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